Russian Chemical Reviews, Volume 47 (1978)

Contents of Volume

Number 1

Kinetic Models in Heterogeneous Catalysis 1
S L Kiperman

Oxidation-reduction Reactions of Free Radicals 22

| V Khudyakov, V A Kuz'min

The Photonics of Porphyrin Molecules 43
| I Dilung, E | Kapinus

Electron Diffraction Studies on Stereochemically Non-rigid Molecules 54
V P Spiridonov, A A Ishchenko, E Z Zasorin

Structure of Amorphous Polymers 69
V P Lebedev
The Porous Structure of Polymers and the Mechanism of Sorption 83

A A Tager, M V Tsilipotkina

Number 2

Thermodynamic Properties of Alkaline Earth Titanates, Zirconates, and Hafnates 99
L A Reznitskii, A S Guzei

Molecular-kinetic Aspects of the Chemical Physics of the Condensed State 120
A | Burshtein
The Mechanism of the B-Elimination Reaction 134

M A Aleskerov, S S Yufit, V F Kucherov

The Role of One-electron Transfer in Substitution Reactions 148
Z V Todres
The Problem of Tetrahedrane 163

N S Zefirov, A S Koz'min, A V Abramenkov

Organic Peroxides of Alkali Metals (Alkali Salts of Hydroperoxides) 172
N A Sokolov, Yu A Aleksandrov

State of the Theory of Iso-free Volume and Glass Formation in Amorphous Polymers 186
Yu S Lipatov
Industrial Applications of Amino-acids 199

M S Sadovnikova, V M Belikov

Number 3



The Formation of High-temperature Materials by Direct High-frequency Fusion in a Cold Container
V | Aleksandrov, V V Osikov, A M Prokhorov, V M Tatarintsev

Radiation Effects in the Chemistry of Group IVB Elements (Silicon, Germanium, Tin, and Lead)
N V Fomina, N | Sheverdina, K A Kocheshkov

The Photochemical and Radiation-chemical Stability of Molecules. Unimolecular Reactions Involving the
Abstraction of a Hydrogen Atom
V G Plotnikov, A A Ovchinnikov

3¢ NMR Spectroscopy of Substituted Cyclohexanes
N M Sergeev, O A Subbotin

Study of Short-lived Chlorine- and Sulphur-containing Radicals by the Spin-trapping Method
R Kh Freidlina, | | Kandror, R G Gasanov

The Mechanism of the Elimination of Ammonia in the Condensation of Primary Amino-compounds and
Certain Syntheses of Nitrogencontaining Heterocycles
B A Geller

Natural and Synthetic Acetylenic Antimycotics
O G Yashina, L | Vereshchagin

Number 4

The Effect of lonising Radiation on Dissolution Processes
V'V Gromov

The Interaction of Carbon Dioxide with Transition Metal Complexes
I S Kolomnikov, M Kh Grigoryan

Reactions of Transition Metals in the Atomic State
G A Domracheyv, V D Zinov'ev

New Heterochain Polymers Based on Cyclic Imides of Carboxylic Acids
| A Arkhipova, B A Zhubanov, S R Rafikov

Quantitative "Chemical Structure—Biological Activity" Relations
S V Nizhnii, N A Epshtein

Number 5

Bifunctional Catalysis
L M Litvinenko, N M Oleinik

Electrochemical Determination of Surface Area of Metals
E | Khrushcheva, M R Tarasevich

The Reactivity of Carbanions
A A Solov'yanov, | P Beletskaya

The Structural Factors and Reactivity of Biphenyl
A P Zaraiskii

213

238

247

265

281

297

307

319

334

354

368

383

401

416

425

440



y-Piperidinones in Organic Synthesis
N S Prostakov, L A Gaivoronskaya

The Methods of Synthesis and Properties of Conjugated Enallenic Hydrocarbons
| Z Egenburg

Practical Applications of Cyclopentadienyl Complexes of Transition Metals
N S Kochetkova, Yu K Krynkina

Number 6

Vladislav Vladislavovich Voevodskii
A M Sladkov

The Hydroperoxy-radical (HO2’) in V.V.Voevodskii's Research and at the Present Time. Results and

Problems
V L Tal'roze, A | Poroikova

Infrared Photochemistry
V N Panfilov, Yu N Molin

Long-range Tunnelling Electron Transfer in Chemical Reactions
K| Zamaraev, R F Khairutdinov

Radical Pairs in the Study of Elementary Chemical Reactions in Solid Organic Substances
O E Yakimchenko, Ya S Lebedev

Dynamics of Degenerate Tautomerism in Free Radicals
N N Bubnov, S P Solodovnikov, A | Prokof'ev, M | Kabachnik

Solid-phase Radical Reactions and Mechanism of Oxidation of Carbon-chain Polymers
E T Denisov

Effect of Mobility of Medium on Formal Kinetics of Chemical Reactions in a Condensed Phase
O N Karpukhin

Number 7

Thermochemistry of Halogenomethanes
V P Kolesov

The Interaction of Hydrogen Atoms with Solid Organic Substances
A M Dubinskaya

The a-Effect in the Chemistry of Organic Compounds
A P Grekov, V Ya Veselov

Oxidative Coupling of Aromatic Systems under the Influence of Transition Metal Compounds
| V Kozhevnikov, K | Matveev

Topological Principles of the Analysis of Binary Statistical Copolymerisation
V A Myagchenkov, S Ya Frenkel'

447

470

486

495

496

503

518

531

549

572

587

599

614

631

649

665



Thin-layer Chromatography of Polymers
E S Gankina, B G Belen'kii

Number 8

The Problems of the Selectivity of Chemical Reactions
N M Emanuel'

The Structure and Reactivity of Phosphorus Pentachloride
S V Fridland, B D Chernokal'skii

Heterogeneous Metal Complex Catalysts
A Ya Yuffa, G V Lisichkin

Advances in the Chemistry of Verdazyl Radicals
O M Polumbrik

Spectroscopic and Quantum-chemical Studies on the Active Centres in Anionic Polymerisation
V N Zgonnik, E Yu Melenevskaya, B L Erusalimskii

Number 9

Martin Izrailevich Kabachnik (Seventieth Birthday)
A M Sladkov

Organophosphorus Compounds in 1,3-Dipolar Cycloaddition
N G Khusainova, A N Pudovik

Organic Monothiopyrophosphates
J Michalski, W Reimschussel, R Kaminski

Optical Isomers in Solution Investigated by Nuclear Magnetic Resonance
M | Kabachnik, T A Mastryukova, E | Fedin, M S Vaisberg, L L Morozov, P V Petrovskii, A E Shipov

Chemistry of Phosphinylidene Compounds — Advances and Prospects of Development
E E Nifant'ev

Combined Inhibition of Cholinesterases by Organophosphorus Compounds
A P Brestkin, N N Godovikov

The Imide—Amide and Imide—Imide Rearrangements of Imidophosphorus Compounds
V A Gilyarov

Organic Phosphorus Compounds with a P-P Bond
| F Lutsenko, M V Proskurnina

The Polarity and Structure of Unsaturated Derivatives of Four-coordinated Phosphorus
E A Ishmaeva

Number 10

New Possibilities and Chemical Applications of Raman Spectroscopy
P P Shorygin

684

705

742

751

767

786

801

803

814

821

835

859

870

880

896

907



Linear Free Energy Relations as a Means of Generalising and Analysing Extraction Data 929
V' S Shmidt

Coordination Chemistry in Italy: The Work of the Rome School 944
C Furlani
The Chemistry of 1,5,9-Cyclododecatriene and Syntheses Based on It 955

L | Zakharkin, V V Guseva

Cyclotrimerisation of Cyano-compounds into 1,3,5-Triazines 975
D Martin, M Bauer, V A Pankratov

Functional Group Analysis of Nitrogen- and Sulphur-containing Organic Compounds 991
M A Ignatenko, V K Promonenkov, T S Godunova, E N Kayushina

Packed Capillary Columns in Gas Chromatography 1007
V G Berezkin, L A Shkolina, V N Lipavskii, A A Serdan

Number 11

Theory of Chemical Reactivity 1025
S Beran, P Carsky, P Hobza, J Pancif, R Polak, Z Slanina, R Zahradnik

Advances in the Study of the Chichibabin Reaction 1042
A F Pozharskii, A M Simonov, V N Doron'kin

Janovsky o-Complexes 1061
S S Gitis, A Ya Kaminskii

Schmidt Reaction with Aldehydes and Carboxylic Acids 1084
G | Koldobskii, V A Ostrovskii, B V Gidaspov

Poly(arylene Sulphides) — Preparation, Structure, and Properties 1095
V A Sergeev, V K Shitikov, V | Nedel'kin

Number 12

Application of Photoelectron Spectroscopy in the Study of Catalysis and Adsorption 1111
Kh M Minachev, G V Antoshin, E S Shpiro

Methods of Mathematical Treatment of the Results of Physicochemical Studies on Complex Compounds 1133
E S Shcherbakova, | P Gol'dshtein, E N Gur'yanova

© 2008, No Rights Reserved.



RUSSIAN
CHEMICAL

REVIEWS
Uspekhi Khimii

Translated from Uspekhi Khimii, 47, 3-38 (1978)

January 1978

U.D. C.542.97

Kinetic Models in Heterogeneous Catalysis

S.L.Kiperman

The role and importance of chemical kinetics in heterogeneous catalysis at the present stage of development are examined and
the concept of kinetic models, in the exact, reliable, complete, and well-founded form, as well as the usefulness of combined
kinetic investigations for the determination of these models are discussed. The effectiveness of combining different methods
for devising informative models of this kind, examples of which are quoted, is demonstrated. The problems involved in setting
up non-steady-state kinetic models, which are some of the most important in chemical kinetics, are briefly described. The
optimum characteristics of kinetic models and the relation between the properties of the latter and the characteristics of
reaction selectivities are analysed. The kinetic aspects of tests of the activities and selectivities of catalysts of complex reac-

tions are mentioned in conclusion.
The bibliography includes 202 references.
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I. INTRODUCTION

The principal trend in theoretical research into hetero-
geneous catalysis is the determination of a relation between
the properties of the surface layer of catalysts and the
characteristics of the processes which they accelerate,
Progress in this direction requires a profound understand-
ing of the time course of catalytic processes, which deter-
mines the status of chemical kinetics in heterogeneous
catalysis and gives rise to the idea of its “kinetic founda-
tion”,

Although the creation of such foundation was begun by
the early investigations of Langmuir, Hinshelwood, and
Schwab, the role and importance of the kinetics of hetero-
geneous catalytic reactions became evident only compara-
tively recently, this being promoted by the factors listed
below:

(1) The spread of accurate kinetic experimental
techniques ! 7%, which make it possible to obtain reliable
data without the distorting influence of factors which were
previously not taken into account.

(2) The development of a theory of complex reactions*™®
whereby one can approach an understanding of the kinetics
without undue simplifications.



(3) The extension of the theory of macrokinetics to
permit the estimation of transport parameters in the
course of reactions and the inclusion of real process

conditions 758,

(4) The employment of computer techniques and the

increase in the scope of the mathematical analysis of

kinetics and kinetic problems °711,

The operation of these

factors clearly established the role of chemical kinetics
as a science and the possibility of its theoretical employ-
ment to establish one of the necessary procedures for the

elucidation of the mechanisms of catalytic reactions as
well as its practical employment in one of the stages of

the incorporation of the technology of catalytic processes

in industry and its improvement,
compilation of processes for which reactors have been

simulated in recent years and the optimum conditions

analysed on the basis of kinetic data 1274°,
review ', a greater importance is already attributed to

Table 1 gives a brief

In Boudart's

the practical aspects of the employment of kinetics than
However, both aspects of the
problem are so closely interrelated and inseparable that
preference should not be given to either,

to its theoretical aspects.

Table 1. Examples of processes for which modelling and
optimisation have been carried out using kinetic data.

Process and catalyst

Result

Refs.

Selective hydrogenation of phenol; Pd

Selective hydrogenation of ethynyldj-
methylmethanol; Pd

Liquid-phase hydrogenation of heptene; Ni

Conversion of glucose into glycerol; Ni

Reduction of nitrobenzene; Cu

Hydrogenation of dichloronitrobenzene
to dichloroaniline; Pt

Hydrogenation of fats on different catalysts

Dehydrogenation of butane and butene;
Al-Cr

Dehydrogenation of isopentenes to isoprene;
Ca-Ni-P

Dehydrogenation of ethanol; Cu

Oxidative dehydrogenation of butenes;
Zn-Cr-Fe

Oxidation of propene; Co-Mo

Oxidation of benzene to maleic
anhydride; V7035

Oxidation of o-xylene; V705

Oxidation of naphthalene in a fluidised bed;
V705

Oxidation of methanol; Ag

Oxidation of anthracene; V05

Oxidative chlorination of ethylene in a
fluidised bed; CuCly

Extensive oxidation of pentane; Al-Pt

Extensive oxidation of phenol; Al-Pt

Extensive oxidation of methyl methacrylate;
Al~Pt

Oxidation of HCl in a fluidised bed of
chlorides, Cu, Sn, and K

Oxidation of sulphur dioxide; V205

Conversion of CO by water vapour,
Fe-Cr and Cr-Sn

Conversion of methane by water vapour;
Ni

Hydrochlorination of acetylene on HgyClp

Dehydration of a-hydroxyisobutyric acid
on calcium phosphate

Demethylation of toluene by water vapour;
Rh-Al

Calculation of optimum conditions for the
operation of reactor
Reactor model

Analysis of reactor model

Optimum reactor design

Calculation and selection of reactor
dimensions

Reactor design

Design of large-scale apparatus
Optimum conditions

Optimum conditions

Optimum conditions
Modelling of an adiabatic reactor

Optimum diameter of a tubular reactor and
process parameters
Calculation of reactor model parameters

Reactor model and optimum conditions
Reactor model

Reactor model and optimum conditions

Calculations on reactor operation

Calculations of the parameters and optimum
conditions

Reactor model and optimum conditions

Optimum reactor design, analysis of stability

Reactor conditions, analysis of stability

Analysis of reactor operation

Optimum reactor model

Optimum parameters of the reactor for a
two-stage process

Optimum parameters of a tubular reactor

Process optimisation and calculation of
reactor parameters
Calculation of reactor parameters

Calculation of the parameters of a cascade
of reactors

20

21
22

23
2

25,26
27

28
30
31
33
34

35
36

37
38
39

40

The central task of kinetics in heterogeneous catalysis

at the present stage is the creation of kinetic models of
various catalytic processes and a comparison and general-
isation of these models. This task is particularly urgent
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in the light of the fact that further development of catalysis
at the present time can apparently involve primarily the
elucidation and accumulation of special and general rela-
tions rather than the creation of new universal theories.

On the basis of the foregoing, we shall consider the
problem of kinetic models in heterogeneous catalysis and
the extent to which it can be described by these models,
Ways for the effective creation of kinetic models and
certain problems associated with the properties of the
models and the characteristics of catalytic processes will
be discussed,

II. CHARACTERISTICS OF KINETIC MODELS

A quantitative characteristic of a process in the form of
a mathematical description of its velocities (in the pres-
ence of a given catalyst) in the different directions realised
under specified conditions, based on multistage mecha-
nisms reflecting the general characteristics of the reac-
tion, and carrying the necessary information about the
catalyst and about significant non-steady-state changes as
a function of different factors, will be regarded as a
kinetic model. Multistage mechanisms (proved or
hypothetical) indicate the sequence and stoichiometry of
the transformations of the intermediate compounds. The
availability of data for the ratios of the rates of the stages
under the conditions investigated permit simplifications in
the complete mathematical description of the rate of the
process, In considering a kinetic model, we can speak of
its form, implying by this a mathematical description of
the rate of the process and the factors influencing it
(including factors causing a change in the activity of the
catalyst) and of the content of the model, i.e. the charac-
teristic features which give rise to the given form.

Such traetment of the concept of the kinetic model
differs significantly fromthe concept of reaction mecha-
nism—the comprehensive qualitative characteristic of its
internal features in the presence of the given catalyst
under the specified conditions, reflecting the nature of the
intermediate species produced at the elementary stages as
well as their coupling. In the kinetic model, the principal
factor is tested and detailed infor mation about the changes
in the rate of the process, while in the concept of reaction
mechanism the main factor is detailed information about
the nature, properties, and interconversions of the inter -
mediates. The simplest step in the change of the chemical
state of the system, involving the overcoming of not more
than one energy barrier corresponding to the formation
and decomposition of a single activated complex, must be
regarded as an elementary stage.

In its broad sense, the kinetic model serves as a most
important process characteristic, which may be tabulated
for a given catalyst under specified conditions. The model
must therefore be exact, reliable, complete, and well-
founded. The accuracy of the kinetic model is determined
primarily by the accuracy of the experimental methods
used to establish it. Gradient-free methods !~%, which
make it possible to obtain accurate kinetic data under
steady-state conditions, are nowadays generally accepted
for this purpose. They can be supplemented by non-
steady-state methods for the elucidation of the influence of
the reaction system on the catalyst, the characteristics of
its activation, and the changes in the activity and behav-
iour of the catalyst under non-steady-state conditions#2,43,
The reliability of the model depends not only on the experi-
ment but also on its treatment and interpretation, taking
into account all the factors influencing the kinetics, and
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Table 2. The ambiguity of certain kinetic equations and process mechanisms.

Reaction

Kinetic equation

Multistage mechanism

Remarks

Hy drochlorination of
acetylene on HgCly
(Ref.53)

Hydrogenation reaction
A+ Hjp = AHj (Ref.54)

Conversion of methane
by water vapour (Ref.55)

B Lo, Prct
T AR Py + E Py
14 # (1 + ¥ Pyc)) P, Puct
koPcy,
1+ksPycy

(1 ky Py (1 + +4sPyc)

r=RkP{Py,

Pen, Puo ¥
Py, i k1 Py, + ke Py, + B:PY,

r==k

I

1) A= Aygs; 2) Aags + Hy = AH(slow)
1L

1) Hp =2H,4s; 2) 2Hygs + A = AH)(slow)

III.
1) A+H,+[K]=A[K]-H; (slow)
2) A[K]-Hy=AH,-HK]

“‘Oxidative mechanism”
1) CH, = CH,,45 + Ha
2) CHayogs + H.0 = CHOHads+ H,

Both equations describe
kinetic data equally well

All three mechanisms lead
to the same kinetic
equation

The same kinetic equation
corresponds to both
mechanisms

{y = correction for effect of reverse reaction)

on the choice of the most adequate and unambiguous
mathematical description of the process. Numerous
methods involving the use of computers and experimental
design have been developed for this purpose 1°)11,44-51  The
completeness of the model depends on the width of the
range of variation of the process conditions under which

it is investigated and on the allowance for all possible
pathways contributing to the observed features. Secondary
pathways are frequently significant under these conditions
(even when their contribution to the overall rate of the
process is slight; see, for example, Spivak et al.5?);
also important is allowance for non-steady-state transi-
tions (including those due to changes in the catalyst
activity), the influence of the reaction mixture on the
composition of the surface layer, the blocking of the
surface by coke or other substances, etc. Depending on
the purpose of the models, their completeness may be
various. Finally, in order to prove the validity of kinetic
models it is desirable that other physicochemical methods
as well as kinetic methods should be used in devising them.
This is because the application of kinetic experimental
techniques and kinetic computational procedures alone

can frequently lead to ambiguous models, examples of
which are illustrated in Table 2, The examples33-55 show
that kinetic data, even those obtained by exact methods
over a wide range of variation of conditions, can be
described equally well by different fairly complex equa-
tions. On the other hand, various mechanisms and hence
various multistage schemes can correspond to the same
simple or complex kinetic equation,

Although numerous new physical methods, which can
be used successfully (although still insufficiently) in
catalysis for the elucidation of the nature of the inter-
mediate species (see, for example, McCarroll®®) have
become available in recent years, the results obtained
with their aid but without kinetic justification can also
prove to be ambiguous. An example is provided by the
decomposition of formic acid. The conclusion had been
reached previously on the basis of infrared spectroscopic

3) CHOH 4= CO 4+ H,
4) CO,4,=CO
“Dehydrogenation mechanism”
1) CH, = CHg, 4, + H:
2) CHypgs = Cads+ H,
3) Cags+H:O = CO,4+ He
4) CO 4;=CO

and adsorption studies 5758 that the dehydrogenation of
formic acid in the presence of nickel proceeds via the
formation and slow decomposition of a surface formate.
In a later study®® it was shown (by combining the same
measurements with kinetic data) that the rate of reaction
decreases with increasing concentration of the surface
formate, This introduces significant corrections to the
earlier mechanism (the reaction proceeds on the part of
the surface which is not blocked by the formate, appa-
rently via the formation and decomposition of carboxylate
complexes).

Conclusions reached solely on the basis of kinetic
studies, even as regards the slow stage of the process,
can be equally unreliable. Thus a study of the kinetics
of the hydrogenation of cyclohexene in the presence of
nickel and calculations of the absolute reaction rate led
to the conclusion® that the process proceeds via a slow
surface interaction of the two components. However, the
present author's investigations 1,2 (where isotope
exchange in cyclohexene and cyclohexane was studied in
addition to reaction kinetics, measurements were made
of the kinetic isotope effects, and the rates of the indi-
vidual stages were compared using the !4C label) showed
that the process proceeds via the slow formation of a
surface compound of cyclohexene followed by its rapid
interaction with hydrogenf.

Thus in the general case, the kinetic model must not
be justified by kinetic data alone, while, on the other
hand, the corresponding reaction mechanism and the
corresponding multistage schemes cannot be reliably
established solely by means of the pyhsicochemical

methods designed for this purpose without combining them

with kinetic measurements. Hence the kinetic foundation

TThe present authors data were obtained at higher
temperatures than those of Erkelens and Ejkema €,
but, since the slow chemical adsorption stage cannot
become rapid on decreasing the temperature, it is hardly
likely that another stage becomes rate-limiting.
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requires a physicochemical support and for this reason
it is desirable to carry out ccmplex kinetic studies in
which accurate kinetic and other physicochemical mea-
surements are combinedj.
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the main ones the intermediate forms of the “blind end”
compounds responsible for secondary reaction pathways
(see above). Scheme 1 illustrates the formulation of

complex kinetic studies. Kinetic models devised in this

Scheme 1

FFormulation of complex kinetic studics

Information about the
process mechanism and

£ Experimental design

development of ana-
lytical control

Kinetic experiment

b

and analysis

J:_,

Preliminary treatment

=~

VA

Measurcment
of isotope
effects

Comparison
of rates L]
of stages

Computer calculation e

Theoretical
analysis of
modecls

Infrared spectro-
scopy of surface
specics

Investigation
of isotope
exchange

Kinctic model:
1. kinetic equations
2. multistage scheme

conditions

L——q Investigation  |-Jumd
of the transfer

3. characteristics of non-steady-state

4. information about catalyst

Adsorption
measurcments

Investigation

of label

]

Simulation of reactor and
process optimisation

Such combination of procedures (particularly when
kinetic, isotope, adsorption, and spectroscopic methods
are used, especially unc 2r the conditions of the reaction
investigated) may be effective in obtaining information
about kinetic models, Measurements of kinetic isotope
effects and the study of isotope exchange in the reaction
components yield particularly valuable infor mation about
the role of the possible stages and intermediate species,
On the other hand, spectroscopic studies yield more
infor mation when they are combined with kinetic mea-
surements, which also reduces the risk of adopting as

{Here and henceforth we shall use the term “complex
kinetic studies” emphasising thereby that kinetic measure-
ments are the fundamental feature,

of catalyst

Reaction mechanism

way can be justified and can be made to yield much infor-
mation by making sure that the model corresponds to the
specified set of results. Evidently, such models are
preferable to those obtained on the basis of kinetic mea-
surements alone.

Only a few kinetic models obtained on the basis of
complex investigations are described in the literature.
Some of them, described in recent publications, may be
mentioned, The kinetics of the isomerisation of but-1-ene
and but-2-ene in the presence of a magnesium oxide
catalyst have been investigated®® at 26°C. At the same
time, a study was made of the adsorption of the reaction
components and the infrared spectra of the surface species
and the ESR spectra of the catalyst were obtained. The
results were described by a first-order kinetic equation
which was derived on the basis of a multistage mechanism
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presupposing the physical adsorption of the initial sub-
stance with its slow conversion into the cis- and trans-
isomers of but-2-ene simultaneously and their desorption.

A kinetic model for the dehydrogenation of isobutane to
isobutene in the presence of an alumina—chromium oxide
catalyst was obtained ®46% in the temperature range 380 to
575°C. Apart from kinetic measurements, a study was
made of the transfer of the radioactive carbon and deute-
rium labels® and a comparison was made of the rate of
the process with the rate of the para-ortho conversion of
hydrogen in order to determine the ratio of the rates of the
stages®®, A first-order kinetic equation satisfying the
mechanism in which the slow stage is the formation of the
surface compound CH,,ads was obtained in both investi-
gations,

The kinetics of the hydrogenolysis of cyclopropane in
the presence of a nickel catalyst at 60°C have been inves-
tigated % and at the same time a study was made of the
adsorption of the components and of their isotope exchange
with deuterium. The rate of reaction » with formation of
propane as well as ethane and methane was described by
the kinetic equation

Py
T=E e )

where P, is the partial pressure of the initial substance
and k and &’ are constants. The author justifies it by a
scheme according to which a C-C bond in the adsorbed
cyclopropane is dissociated on the surface with formation
of adsorbed propene. The latter either combines with
hydrogen (to form a surface propyl and then propane) or
undergoes further hydrogenolysis to ethyl and methyl
fragments.

In a study of the kinetics of the reaction of carbon
monoxide and nitric oxide in the presence of copper(II)
oxide at 135-200°C, i.e.

2CO +2NO =2COy + Ny (2)

London and Bell®? also obtained the infrared spectra of

the surface species and studied the catalyst. Theyderived
the kinetic equation
r==k Pro , (3)

-+ kPyo + k2Pr,0) (L + k3P o)

which corresponds to a scheme presupposing the following
transformations:

+NO co
NOgas— NOug5 = (Nags + Oags) 7 7 = NoOpas > NNOyg5 = Oags + N2 = CO,.

Earlier, Apel’baum and Temkin® combined a careful
kinetic study of the hydrogenation of ethylene on palladium
with the use of the catalyst in the form of a membrane
permeable to hydrogen. This enabled them to describe
the kinetic data in terms of a scheme involving the inter-
action of the adsorbed ethylene with gaseous hydrogen
followed by the slow interaction of the surface ethyl radical
with adsorbed atomic hydrogen (Twigg®s mechanism).

Many models devised by the present author and his
coworkers for different classes of gas-reactions will be
briefly considered below mainly from the standpoint of the
information obtained for thes construction of models from a
combination of exact kinetic studies in gradient-free sys-
tems with other physicochemical methods. Kinetic equa-
tions were derived for the resulting multistage mechanisms
using hypotheses concerning processes on inhomogeneous
catalytic surfaces?!,

oI, KINETIC MODELS OF CERTAIN REACTIONS
OBTAINED BY COMPLEX INVESTIGATIONS

1. Hydrogenation Reactions

(a) Selective Hydrogenation of Diolefins.
The investigations were based on the hydrogenation of
isoprene to isopentenes in the presence of a palladium~
lead catalyst at 58-118°C,69~71, The rate of reaction 7 is
described by the equation

r=kP}*Py,, (4)

where P, and Py _ are the partial pressure of the substance
hydrogenated and hydrogen respectively. This equation

is valid for the formation of each isopentene isomer
separately, so that products with different structures
arise from intermediate species without a subsequent bond
redistribution. This is confirmed by the finding that, when
isoprene reacts with deuterium, the degree of isotope
exchange in the resulting isopentenes is slight {there is
only a small amount of substituted [D,] and [D,] derivatives
apart from the main addition [D,] product}. In this case
kinetic isotope effects amount to 1.5~1.6, which indicates
the involvement of hydrogen in the slow stages, The
degree of isotope exchange in the initial isoprene is also
low: hence it follows that the formation of the semi-
hydrogenated form cannot be rapid.

Infrared spectroscopic study of the surface compounds
produced in the reaction showed that the semihydrogenated
form generated is strongly retained by the main part of
the surface and only a small proportion (20-309) is
converted into the hydrogenation product under the reac-
tion conditions. Experiments on the thermal desorption
of hydrogen showed that it is strongly retained by the
catalyst, passing into the gas phase only at high tempera-
tures than those used in the reaction. However, this did
not permit the conclusion that only the gas-phase hydro-
gen reacts, but it did indicate the probable nature of the
relevant pathway. The combination of results led to
scheme 2,

Scheme 2

Stage Stoichiometric numbers of stages via
different pathways
1 i JHis

1. CsHggas = CsHgads

2. CsHgads = CsH7ads + Hads(slow)

3. CsHgads + Hagas = CsHoads + Hags(slow)
4. CsHgads + Hagas = CsH1(gas + Hads(slow)
S. CsH7ads + Hogas = CsHoggs

6. CsHgads + Hags = CsH0gas(slow)

7. 2Hyas = Hogas

R e
—_ O O =D =
SO, —-O O~ =

The reaction proceeds mainly via pathways I and II,
with rapid formation of a surface isoprene compound and
its slow interaction with gaseous or surface hydrogen.
Pathway III takes into account isotope exchange,

A kinetic equation agreeing with experimental Eqn. (4)
follows from Scheme 2, The combination of Eqn, (4) and
scheme 2 constitutes the kinetic model of the process.

(b) Selective hydrogenation of acetylenic
compounds., Reactions of this class were studied in
relation to the hydrogenation of ethynyldimethylmethanol
to dimethylvinylmethanol in the presence of a palladium~
lead catalyst at 143-258°C 13,72,73;

(CHy); C (OH) C=CH -+ Hy = (CHy)2 C (OH) CH=CH. , (5)



The hydroxy-group is unaffected during the reaction, so
that the starting compound is henceforth designated by
RC=CH, where R = (CH,),C(OH). The rate of the process
is described by the kinetic equation

r==~ ——————-PlpH‘ . (6)
(P + EPYE™
The specific features of this equation are reflected by the
maximum in the “ conversion curves” 4 relating 7 to the
degree of conversion x. The kinetic isotope effect in the
replacement of H, by D, amounts to 1.8~1.9, which indi-
cates the involvement of hydrogen in the slow stages.

The study of the interaction of the initial alcohol with
deuterium by mass-spectrometric, infrared spectroscopic,
and NMR methods yielded interesting information. It was
found that substitution in the hydroxyl and in the methyl
group does not take place at all and the degree of exchange
of a-hydrogen in the initial alcohol does not exceed 149,
being more pronounced in the resulting dimethylvinyl-
methanol but occurring without the involvement of the
gas phase, i.e, solely as a result of the redistribution of
H and D among the reaction components. Thus it follows
from the isotope exchange data that the hydroxy-group in
the alcohol is not subject to the influence of the surface,
apparently because it is remote from the latter owing to
the rigidity of the molecule. The absence of isotope
exchange between the gas phase and dimethylvinylmethanol,
whose molecules should no longer be rigid, shows that the
latter is not retained by the surface in the presence of the
initial alcohol, passing immediately to the gas phase., The
small contribution of the isotope exchange involving the
acetylenic alcohol shows that its interaction with hydrogen
is not the rapid reaction stage.

Combination of the results leads to Scheme 3 in which
the first pathway predominates:

Scheme 3

Stage Stoichiometric numbers of stages via
different pathways
1 11 h§
1. HC = CRg,s = HC = CRyq4s 1 1 1
2. Hpgas = ZHags 1 0 0
3. HC = CRygs + 2Hags = H2C = CHRgy(slow) 1 0 0
4. HC = CRy(s + Hpgas = HC = CHRgyg(slow) 0 1 0
5. HC = CRy4g + Hgas = HC = CHR, 45 + Hags(stow) 0 0 1
6. HC = CHR,gs + Hads = H2C = CHRpyg(slow) 0 0 1

This scheme leads to a kinetic equation agreeing with
experimental Eqn, (6). Evidently the kinetic models of
the two reactions considered above differ significantly
in the presence of the same catalyst,

(c) Hydrogenation of Aromatic Hydro-
carbons. Kinetic models have been obtained 747% for
the hydrogenation of benzene and toluene in the presence
of a nickel oxide-zinc oxide catalyst at temperatures up
to 270°C, mainly in the region where the processes are
reversible. The rates of both reactions pass through a
maximum at 180-190°C and the region where the reactions
are reversible corresponds to the descending sections of
the »-T curves, the decrease of the reaction rate with
increasing temperatures being unrelated to the approach
to equilibrium and being caused by the process mechanism.
The kinetics of the two reactions in the region of reversi-
bility are described by the equation

r = kP Py, (N
where y is the multiplier taking into account the influence

of the reverse reaction®, Kinetic equations for the
forward 8 and reverse 83~8 processes have been obtained
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separately for the hydrogenation of benzene, the equation
for the reverse reactions being

r = kPcy, Poi, (8)

In the region of low conversions at low pressures
PC,H,, (up to 0.1 atm) another equation is valid for the rate

of dehydrogenation of cyclohexane:
r=hPYS, (9)

with increase of the partial pressure of C H,,, it is
converted into a zero-order equation.

Comparison of the rates of hydrogenation of [*C] benz-
ene, cyclohexene, and cyclohexadiene (separately or
jointly)®! showed that, over the entire range of conver-
sions, benzene reacts much more slowly, so that the
transformations of CgHy and CgH,, in the hydrogenation of
benzene cannot constitute the slow stage, Under these
conditions, the rate of hydrogenation of cyclohexene in
the presence of an excess of hydrogen is expressed by the
equation

r = kPeu, PO,

(10)

Comparison with the rate of the para-ortho conversion of
hydrogen

(11)

under analogous conditions yields information about the
contribution of the rates of adsorption and desorption of
hydrogen to the overall rate of the process. It was found
that the rates of hydrogenation of benzene and dehydro-
genation of cyclohexane are much lower than the rate

of reaction (11); consequently the adsorption and desorp-
tion of hydrogen cannot be the slow stages in the given
process.

para-H,= ortho-H,

o
70

S0+

30

10

‘ T ]
50 100 120 200 250 300 7;°C
Figure 1, Temperature dependence of the degree of
conversion in hydrogen~deuterium isotope exchange
processes in benzene (curve I) and cyclohexane (curve 2),
the hydrogenation of benzene (curve 3), and the dehydro-
genation of cyclohexane (curve 4) in the presence of a
nickel oxide-zinc oxide catalyst.

Figs. 1-3 present the temperature variation of the rate
of isotope exchange (proportional to the degree of con-
version) between hydrogen and deuterium in the initial
substances and in the products of the given reactions.
Evidently, the rate of isotope exchange in benzene and
toluene increases monotonically with temperature and
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greatly exceeds the rate of hydrogenation. On the other
hand, the rate of dehydrogenation increases with tem-
perature, while that of isotope exchange passes through a
maximum, although in the region of the reversibility of the
reaction it exceeds the rate of dehydrogenation. The

rates of hydrogenation and dehydrogenation of cyclohexane
are much higher than the rate of isotope exchange, which
is extremely low.

100 200 300
T°C
Figure 2, Temperature dependence of the degree of
conversion in hydrogen-deuterium isotope exchange
processes in cyclohexene (curve 1), the hydrogenation of
cyclohexene (curve 2), and its dehydrogenation (curve 3)
in the presence of a nickel oxide-zinc oxide catalyst.

1037, mole h™! cm™3

50}
7
251
A
2
0 A 1
100 200 300

e
Figure 3. Temperature dependence of the rate of the
hydrogen~deuterium isotope exchange in toluene (curve I)
and the hydrogenation of toluene (curve 2) in the presence
of a nickel oxide~zinc oxide catalyst.

The exchange in toluene proceeds most readily when
the methyl group is involved; the nature of the isotope
distribution in the methylcyclohexane shows that the
latter is not retained by the catalyst surface. Compari-
son of the rates of the ortho-para conversion of hydrogen
on the clean catalyst surface and on the surface with
adsorbed cyclohexane or cyclohexene % confirms the
dissociative mechanism of the adsorption of cyclohexane,
The study of the adsorption of benzene 87, the infrared
spectra of the surface compounds, and ferromagnetic
resonance 8% as well as quantum-chemical calculations®®
led to the conclusion that the benzene molecules assume a
planar orientation with the probable formation of 7-com-
plexes. These results made it possible to rule out the
possibility of slow adsorption and desorption stages in the
hydrogenation of benzene and cyclohexane.

7

Measurements of the kinetic isotope effects g confirmed
these conclusions. Table 3 lists the values of 8 obtained,
expressed as the ratios kg/kD of the rate constants for the
reactions before and after the substitution of protium by
deuterium (the values of 8 may be distorted slightly owing
to isotope exchange during the reaction).

Table 3, Kinetic isotope effects 8 in the substitution of H
by D in the hydrogenation of benzene, cyclohexene, and
toluene and in the dehydrogenation of cyclohexene.

T, °C Reaction B T, °C Reaction B
CeHg+3Hy=CeH,, CeHyy+Ho=CeH,;»

0 CsDo+-3Hp==CeDgH, 0.53 110 C:Hiz‘(‘Dz:C:H:oDa 0.99
: CoHot3Hy =Gl 9, CgHyp+Ho=CgH,. "
A0 a0, —CoHeD, | 060 | 220 | Gl D CoH,D, 1.02
S CsDg+3H,=CyHgDg . CgHyCHg+3H,=C;H.

240 | CDs-+3D;—CyDyy 0.55 | a7 | QeI Ol | 0.3
240  |CeHet3H,=CeH,» 0.28 247 | CoHCHyt-3Ho==CoHy, 0.92

CsDg+-3D>=CgDy 2 CgDsCHy+3H;==C;DsHe

CoHat3H, =CoHyo , CoHyCHy4-3H,=C,H .
' gL 1p’ 2 8112 LRl 2 71114
270 i H 43D, =CyHoDs 0.50 4 217 O Do 3Hy—CHyeDy| 110
CyH1o=CeH+3H, , CeHyCHy-3Hy=CyHy .
293 |CiD1z=CyDy-3D; 23 UT | DDt 3H,—~C:DeH, | 077
CoHye=CeHy+3H, CgHsCHy+3H,==C;Hy,
25 Dy e=CeDst-3D, 1.8 T | CDiCDyA-3D,=CiDyy. 0.89
250 CsHoCHa+3H2;C1Hu 0.59

CyDsCDy+-3Hy=:C7DgHy

*A mixture of different deuterocyclohexanes.,

Appreciable effects in the hydrogenation of benzene and
toluene involving the replacement of protium by deuterium
in the hydrocarbon and in the hydrogen molecule indicate
the involvement of the two components in the slow stages.
It is remarkable that the effects observed here are the
opposite of those usually found (the rate of the process
increases following substitution by the heavy isotope
instead of decreasing in accordance with the postulate of
the elementary theory of isotope effects® ™3; on the other
hand, the effects in the reverse reaction are normal). The
present author explained this finding on the basis of the
multistage nature of the process and the relative bond
strengths in the initial substances and in the activated
complexes®4,

The stoichiometric number v of the rate-limiting
stage 1'4® was calculated from the values of g for the
forward and reverse reactions by Boreskov's method 93,

It proved to be unity, which rules out the possibility that
the reaction proceeds via slow stages characterised by
other stoichiometric numbers (for example, the absorption
of hydrogen or a process proceeding via the disproportion-
ation of intermediates !»°¢), Table 3 shows that there is no
isotope effect in the hydrogenation of cyclohexene; conse-
quently, hydrogen is not involved in the slow stage. The
slow stage can only be the formation of a surface cyclo-
hexene compound, which is also confirmed by isotope
exchange data (see above).

Comparison of the rates of hydrogenation and isotope
exchange for benzene and its alkyl derivatives showed that
the rate of hydrogenation decreases steadily, while that of
isotope exchange remains at approximately the same level.
On the other hand, in cycloalkanes it depends significantly
on the nature of the substitution ,97,



A scheme for the hydrogenation of benzene and toluene,
providing for the rapid formation of a surface m-complex
of the hydrocarbon on the part of the surface weakly
retaining molecularly adsorbed hydrogen, which does not
hinder the adsorption of the hydrocarbon, was put forward
on the basis of the complete set of results. Subsequently,
there is slow interaction between the hydrocarbon and the
surrounding molecules of the weakly bound hydrogen, which
leads to the formation of a coordination complex retaining
the features of a surface m-complex. This reaction stage
virtually constitutes a rearrangement of the surface bonds.
The complex formed undergoes rapid isomerisation as
far as the cycloalkane (possibly also via other intermediate
stages), as shown in Scheme 4.

Scheme 4
« Ho = (Ha) 345
¢« CaHyyg + (Ni) = C,H,, _, (Ni)
« CuHyp g (Ni) 4 3 (Hp) 595 = [C H,pq (Ni)] - 3Hy (slow)
- [CaH,ng (Ni)] - 3Hp = [C,H,,_, (Ni)] - 2H, (rapid isomerisation)
+ [CqHy, (Ni)] - 2Hy = [C,H,,_, (Ni)] - H, (rapid isomerisation)
- [CaHlyneg (N - Hy = CyHyp o (Ni).

Lo B TC I R

The isotope exchange in benzene and toluene uhder the
conditions of their hydrogenation also proceeds via the
formation of a m-complex, which is converted, in con-
formity with the dissociative 7-complex substitution
mechanism®8, into a o-bonded inter mediate compound with
elimination of a hydrogen atom (Hads).

Scheme 4 leads to kinetic equations agreeing with the
experimental Eqns. (7)-(9). Analysis shows that the
decrease of the reaction rate after the temperature maxi-
mum and the formally negative apparent activation energies
obtained are due to the high heats of formation of the sur-
face compounds (their estimate®® for benzene gave values
in the range 25-35 kcal mole-?).

In the region of irreversibility, the rate of hydrogena-
tion of benzene is described by other relations: the equa-
tion

r = kP (12)
holds at 90-135°C, while the equation
r = kP,Py, (12a)

is valid in the range 150-180°C. Here the process

mechanism changes significantly and the rate of reaction

is apparently determined by the rate of formation of the

intermediate compounds CzH,(Ni) and C.H,(Ni) respectively.
The following kinetic equation is valid for the reaction

in the presence of a nickel oxide-chromium oxide catalyst

under the same conditions 1%:

r=*kPiPE; m=15—12; n=0—05, (13)

According to the authors !, this corresponds to reaction
via six slow stages involving consecutive addition of
hydrogen and follows from a more general complex equa-
tion,

Thus the examples presented show that the kinetic
models for the hydrogenation of organic compounds of
different classes are distinguished by high specificity and
a wide variety.

2, Isotope Exchange Reactions Involving Hydrocarbons
A kinetic model has been obtained 1713 for isotope

exchange reactions between hydrogen and deuterium in
cyclohexane in the presence of nickel and platinum at low
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temperatures (up to 80°C). Previously, exact kinetic
models for isotope exchange in hydrocarbons had been
altogether absent from the literature, It was found that in
the presence of nickel catalysts there is a possibility of
two exchange mechanisms depending on the surface
concentration of deuterium. In the presence of an excess
of the latter, products with low degrees of substitution are
formed, while in the presence of its deficiency mainly
highly deuterated products are generated. The inter-
mediate species responsible for isotope exchange in
cyclohexane and benzene and for the hydrogenation of
benzene were found to be different, i.e. the exchange in
cyclohexane does not proceed via aromatic intermediates.
In contrast to isotope exchange, the hydrogenation of
benzene on nickel hardly occurs in the absence of hydrogen
(deuterium) in the gas phase, i.e, the process requires the
presence of weakly bound hydrogen (this can also be
regarded as confirmation of the hydrogenation mechanism
proposed above ¢), The rate of isotope exchange

CeHya + y Dy = CgHypeDy + yHD, y=1,2, ..., 12, (14)
at low pressures and temperatures is described by the
kinetic equation

r==tk PIP%:
T (P P (15)

which holds both for the overall exchange and for the initial
rates of formation of each product with different constants
k. This is illustrated in Fig. 4, which shows that the rate
of accumulation of each product constitutes a constant
fraction of the rate of consumption of C4H,,. Calculation
of the isotope distribution in the products by a stochastic
method yields values agreeing with experimental data only
if simultaneous (and not consecutive) formation of all the
substitution products in the initial stages of the processes
is postulated (see Fig. 5).

103 W,, mmHg min™!

50

~\

30

10

10 30 50

10° Wy, mmHg min!

Figure 4. Dependence of the rates of accumulation W, of
different [Dy] deuterocyclohexanes on the rate Ws of
consumption of [D,;] cyclohexane at 30°C in the presence of
platinum: 1)-6) curves for the accumulation of [D, ]-[D,]-
cyclohexanes respectively.

The proposed scheme (Scheme 5) provides for the for-
mation of all the products via the successive abstraction
of hydrogen from the surface fragment on interaction with
surface D atoms (for simplicity, it covers only the range
y = 1-6), The formation of each product is described by
the corresponding stoichiometric reaction pathway.
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Scheme 5 alsc explains the different types of isotope
distribution in the exchange products on nickel and plati-
num. This is due to the different ratios of the rates of
reaction via pathway I and the remaining pathways,
depending on the rates of stages 4 and 14,

Scheme 5*

Stage Stoichiometric numbers of stages via
different pathways
1 I 111 v v Vi1

D = 2Dygs

CeH12 = CeHi2ads

CeH12ads * Dads = C6H11ads + HD
CeH11ads + Dads = C6H10ads + HD.
C6H10ads * Dads = CeH10Dads
CeH]oDads + Dads = CeHgDads + HD
CgHgDygds + Dads = CeH9D2ads

- CeHgDyds + Dygs = CeHgD2ads + HD
CeHgD2ads + Dads = CeHgD3ags

10. CgHgD3ads + Dads = CeH7D3,45 + HD
11. CgH7D3a4ds + Dads = C6H7D4ads

12. CeH7D4qads + Dads = C6HgD4ags + HD.
13. CeHgD4gads + Dads = C6HeD5ads
14.CgHy1ads * Dads = CeH11D

15. CgH1Dads * Dads = CeH10D2

16. CgH9D)ads + Dads = ‘,6,“_ ,9,"3,

17. CeHgD3ads + Dads = CeHgDg

18. CeH7D4qds + Dads = C6H7Ds

19. CeHgDsads + Dads = C6He D
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*Compounds evolved into the gas phase are underlined;

stages 3-19 are assumed to be slow, Pathways VII-XII
have been omitted for brevity as well as the subsequent
stages 20, 21,...
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Figure 5. Time dependence of the distribution of isotopes
in the products of the exchange between cyclohexane and
deuterium at 30°C in the presence of nickel. The curves
were calculated from the probable distribution based on
the initial rates of formation of [Dn]cyclohexanes and the
circles represent the experimental partial pressures of
different [Dp] cyclohexanes.

The model obtained actually relates for the first time
the kinetics of the exchange in hydrocarbons to the nature
of the isotope distribution and the mechanism of these
multipathway reactions.

3. Dehydrogenation Reactions

The dehydrogenation of isopropyl alchol to acetone in
the presence of nickel has been investigated in detail!04~108
in the region corresponding to the reversibility of the
reaction (130-200°C):

iso-CgH,;OH = CH,COCH, + H,. (16)

Although this reaction has been frequently used by various
investigators as a model, there were virtually no accurate
kinetic literature data for this process. The kinetics of
the reaction proved to be extremely unusual. The reaction
is inhibited by one of the products (acetone), but is appre-
ciably accelerated by the other (hydrogen), the rate of the
process, measured in accordance with a single-parameter
scheme5°, being proportional to the alcohol concentration.
Fig. 6 compares the rates of dehydrogenation and isotope
exchange in the alcohol and acetone,

10?7, mole h™! m™?

16}

12

08

out ,

1 1 1 1

130 150 170 190 T,°C

Figure 8. Temperature dependence of the rates of
dehydrogenation of isopropyl alcohol (curve 1) and the
hydrogen—-deuterium isotope exchange in isopropyl alcohol
(curve 2) and acetone (curve 3) in the presence of nickel,

The rate of the overall isotope exchange in the alcohol
exceeds approximately by a factor of three the rate of
dehydrogenation, which is approximately the same as the
rate of isotope exchange involving the hydrogen of the
hydroxy-group. The nature of the isotope distribution in
the exchange products (according to infrared and NMR
spectra) and the results of the measurements of the kinetic
isotope effects quoted below show that there is no inter-
mediate enol rearrangement in this instance. Table 4
lists the kinetic isotope effects B for the replacement of
protium by deuterium in the forward and reverse processes
of the acetone hydrogenation reaction:

CH,COCH, + H, = iso-CyH,0H; (17)

here 3 is defined as the ratio of the rates of reactions
involving compounds with the light (»g) and heavy (D)
isotopes under the same initial conditions and for the same
composition of the reaction mixture:

(18)

ﬁ = rH/rD.
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Table 4 shows that there is virtually no isotope effect
in the substitution of protium by deuterium in the alkyl
group of the alcohol, but it is appreciable for substitution
in the hydroxy-group. This can be regarded as proof that
the hydrogen of the hydroxy-group is involved in the slow
stage (confirming the isotope exchange data) and that the
adsorption and desorption stages are rapid.

Table 4. Kinetic isotope effects 8 in the dehydrogenation
of isopropyl alcohol and the hydrogenation of acetone on
nickel at 200°C,

Reaction B Reaction B
CsH,OH=C;H,0+H, 3.4 C3HgO+-Hy=C,H,OH 1.0
C;H,0D=C,H,0--HD - C3D:0-+Hy=C.D,HOH .
CyH,OH=C;H,O+H C3HgO-+Ho=C,H,OH
C3D,0H=C.DsO-LHD 11 CHO+D,=C.H,DOD 08
CH,OH=C;H,0+-H, CgHeO+H,=C;H,0H
& D;0D—C.D,0-+Dy 43 | @pi0-LD.~CD,0D 0.8

C3H;OH=C;HsO+-H, (in cxcess of Hp) 3.5
CsH;OH=C;HgO-+-Hj (in excess of D7) :

The marked isotope effect in the replacement of the
excess hydrogen by deuterium in the dehydrogenation of
isopropyl alcohol confirms the involvement of hydrogen,
in conformity with kinetic data, The observed low values
of the isotope effects (8 < 1) in reaction (17) are due to its
specific features, which are analogous to those mentioned
above for the hydrogenation of aromatic hydrocarbons,
Comparison of the rate of reaction (16) with that of reac-
tion (11) under the same conditions also demonstrated the
impossibility of slow hydrogen desorption and adsorption
stages.

The set of the above data corresponds to the following
two-pathway scheme (Scheme 6), which provides for the
simultaneous occurrence of the process via the slow
abstraction of the hydrogen of the hydroxy-~group directly
from the adsorbed alcohol, which predominates at high
concentrations of surface hydrogen:

Scheme 6

Stage Stoichiometric numbers of the
stages via different pathways
1

L. Hy = 2H,q, 0
2. CH3CH(OH)CH3ga5 = CH3CH(OH)CH3,45

3. CH3CH(OH)CH3 45 = CH3CH(O)CH3,ds + Hags(slow)

4. CH3CH(OH)CH3ga5 + Hads = CH3CH(O)CH3ads + Ha(slow)
5. CH3CH(O)CH3,d4s = CH3COCH3,45 + Hads

6. CH3COCH3,¢s = CH3COCH354

[ T

0
0
1
1
1

With increase of the concentration of surface hydrogen,
hydrogenation proceeds mainly as a result of the slow
interaction of the gaseous alcohol with the surface hydro-
gen,

The kinetic equation giving the best (compared with all
the other equations which have been tested) description of
the experimental data follows from the scheme:

P (14 RPYY) Y

r==%, ’ (19)

1+ bP o+ aP, PHY + kPl

where P, is the partial pressure of acetone and y a
correction for the influence of the reverse reaction (the
unity in the denominator may not be neglected only for the
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description of the initial stage of the reaction for very low
values of Pac). Evidently the accelerating effect of hydro-
gen can be naturally accounted for within the framework of
this scheme: it can be retained by the surface either during
reduction or in the course of the reaction, A similar
behaviour has been observed in the dehydrogenation of
cyclohexane 197-1% and isopentenes ¢ on palladium,

The above results also make it possible to characterise
the kinetic model for the hydrogenation of acetone !}, It
corresponds to the reverse of Scheme 6 and the equation

*p0,5
PocPy, (1 + #PY v _ (20)
14 klpac + k‘ll"acpl‘il',s + ksplql':
In the region corresponding to irreversibility, the rate
of reaction (17) at lower temperatures (up to 90°C) is
described by another equation according to Babkova et al. 1!%;

r==k PacPh, , (21)
(4 +mPyc + #aP, P+ BPy) (1 + KPE)
while in the presence of a copper catalyst it is described
by the equation

r=k FacPu, (22)
(4 + 2Py + kP, P2+ k3P )
(Pg] is the partial pressure of the alcohol).

Thus the complex kinetic investigation of the dehydro-
genation of isopropyl alcohol in the presence of nickel in
the region of reversibility made it possible to obtain
concordant results and to elucidate the complex pattern
of the reaction, which had been previously regarded as
extremely simple. Conclusions concerning the character-
istics of this process cannot, however, be extended to
other dehydrogenation reactions. Thus quite different
results were obtained 1137115 in a complex investigation of
the selective dehydrogenation of cyclohexanol to cyclo-
hexanone in the presence of a copper -magnesium catalyst
at 210-270°C:

CeHyOH = CH, O +H, . (23)

This shows that there are differences between the kinetic
models, The rate of reaction (23) no longer depends on
the concentration of hydrogen and there is no proportionality
between the rate of the process and the concentration of
the starting material, but inhibition by the ketone is also
observed, The results of the measurements of the kinetic
isotope effects for the forward and reverse processes are
listed in Table 5.

Table 5, Kinetic isotope effects 8 in the dehydrogenation
and hydrogenation of cyclohexanol at 240°C,

Reaction B

CeHyyOH=C,H,,0+4-H,

CeH1:0D=Cg¢H,;,0+4-HD 1.0
HuOD=CH,b0+H,

CeHyOH=CgH;40-+H; (in cxcess of Hj) 1.0
CgH;OH=CgH;,0+H, (in excess of D) -
C3H,yO-+H,=CeHy,OH i3

CaHigO-+Dy=CqH;,DOD

Evidently there is no isotope effect in the substitution of
the hydrogen in the hydroxy-group and when the reaction
is carried out in an atmosphere of deuterium, but it does
operate in the reverse reaction. Experiments on isotope
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exchange showed that the rate of exchange of the hydroxyl
hydrogen is higher than the rate of the reaction itself,

The rate of reaction (23) corresponds to Scheme 7 and
the following kinetic equation:

r==~%k ————PIY s
P+ EP )"

m=0.5-—0.6,

(24)

where Pget is the partial pressure of cyclohexanone.
Scheme 7 presupposes the occurrence of the reaction via
the slow abstraction of 8-hydrogen and rapid enol
rearrangement.

Scheme 7

A <OH* [ /OH
2| | = J\H + Hygs(slow)
\/\H J L \ ads
s H i OH
3. l \H = J\ + Hagy(fast)
AN J L ads
OH"  / /O
4. A = L (rapid rearrangement)
AN daas INANgd g
/O
5. | = CeHy©
7/ ads

8. 2H,4=Hs

Thus a change in the structure of the molecule and the
use of a different metallic catalyst have a significant
influence on the form and properties of the kinetic model,
while the general character of the reaction remains the
same, The kinetic models for the dehydrogenation of
hydrocarbons have a completely different form 1167118,

This shows yet again that dehydrogenation processes cannot
be embraced by a general kinetic model, as suggested
previously by some workers.

4, Extensive Oxidation of Microadmixtures of Organic
Substances

These reactions were investigated in relation to the
oxidation of microadmixtures of n-pentane, benzene, and
their mixtures ¥,120 jp the presence of an aluminium-
platinum [alumina-platinum?] catalyst and platinum foil
at 100-350°C over a wide range of conditions. The rate
of extensive oxidation of benzene is expressed by the
equation

. PPy .
(U + Py + PPE: + PP

(25)

at fairly high oxygen concentrations (Po2 2 0.1 atm), we
have

r = kPJ(1 + kP (26)

At 130°C and above, a heterogeneous-homogeneous process
mechanism operates to some extent (this was demonstrated
by the inhibiting effect of the packing in a reactor with a
vibrofluidised catalyst bed®®! and directly by the method
involving separate calorimetric measurements '??), which
leads to the appearance of additional terms in Eqns. (25)
and (26). This is a fairly rare instance; the homogeneous
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propagation of the oxidation reactions of organic com-
pounds (which is in general not observed very frequently)
usually occurs only at 400-600°C 23, 12¢, Above 240°C,

the reaction passes to the external-diffusion region. When
benzene is replaced by deuterobenzene, there is no kinetic
isotope effect, sothat the slow stages of the process
apparently do not entail the dissociation of C~H bonds.
The mechanism of the process presupposes its simul-
taneous occurrence via four independent pathways: the
purely heterogeneous pathway (via successive oxidative
cracking on the surface of platinum coated with oxygen
with slow stages involving the conversion of aromatic
bonds into ordinary bonds), the heterogeneous-homo-
geneous pathway (with transfer of the intermediate oxygen
complexes of benzene into the gas phase and their subse-
quent interaction with molecular oxygen) and two “empty”
pathways involving the deactivation of radical-like com-
pounds in the gas phase.

The characteristics of the extensive oxidation of
n-pentane are quite different; there is no homogeneous
propagation of the reaction and the kinetic isotope effects
show that the slow stages involve the dissociation of C~H
bonds, the rate of the process being described by the
equation

r=kPy, 27

which corresponds to a scheme presupposing slow disso-
ciative adsorption of pentane on the oxidised surface of
platinum,

When both hydrocarbons are oxidised simultaneously,
pentane does not affect the oxidation of benzene; at low
concentrations, benzene does not affect the oxidation of
pentane up to a certain critical concentration beyond which
benzene causes a sharp inhibition of the pentane oxidation
reaction. The rate of oxidation of pentane in the presence
of benzene is characterised by the equation

Py
r==~k TETT R (28)
corresponding to kinetic models involving separate
oxidation processes.
The above examples show that accurate complex inves-
tigations lead to exceptionally varied and specific kinetic
models for different classes of reactions and catalysts,

IV. NON-STEADY-STATE KINETIC MODELS

The kinetic models discussed above characterise
steady-state or quasi-steady-state reactions., The con-
centrations of the intermediates formed and decomposed
during the process then remain constant under specified
conditions, corresponding to the given constant concentra-
tions of the reactants, and when the latter are altered,
there is sufficient time for new concentrations of the
inter mediates corresponding to them to be established.
Steady-state conditions can frequently break down, so that
the catalytic reactions proceed as non-steady-state pro-
cesses. Such breakdown is caused, particularly, by the
activation of the catalyst in the initial stages of the
reactions, by the gradual blocking of the surface by side
products, by the influence of the reaction system, by the
changes associated with transitions to other conditions,
and by other factors causing oscillations or steady altera-
tions in the activity of the catalysts 1257127,

Analysis demonstrates the possibility of the occurrence
of more than one steady state of the process in the kinetic
region, depending on its mechanism and the nature of the
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kinetic model!28-13  The necessary condition for this is
the presence of stages involving interaction between dif-
ferent intermediates 1287132,1647166 A multiplicity of steady
states has been observed experimentally, for example,

in the reaction of carbon monoxide with hydrogen in the
presence of nickel!4,

The attainment of a steady state requires a certain
relaxation time of the rate of reaction 12%,133,167,168
conformity with Frank-Kamenetskii's conditions 169, it
must be much shorter than the reaction time and must
depend on the conditions of the process, its mechanism,
and the ratios of the rates in different stages (Belousov !7°
refers to the relaxation time as the duration of the intrinsi-
cally non-steady state). Temkin 126,167,168 gshgwed that the
relaxation time constitutes in the general case a fraction of
the “reaction turnover time”, which is the reciprocal of
the “reaction turnover number” 4 (i.e. the number of
molecules which have reacted per unit time referred to
the number of active sites on the catalyst surface).

The relaxation time characterises the time required for
the attainment of the steady state, determined by the
specific features of the multistage nature of the process
and its mechanism, but not by other influences caused by
the effect of the reaction system on the catalyst and
secondary factors, Relaxation in consequence of such
“secondary influences” 126,188 may be much more prolonged
than the reaction itself and the process as a whole then
takes place under non-steady-state conditions. Such a
situation arises, for example, in the oxidation of ethylene
in the presence of silver '™ owing to the modifying effect
of the oxygen penetrating into the surface layer of the
catalyst.

Experimental studies on processes under non-steady-
state conditions, both in order to deter mine the relaxation
time as a function of various factors and to elucidate other
characteristics, can therefore serve as an effective means
for devising kinetic models required for a more complete
understanding of catalytic processes. Certain approaches
of this kind have been described in the literature, for
example, in Refs, 42, 43, 133-139, and 172-175. Thus
the determination of the ignition limits in the synthesis of
alcohols on transition of the latter from the kinetic region
to the external-diffusion region has been used to describe
the rate of this process 3, The study of decay phenomena
as a function of various factors in the transition of the
ammonia oxidation reaction on a non-platinum catalyst
from the external-diffusion to the kinetic region made it
possible to derive a kinetic equation for the reaction %,
Non-steady-~state effects in the ammonia and sulphur
dioxide oxidation reactions have been investigated 174,75
by the electrothermographic method. The parameters of
the non-steady-state kinetic models for the oxidation of
carbon monoxide on platinum and lanthanum trioxide have
beendetermined and the models have been analysed'28,76,177,
The kinetics of the oxidation of hydrogen in the presence of
nickel under the conditions of stable auto-oscillations of
the system, having a chemical mechanism, have been
investigated by Slin'ko and coworkers 142,178,179,

Non-steady-state kinetic models have also beenobtained
for the hydrochlorination of acetylene 43, the oxidation of
propene, and its oxidative ammonolysis %, For a model
of this kind, Gel'bshtein and coworkers '** reported to the
earlier idea 18 of a surface “reaction layer” of the cata-
lyst, where oxygen ionises and is transferred from centres
of one type to those of another, They believe 44 that the
thickness of this layer determines the occurrence of the
process under particular conditions. When the layer is
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thin, the characteristics of the steady-state and non-
steady-state course of the reaction are the same. Many
non-steady -state kinetic models have been devised for the
description of the dehydrogenation of hydrocarbons, taking
into account the blocking of the catalyst by coke 116,117,
145-147,1817183 (3]though not all such models have been
adequately justified), The earlier models for the dehydro-
genation of hydrocarbons containing four carbon atoms in
the presence of alumina—chromium oxide catalysts have
been reviewed 84,

A kinetic model (unsupported by multistage mecha-
nisms), taking into account the rates of conversion of
butane into butenes (7,) and of butenes into butadiene
(7,), of the cracking of butane (7,), and of coke formation
from both hydrocarbons (7, and 7,) has been proposed for
the single-stage dehydrogenation of butane in the presence
of an alumina~chromium oxide catalyst in the temperature
range 570-630°C 45:

r1 =y (1 — c/Cmax) Pyv/M2, (29)
ry =Ry (1 — c/emax)® Pcu,N/IM?, (30)
rg = Ry (1 — c/Cmax) PyM, (31)

ro = koPou/ M, (32)

o = kePear/ M2, (33)

where M depends on the concentrations of all the reactants
and the rate of the main reactions depends on the area of
the coke-free surface (¢ and ¢, are the concentration
of coke at any instant and the concentration corresponding
to monolayer coverage).

The dependence of the rate of the process on the amount
of coke and the influence of the oxygen concentration w in
the surface layer of the catalyst, which varies owing to the
slow diffusion of oxygen during preliminary treatment and
during the reaction itself, have been refined4®:

ry = kwe P11+ kP, (34)
ro = ksPy, (35)
re=RePcH, (36)

ry = ky@Pc,/Py,. 37

Under the experimental conditions (535-585°C), the
conversion of butenes into butadiene is reversible and the
changes in w are defined by equations for diffusion in a
solid. A similar exponential dependence of the rate of the
process on coke concentration characterises the kinetic
models for the dehydrogenation of butane and isopentane
in the presence of another alumina-chromium oxide cata-
lyst !47»148, A kinetic equation analogous to Eqn. (29) with
M =1, to which a linear decrease of the rate of reaction
with increasing coke concentration corresponds, is valid
for the dehydrogenation of isobutane to isobutene in the
presence of an alumina—chromium oxide catalyst 46,

A study of the kinetics of the dehydrogenation of iso-
pentenes to isoprene in the presence of a zinc—-chromium
[zinc oxide—chromium oxide ?] catalyst 1167118518 gt 540 to
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620°C using *C and deuterium led to the derivation of the
equation

. Py

r=fk —2
(P + #Pcy )

(38)

where the constant 2* depends in the general case on the
change in the free energy of the system AGx for the given
degree of conversion x, which affects the free energy of
the catalyst surface (taken into account by the factor a),
and also on the amount of coke:

k* = k(1 —Ic/Cimay) e AH/RT

(39)

(where ! is a variable multiplier close to zero, reaching
unity for ¢ = cqpax) and @ =~ 1, This equation corresponds
to the scheme taking into account the slow abstraction of
hydrogen from the most reactive isomer (2-methylbut-
2-ene) accompanied by the attainment of isomerisation
equilibrium. The changes in free energy have a marked
influence on the rate of the process, causing considerable
alterations in the latter for a small increase in the degree
of conversion,

The same reaction in the presence of a nickel-phosphate
catalyst is described by a more complex kinetic mode] 817183
characterising the rate of dehydrogenation (7,), the forma-
tion of light hydrocarbons from isopentenes (#,), and coke
formation (7,) in the temperature range 580-680°C and also
the rate of regeneration of the catalyst (7¢):

=k —— Y (40)
b RPey,
Py
ro=hy ——m———,
P EPoy, (41)
o Py + kyPon, £P1+ B Py, g
3 G +k'PC.H. (c'/‘ +k'Pc.H.)u'b (42)
& Polc'zla
fa = —_t
¢ Py, + ke (43)

These equations follow from the general multistage
mechanism (i.e. are not empirical), which presupposes
that the reaction proceeds via reversible isomerisation
stages, slow successive elimination of hydrogen from the
adsorbed isopentenes, their cleavage, and coke formation
on the free surface as well as the surface already occupied
by coke. The experimental kinetic isotope effects
obtained 18 agree with this mechanism.

The kinetics of cracking reactions under non-steady-
state conditions, due to the decrease of the activity of the
catalyst caused by the blocking of the active surface sites,
have been considered by Wojciechowski (see his review!®?)
on the basis of ideas which he developed. These refer
only to the simplest instances of previously postulated
mechanisms and lead to time-dependent non-autonomous
models, The requirement that the model be independent
of time is extremely important for its practical employ-
ment 14°, Models describing the decrease of activity have
also been discussed in a number of other studies (see, for
example, Refs, 188-192). Non-steady-state changes may
arise as a consequence of the rearrangement of the active
sites on the catalyst surface during the reaction and the
formation of surface phases. The kinetics of such pro-
cesses have been examined in a general form 193,

The formal kinetic descriptions of the reaction under
steady- and non-steady-state conditions can naturally be
significantly different, Certain simplest cases of such
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changes and transitions from one set of conditions to
another have been discussed !¢, However, apart from
the intrinsic non-steady state (see above), only the non-
steady chemical state, in which the chemical composition
of the catalyst is brought into correspondence with that of
the gas phase after the attainment of adsorption equili-
brium, has been examined in these investigations. This
limitation rules out a general approach to this problem.

If the processes corresponding to the attainment of a
steady state during the relaxation of the rate of reaction
are considered for a fixed number of active sites on the
catalyst surface, all the “extraneous” non-steady-state
processes caused by the influence of some other factors
(the influence of the reaction system, etc.) are as a rule
associated with changes in the number or quality of active
regions. The mechanism of such changes is in most cases
insufficiently clear and a mathematical description taking
them into account in kinetic models is much more complex
than the description of the steady-state cases. A further
development of experimental techniques and approaches to
the interpretation and description of the results is there-
fore necessary for the investigation of the kinetics of non-
steady-state processes. This is significant also owing to
the practical importance of non-steady-state conditions,
particular examples of which may arise in processes with
a pseudofluodised catalyst bed or with a moving bed. The
possibility of non-steady-state changes and the effective-
ness of such, perhaps even brief non-steady-state condi-
tions, which have proved to be more suitable than steady-
state conditions '?7,!2%) result in an extremely urgent need
for studies designed to obtain and interpret non-steady-
state kinetic models,

At the same time, since the bulk of catalytic industrial
processes are nowadays carried out under steady-state
conditions, further research on processes under steady-
state conditions and establishment of steady-state kinetic
models are equally necessary. Both types of research
should naturally supplement one another, clearly under
conditions where non-steady-state effects are real,
currently important, and useful. The search for such
non-steady-state effects can also prove extremely useful,
which in no way diminishes the importance and the amount
of information derivable from steady-state models which
can lead to the process mechanism by a more direct and
productive procedure,

The problems of non-steady-state kinetics may be the
subject of a separate review.

V. OPTIMUM KINETIC MODELS

Each kinetic model must reflect real specific properties
of the reaction~catalyst system investigated under the
given conditions. If the kinetic equation for the reaction
via one of the pathways is considered in a general form,
it can be represented *® as a product of the initial velocity
7, (“reaction level”) and a function of the degree of
conversion ®(x) (normalised to unity), which determines
the form of the kinetic model:

r=rg(x). (44)

The level 7, depends on the initial conditions, the amount
of the catalyst, its activity and adsorption capacity, and
the specific form of the kinetic equation, to which the
function ®(x) is extremely sensitive (see Fig.7). Fig.7
shows that changes in » relative to 7,, which are deter-
mined by the changes in ®(x) during the process, from

x =0tox =~ 1, will be smallest for a zero-order reaction.
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For other kinetic relations, there is a steady decrease of
the reaction rate, which is more marked for higher-order
reactions and when the reaction is strongly inhibited by its
products. Relations with extrema are also possible, but
these need not be discussed here, since they do not alter
our conclusions.

-

a "2 g4 Q6 08 1z
Figure 7. Dependence of the form of ®(x) on the degree of
conversion for different kinetic equations » = kﬂn/Pﬁ?'od:
)m=0,n=0;, 2)n=0.3; 3)n=0.5; 4)n=1;
5)n=15;, 6)n=2; Tn=3; 8m=n=0.5;9)m=0.5;
n=2; 10)n=05 m=1; 1)n=m=1,

Thus the form of the kinetic model, specified by the
kinetic equation, describes the nature of the changes in the
rate of the process, throughout its course, under steady-
state conditions. From this standpoint, one may speak of
the optimum form of the kinetic model, reflecting the most
convenient type of changes in the rate of the reaction
throughout the latter. Since high or the maximum possible
conversions (for the given selectivity) are of greatest
interest for practical use, the minimum decrease of the
rate of reaction compared with its initial value as the
degree of conversion increases is the most convenient.
The form of the kinetic model characterising the smallest
changes in the reaction rate with increasing degree of
conversion, other conditions being equal, may be regarded
as the optimum form, It is clear from the foregoing that
the form describing a zero-order reaction or other similar
relations, in which the decrease of the rate of reaction
during the process is a minimum compared with the rela-
tions corresponding to other kinetic equations possible for
the given system, is the optimum form 4,

However, the fact that the model has the optimum form
does not yet show that the model as a whole is optimum,
which depends on the superposition of various factors. I
we again restrict ourselves to a single stoichiometric
reaction pathway, then, for the specified activity of the
catalyst and the optimum form of the kinetic model, the
latter is optimum as a whole when the level 7, is higher
than that corresponding to other kinetic models.

Thus the model which adequately describes the changes
in the reaction rate during the process, which are the
smallest possible compared with the initial level 7, (7,
being greater than other possible values obtained for
other models under the specified conditions and for the
specified catalyst activity), may be regarded as the opti-
mum model. The optimum properties treated in this way
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depend on the internal characteristics of the process,
which determine the given kinetic model. Consequently
one may be dealing with kinetically optimum reaction
mechanisms from which follow optimum kinetic models.
The kinetically optimum reaction mechanism (which
depends on the reaction conditions and the catalyst pro-
perties) will then be one ensuring that the optimum kinetic
model arises from it, i.e. the most convenient form of the
model and the most convenient initial process velocity.
Hence it follows that, in selecting the catalyst, it is useful
to take into account whether or not it can ensure a rate of
the process whose value and the changes in the latter
correspond to the optimum or nearly optimum kinetic
model,

Analysis of the kinetic relations arising from various
possible multistage process mechanisms and the relative
rates of the stages may indicate which models are optimum
or nearly optimum for the specified activation energy under
the given conditions, together with approximate estimates
of the rate constants for the elementary stages by the
transition state method. Such analysis of the optimum
properties of the models may constitute one of the stages
in the selection of catalysts accompanied by the consid-
eration of the possible properties and composition which
would ensure the required Kinetically optimum mechanism.

An estimate '*° has shown that the most convenient
form of the model, i.e. the most nearly zero-order reac-
tion, corresponds in most instances also to the highest
level 7, for the specified activation energy, provided that
the reaction proceeds via slow stages involving surface
interaction or desorption (the activation entropy is zero or
higher). The initial velocities for different forms of the
models proved to be extremely different and the replace-
ment of a zero-order equation by other equations alters
the level #, so much that the influence of the decrease in
the latter on the rate of reaction may be compensated only
by an improbably large decrease of activation energy.

Table 6. The degree of approach to an optimum by the
kinetic models for certain reactions 49,

Reaction Model characteristics Remarks

Isomerisation of cyclohexene Eero-order equation corresponding to
to methylcyclopentane on rapid formation of CgH10ads and its
CaY zeolite (0.5% Pt); slow conversion into C5HgCH 3,45
268~320°C; 13-17 atm
(Ref.150)

Hydrogenation of benzene
on nickel; 90-150°C;

1 atm (Refs. 74,100)

Nearly optimum model

Model closer to an optimum
under the given conditions
than other models

[The observed equation r = kPﬂ[';

is closer to a zero-order equation
than other possible expressions; it
corresponds to the slow conversion
of CgHgags into CgH7ads (Ref.151)

[The rate of the process is described
by a first-order equation with respect than the model correspond-
to hydrogen and corresponds to an ing to single-stage mechan-
oxidation-reduction mechanism or isms.

other multistage mechanisms.

Oxidation of hydrogen on Model closer to an optimum
oxide catalysts (Sn, Mo,
W, Cd, Mn, V, Co, Cr,
Cu, and Ni oxides)
(Refs.152,153)

Table 6 presents the results of the analysis !#° of certain
simple models as regards their optimum properties, using
literature data 74,100,150~153,

The kinetic models listed in Table 6 may be closer to
the optimum model than others for the same reaction
under different conditions or in the presence of other
catalysts, For example!®, if the isomerisation of cyclo-
hexene proceeded in a single stage (i.e. in accordance with
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another model), its rate would be described by a first-
order equation (and not a zero-order equation as in the
model described above), with values of » smaller by
several orders of magnitude (for the same experimental
activation energy and under the same conditions), Conse-
quently the model with the optimum form also corresponds
to the highest initial velocity of the reaction.

It has been shown for the hydrogenation of benzene 8,7
that the rate of the process under the given conditions,
characterised by the model in Table 6, is higher than
when the process is described by other kinetic equations:
v =kP\PH, Or v = kPl‘"f’P%_IQ.

Analysis ° also leads to the conclusion that the rate
of the reaction corresponding, for example, to the
Parravano mechanism ! (the slow stage involves the
adsorption of hydrogen and its subsequent rapid interaction
with benzene in the gas phase) would be described by a
more complex kinetic relation and would be lower approxi-
mately by 8 orders of magnitude than for the model in
Table 6. If Kagan's mechanism® were valid (slow forma-
tion of cyclohexadiene with subsequent rapid dispropor-
tionation), the kinetic equation for such a model would be
complex with a sharper decrease of the rate of reaction
compared with the initial value and the rates » under the
specified conditions for the given activation energy would
be in order of magnitude lower than for the model in
Table 614,

According to the results of Goncharuk and Golodets 52,
the rate of oxidation of hydrogen in the presence of tung-
sten trioxide under conditions such that a first-order
equation (which is closer to the optimum expression than
the other observed kinetic relations) does not hold, proves
to be an order of magnitude lower than in the presence of
the same catalyst when the equation does hold. Compari-
son of the activation entropies for oxidation reactions
carried out by Boreskov 3 also showed that the entropy
is much higher for the oxidation-reduction mechanism
than for a single-stage reaction. The form of the kinetic
model is also much less favourable ! for the single-stage
mechanism., According to Popovskii et al. 3, the rate of
oxidation of hydrogen in the presence of chromium trioxide
at 226°C, where a kinetic equation with a fractional order
holds (r = kye —2°°°°/RTP‘ﬁZ), is approximately the same

as in the presence of V,0, at a much higher tem-
perature (440°C), where a first-order kinetic equation
¥ = kye 2! """/RTPH2 is valid (evidently the activation
energies are similar in the two cases and cannot be the
cause of the discrepancy between the values of » at com-
parable temperatures), Consequently, for the form of the
kinetic model closer to the optimum, which obtains in the
presence of chromium oxide, the initial reaction rate is
much higher than in the presence of V,0,, where the form
of the model is further removed from the optimum.

The turnover number of the reaction® can serve as a
quantitative characteristic of its initial level, because it
refers, as a rule, to a degree of conversion of zero.
Maatman 97 calculated the turnover numbers for different
reactions and catalysts assuming in many instances that
the reactions proceed in accordance with a zero-order
equation and an activation entropy close to zero. If his
values were sufficiently well-founded, the greatest turn-
over number would correspond precisely to the optimum
model. Thus, according to his calculations 7, the turn-
over number for the cracking of cumene on a “decationated”
zeolite is higher by many orders of magnitude than on an
aluminosilicate catalyst., Thus Maatman's results show
that, despite the optimum form of the kinetic models in the

15

two instances, they differ sharply as regards the level of
the reaction and therefore the first model must be regarded
as optimum. Unfortunately, Maatman's calculations are
not based on accurate kinetic data and accurate information
about the reaction mechanism.

The above examples demonstrate the usefulness of the
analysis of the optimum properties of kinetic models. In
the selection of catalysts it is therefore useful to carry
out an analysis in order to determine which kinetic models
could describe the reaction in the presence of the selected
catalyst and which additives (if the possible mechanism
of their action is considered) could lead to other models
closer to the optimum. Naturally such an approach is
extremely simplified and one-~-sided, but, when the appro-
priate information is available, it can be very useful,
Kol'tsov, Beskov, and the present author !¢ considered in
general terms the optimum process conditions which may
be predicted from the form of kinetic models (references
to preceding communications are given in this paper).

VI. KINETIC MODELS AND REACTION SELECTIVITIES

The selectivity is one of the most important kinetic
factors characterising the course of complex reactions and
determining their practical employment. It can be
expressed as the ratio of the sum of the reaction rates via
pathways leading to the formation of the desired product
to the sum of the rates of all the transformation of the
initial substances under identical conditions !3® (“differ -
ential selectivity”35), This ratio characterises the true
process selectivity. Since the desired product can undergo
secondary transformations, it is necessary to consider
the apparent selectivity }*6s157 taking into account the rate
of accumulation of the desired product Wj as the algebraic
sum of the rates of reaction via all the pathways leading
to its formation and decomposition (for the given composi-
tion of the reaction mixture):

S =Wyw,
P, P, ... =const, x=const; T = const,

(45)

where W, is the overall rate of the transformations of the
starting material. This expression for a reaction in a
gradient-free system® is identical with the expression for
the integral selectivity —the ratio of the amount of the
desired product to the overall amount of all the products,

The changes in selectivity during the process evidently
depend on its nature, which is determined by the properties
of the kinetic model and the rates of reaction via different
pathways. These changes, caused by the form of the
dependence of the reaction rates on the degree of conver -
sion which follows from the given kinetic model, may be
different for different selectivities.

Such instances reflect a parallel process mechanism
(where the desired product does not undergo further
transformations on being separated from the catalyst), or
a consecutive mechanism (the desired product is partly
returned to the surface and is converted into side products),
or a parallel-consecutive mechanism (a combination of the
first two mechanisms). The expression for the selectivity
covering these instances follows from Eqns. (44) and

(45)153,157’198:
_ Oy (x 1) Oy (1)
S—(l_“ m,(x.))/(l+ao,(xl))' (48)

Here subscripts I, II, and III indicate the pathways leading
to the formation of the desired product and the parallel and
consecutive formation of side products, a = rgl/rcl) = const.
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(i.e. the initial reaction rates via parallel pathways do not
vary during the process), but 7 = 7II/7[ # const. (i.e. the
initial rate of reaction via pathway III changes continuously
owing to the changes in the concentration of the desired
product); n = 0 for the parallel mechanism and o = 0 for
the consecutive mechanism,

Eqn. (46) indicates a direct relation between the form of
the kinetic model and the changes in selectivity. From this
it follows that the constancy of the selectivity during the
process is possible only under certain conditions: (a)
when the reaction proceeds in accordance with a zero-
order equation via all the pathways (an unlikely case);

(b) @ <« 1and 1 < 1 (i.e, reaction via the main pathway I
predominates throughout the process) whereupon S =~ 1;
(c) when the process proceeds via a parallel mechanism,
the kinetic equations for both pathways are identical, and
there is no inhibition by the products.

Consequently the independence of the selectivity of the
degree of conversion over a fairly wide range of the latter
when S is appreciably different from unity may correspond
only to a fully defined type of the kinetic model for the
process, This is illustrated, for example, by the isotope
exchange reaction in cyclohexane, discussed above, when
its rates via all the parallel pathways are described by
identical kinetic equations (Fig. 4). The properties of the
kinetic model, characterised by identical kinetic equations
in the absence of inhibition of the reaction via all the path-
ways by its products, determine the constancy of the ratios
of the reaction rates via these pathways throughout the
process. The latter is equivalent to the constancy of
reaction selectivity for variable degrees of conversion
[this should in its turn indicate the parallel formation of
all the products, confirming the multistage mechanism (5)].
Evidently, the selectivity in the given instance serves as
an additional factor whereby one can test and confirm the
proposed kinetic model, which determines the observed
characteristics of the selectivity (see also Butovskii et al,12),

An increase of selectivity during the processes is pos-
sible if the reaction via the required pathway is inhibited
by its products to a lesser extent than via the remaining
parallel pathways (for example, in the oxidation of cyclo-
pentadiene 58) or when the desired product is formed via
several pathways and the formation of other products is
inhibited by the initial substance, The latter case is
observed in the oxidative ammonolysis of xylenes %, For
example, isophthalonitrile is formed in this reaction from
m-Xylene in accordance with a second-order equation and
the formation of extensive oxidation products is inhibited
by the initial xylene, such products being obtained only
from the initial xylene and the intermediate tolunitrile but
not from the desired product (isophthalonitrile), One may
therefore expect an increase of selectivity with increasing
degree of conversion; this is in fact observed, which
indicates the validity of the chosen kinetic model. Eqn.(46)
shows that in other instances the selectivity should
decrease during the process in conformity with numerous
data 157,

Thus the properties of kinetic models determine to a
significant extent the magnitude and nature of the changes
in selectivity, which may be used in the analysis of kinetic
relations.

Analysis of the changes in selectivity for processes
described by different kinetic power equations is described
in a book %, Golodets and coworkers 2°0~2°2 obtained and
analysed expressions for the selectivity corresponding to
the kinetic equations for certain oxidation reactions. The
expressions can also be used in the analysis of kinetic
models,
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vI. ESTIMATION OF THE ACTIVITIES OF CATALYSTS
OF COMPLEX REACTIONS

The problems associated with the tests, estimations,
and comparison of the activities of catalysts are purely
kinetic, since the only objective criterion of catalytic
activity is the rate of reaction under the specified condi-
tions and for the given composition of the reaction mix-
ture 195,156,160,161  Por complex processes occurring via
different pathways, the rate of accumulation of the desired
product 198, i,e. the algebraic sum of the rates of reaction
via independent pathways leading to its formation and
decomposition, can serve as a criterion of the activity of
catalysts. Since the rate of reaction depends on the
degree of conversion, information about the rates of
accumulation of the desired product for different composi-
tions of the reaction mixture and for different conversions
at the limits of the ranges of variation of the specified
process parameters is desirable if sufficiently complete
characteristics of the catalytic activity are to be obtained.

For objective tests and comparison of catalytic activi-
ties, exact measurements of the rate of reaction in the
presence of distorting transport effects (and when internal-
diffusion inhibition cannot be eliminated also with allow-
ance for the latter) are necessary. It is useful to carry
out such tests in gradient-free apparatus. The results of
the tests can be expressed by “ conversion curves” 4
relating the rate of reaction to the degree of conversion
under specified initial process conditions.

The problem of tests of the activity of catalysts used
under non-steady-state conditions is naturally more
complicated, It requires the determination of the relation
between the activity of the catalyst and various factors,
particularly the duration of the continuous process, which
depends in its turn on the concentration of impurities, the
changes in the state of the catalyst as a consequence of the
influence of the reaction system, etc. In this case it may
be useful to combine tests in gradient-free apparatus with
non-steady-state methods providing for the simultaneous
monitoring of the state of the catalyst and the changes in
the latter. Such methods are urgently required in pre-
liminary studies and subsequent development [of the pro-
cess?],

EX;.Ct tests and an objective estimate of catalytic
activity and selectivity are evidently by no means easy
and for complex reaction systems, for example for
petroleum processing reactions, the problem is far from
solution, although there are publications in this field!62,163,
However, despite the difficulties which must be faced in
its solution (particularly in the case of tests of catalysts
in non-steady-state processes), the magnitude of the
problem is in no way comparable to the problem of devis-
ing kinetic models which requires a much greater expendi-
ture of time and effort,

Despite this, further development of new effective and
rapid methods for the testing of catalysts of complex
reactions and the estimation of their activity and selecti-
vity constitutes one of the most important problems of
chemical kinetics in heterogeneous catalysis,

o0o

In conclusion one may note that further development of
the theory and practice of heterogeneous catalysis will
depend to a considerable extent on the strength of its
kinetic foundation, It is based on informative kinetic
models for various catalytic processes. The valuable
information which can be derived from these models
should help in understanding the essential features of
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catalytic activity and should extend the practical employ-
ment of catalysis. In order to set up such models, it is

useful to carry out complex kinetic investigations. Although
the methods for devising kinetic models and their analysis
have been adequately developed, they require new approaches

and further expansion, particularly for non-steady-state
processes, The possibilities arising from complete,
reliable, exact, and well-founded kinetic models, some
of which were described above, make the task of their

formulation and general treatment exceptionally important
and necessary,
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Oxidation-reduction Reactions of Free Radicals

I.V.Khudyakov and V.A.Kuz’min

The results of experimental studies on the oxidation-reduction reactions of free radicals with organic donors and acceptors
and transition metal compounds involving one-electron transfer are surveyed. Attention is concentrated on studies performed
in recent years (up to 1976 inclusive) in which the reactions of short-lived radicals have been investigated by pulse radiolysis,
stopped flow, ESR, polarographic, and flash photolysis methods. The relation between the structures and reactivities of
radicals in such porcesses and the methods for the measurement of their oxidation-reduction potentials are examined. Data
on the formation of complexes of radicals with metal compounds are presented.
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I. INTRODUCTION

Various radical reactions proceed in the presence of
metal compounds and electron donors and acceptors.
Many of them are of biological importance and take place
in living organisms. Free radicals, which have a high
electron affinity, behave in most cases as vigorous
oxidants. However, there are data suggesting that free
radicals are in a certain sense amphoteric, i.e. are
capable both of capturing an electron to form the carb-
anion and of transferring the unpaired electron to a suffi-
ciently strong acceptor with formation of the correspond-
ing cation'. Radical-ions are strongly involved in
oxidation-reduction reactions, behaving as electron donors
or acceptors (reactions with organic halides, initiation of
polymerisation, exchange reactions, etc.).

There has been an increase of interest in recent years
in the oxidation-reduction and complex-formation reac-
tions of radicals in connection with the elucidation of the
detailed mechanisms and kinetics of many homogeneous-
catalytic processes, particularly liquid-phase oxidation
reactionst. Emanuel' and coworkers®™ demonstrated
the inhibiting or catalytic (depending on the conditions)
effect of transition metal compounds on liquid-phase chain
oxidation reactions of hydrocarbons.

The interaction of radicals with metal compounds,
which are oxidation-reduction or complex-formation
processes, has been postulated for a fairly long time.

+ The 1st All-Union Symposium on “Oxidation-Reduc-
tion Reactions of Free Radicals”, organised by the
Scientific Councils for Chemical Kinetics and Structure of
the USSR Academy of Sciences and the Ukrainian SSR
Academy of Science jointly with the Pisarzhevskii Institute
of Physical Chemistry of the Ukrainian SSR Academy of
Sciences (Chairman of Organising Committee—Corre-
sponding Member of the Ukrainian SSR Academy of
Sciences V.D. Pokhodenko) was held in Kiev during
October, 1976 [see G.A.Kovtun and I.I. Moiseev, Koord.
Khim,, 3, 4439 (1977)]).

However, only in the last five-ten years numerous experi-
mental data, demonstrating convinecingly the occurrence of
radical reactions of this class, have been obtained as a
consequence of the development of the relevant experi-
mental techniques. This review deals with the results of
studies on oxidation-reduction and complex-formation
reactions of radicals obtained mainly by the direct record-
ing of the structure of the radicals and of the rates of their
destruction. Attention has been concentrated on the
reactions of short-lived radicals in the liquid phase.

II. ONE-ELECTRON OXIDATION (REDUCTION) OF
RADICALS BY ORGANIC COMPGUNDS

It has been suggested that electron transfer is the ele-
mentary step in many organic reactions'’®, Numerous
experimental data confirming this hypothesis have
accumulated in recent years. Examples of the one-
electron reduction reactions of organic compounds (R—X)
are provided by the reactions with alkali metals, organic

anions, or other organic electron donors (R'—-Y):

R — X 4 Na - R — X5 + Na+ ,
R—X +RO- =R — X+ +RO"
RX+4+R:Y—-R—-X+ -+ R — Y%

{ 4
R+ x-

i 1
R X RY* RHHY

In certain cases several electrons canapparently be trans-
ferred in a single stage in oxidation-reduction reactions”.
This hypothesis is based on the general postulate that a
many-electron process taking place in one stage requires
a smaller expenditure of energy than the overall energy
required for the consecutive transfer of several electrons.
One-electron reduction (oxidation) reactions of mole-
cules inevitably lead to the formation of radicals (radical-
ions), which may be reduced (oxidised) in the presence of
the same donors (acceptors). It has been convincingly
demonstrated in many instances that the oxidation of
organic compounds leads to the formation of radicals
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which are then also oxidised. Thus under certain condi-
tions phenols are oxidised via the reactions}

PhOH 33 PhO" + H+ |
PhO" > PhO*
PhO* ++ PhOH — products-- H+ .

The oxidation of BPh; proceeds as follows °:

BPh; =% BPh; 5 BPh}

BPh — PhPh + BPh! O, Ph,BOH -+ H+

The problem of the quantitative estimation of the ability of
unstable radicals to be oxidised or reduced arises in this
connection.

Owing to the development of pulse techniques for the
investigation of fast reactions and particularly the wide
availability of pulse radiolysis apparatus, it is now pos-
sible to measure fairly accurately the rate constants for
electron transfer reactions involving radicals. Such
reactions are important both for chemical kinetics and the
chemistry of free radicals, on the one hand, and for test-
ing the postulates of the electron transfer theory, on the
other,

1. The Electron Transfer Theory

During the last three decades, electron transfer reac-
tions (oxidation-reduction reactions) between metal com-
plexes have been investigated vigorously. It has now
become usual to divide them into reactions of the inner-
sphere and outer-sphere types (see, for example, Refs. 10
and 11). The inner-sphere electron transfer between
reactants X and Y can be represented as follows in a

general form:
X+L+Ya2XL+Y,
XL+Y 2 XLY
XLY 2 "XLY+ |
-XLY+ 2 X~ LY+ ,

X~ 4+ LY+ 2 X+ L4 Y+,

3

where L is the third species, constituting a binding ligand
(usually an anion).

In inner-sphere electron transfer reactions the transi-
tion state is formed in such a way that the L species plays
the role of a “bridge” between two metal centres, ensuring
a pathway for electron transfer. There is then a possi-
bility of the simultaneous dissociation (or formation) of a
bond between the inner orbitals of the metal ion (usually
between the d orbitals). An alternative electron transfer
mechanism does not require the presence of a binding
ligand and the formation (dissociation) of new bonds and is
referred to as the outer-sphere mechanisms§.

In certain cases (see, for example, Thornton and
Laurence *°) one distinguishes reactions in the inner sphere
where the rate-limiting stage is either substitution:

MY L slow
m

— M™X,,_L fast —>M("*‘)*‘XM.IL‘

or electron transfer:

1
MP*X,, + L—2 s prex, LS

— M(n+1)+xm_lL_ .

1 Here and henceforth Ph=CsHs.

& It has been suggested '* that the first mechanism be
called the “bonded mechanism” and the second the “non-
bonded mechanism” in order to avoid confusion in termin-
ology in connection with the inner-sphere and outer-sphere
association of species. However, the generally accepted
terminology will be used in the present review.
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The ideas developed for electron transfer between
metal complexes have been applied to electron transfer
reactions between metal complexes and organic compounds
and between organic molecules.

Criteria have been put forward for the determination of
the electron transfer mechanism '***, It is extremely
likely that the reaction is of the outer-sphere type if the
observed rate is higher than the rate at which ligands are
substituted in the species being reduced (oxidised). There
are also indirect methods for the determination of the
electron transfer mechanism'*, The necessity to know
the electron transfer mechanism is due to the fact that a
change in the structure of the metal ion or ligand leads to
different types of influence on the rate of electron transfer
depending on the reaction mechanism.

From the theoretical standpoint, the mechanism of
outer-sphere electron transfer reactions is simpler and
the theory of such reactions is developing successfully '*'°
The Marcus theory''~*' is widely used nowadays for the
analysis of experimental data for electron transfer in the
outer sphere. According to this theory, the rate constant
for the reaction determining the rate of the outer-sphere
electron transfer,

kab
Am _)_ Bn zAm—l + anl
kba

is given by the following equation:
kap = Zap exp (— AG*/RT), (1)

where Z3ap is the frequency factor (~10" litre mole™ s™)
and AG* the free energy of activation. The following
relation holds for AG*:

1 1 o0 1 13
AGe =W+ a1 Lacs + Lcuy, )

where W is the Coulombic term expressing the difference
between the amounts of work which must be expended to
join and separate reactants A™ and B™, X the free energy
of the rearrangement of the polarised solvent associated
with the change in the nature of the spatial distribution of
charges on electron transfer, and AG° the standard free
energy of reaction. In electron transfer reactions
between radicals and organic molecules one of the reac-
tants is in most instances uncharged and W may be
regarded as zero. Eqn.(2) then simplifies:

AGH = i-x(l + AGYAP.

For the oxidation (reduction) of radical-ions by the initial
molecules, we have

AGl =0 and AG* = %x. (3)

If the rate of reaction approaches the diffusional rate, the
following expression is used for the observed constant 2ab:

kay = Ritt  Ract/(Ract+ R aifr ), (4)

where kact is the reaction rate constant according to Eqn.
(1). If it is assumed that the contribution to the param-
eter )\ is due solely to the reorientation of the solvent
molecules, one can estimate the reaction radius vap by
means of the equation'™™%

o L

2r, 2ry Tab Do N

where Az is the number of electrons transferred, g and
rb are the polarisation radii of the reactants, Do is the
optical dielectric constant of the solvent (the square of the
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refractive index), and D is the static dielectric constant.
It is usually assumed that **

1
rg ==y == -——"rab.
2

2. Reactions of Radicals with Nitro-compounds and
Other Oxidants

Free radicals are known to react with various electron
acceptors—quinones, dyes, nitro-compounds, etc. The
study of the reactions of radicals with organic nitro-com-
pounds is of undoubted interest for the elucidation of the
mechanism of the radiation-initiated processes in chem-
ical and biological systems. It is suggested that com-
pounds with a sufficiently high electron affinity, partic-
ularly aromatic and heterocyclic nitro~compounds, are
radiation stabilisers even at low concentrations as a result
of secondary reactions involving radicals formed in the
biological “targets” ®>**, The reactions of organic rad-
icals with nitrobenzene, nitromentane, etc. have been
investigated by pulse radiolysis and ESR combined with
pulse irradiation or the Ti**—H.0, flow system 7%, It
has been shown that such interactions may involve both
addition and electron transfer reactions, the relative
contributions of which depend on the nature of the organic
radical, the nitro-compound, and the pH of the medium.
For example, aliphatic hydroxy-radicals are ionised in an
alkaline medium and electron transfer predominates; in
neutral solutions, addition to the aromatic ring or the
nitro~group is observed together with electron transfer 2

It has been shown by ESR that o ~-hydroxy- and
o -alkoxg—radicals give up an electron to suitable accep-
tors267%%  Alkyl radicals, B-hydroxy-radicals, OH",
and NH: react with electron acceptors mainly via the
addition mechanism *%°~%®,

In the general case radicals participate in oxidation
reactions and reactions involving addition to the acceptor.
The change in the relative contributions of these reactions
as a function of the radical structure can be accounted for
by the change in the electron-donating capacity of the
radical. It is believed that the electron-donating capacity
is characterised by the stability of the carbonium ions
obtained from the radicals, which increases in the
sequence *°

+CH,0H < CH,CHOH < (CH;)£0H

The tendency towards electron transfer then varies in the
sequence **
(CHy)CO~ > CH,CHCO~ > CHyO~>(CHy):COH > CH,CHOH > CH,0H

The reducin g capacity of radicals diminishes in the
sequence **’

CO5 > (CH;);COH > CH,CHOH > CH.OH

Various organic radicals may be oxidised by hydrogen
peroxide and other peroxldes For example:

CO.H + (CHy)sCOOR — H* + COy + (CHg)sCO + RO~

[R = H or C(CHs)s]. It has been suggested that oxygen
may oxidise certain organic radicals via one-electron
transfer *° ‘

R+ 0, —R* + OF
The one-electron oxidation of radicals by oxygen com-
petes with the addition reaction~—the formation of a
peroxy-radical *%:

R+ 0, RO,
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The radical-anions of aromatic compounds and certain
quinones also react with oxygen via electron transfer %"

R+ +40; >R 407

It has been established that the ability of radicals to
transfer an electron to O.and H-O:varies in the sequence **

“CO;H > (CHy):COH > CHyOH > CH.C (CHy):OH,
CH,CH (CHy) OH
CO7, a strong reductant, is involved in reductive elimina-
tion reactions with various alkyl halides RX:**

COF + RX - CO, 4-R" + X~

One-electron reactions in which CO5 is oxidised by
duroquinone, benzoqulnone and 2-methylnaphthoquinone
have been discovered '*%*®":

COF + Q— €O+ Q=
YN

CO, -+ 1/20,

The kinetics of electron transfer reactions between
radicals and electron acceptors have been investigated
mainly by pulse radiolysis. The course of the reaction
can then be followed from the accumulation of the acceptor
radicals, which usually absorb light in a spectral region
convenient for recording. A study has been made ** of
the oxidation of the radicals obtained from alcohols by
aromatic nitro-compounds. The rate constants for the
radical oxidation adduct formation reactions increase with
increase of the oxidation-reduction potential of the accep-
tor. This behaviour appears to be fairly general (see
end of Section III). However, when the differences
between the oxidation-reduction potentials of the acceptors
E°are fairly small (for example, amounting to several
hundredths or tenths of a volt) and the reaction kinetics
approach diffusion kinetics, there may be no correlation
(see also the end of Section IV, subsection 1), A relation
between the rate constants for electron transfer from Oz,
CH.OH, and €H:0 to quinones with a similar structure, on
the one hand, and E° for the acceptor, on the other, has
not been observed in a number of studies *7%%*7,

Many radicals which are important from the blologlcal
point of view react with vitamin K3.*' The reactions have
been investigated by pulse radiolysis. Under the experi-
mental conditions (low doses and low radical concentra-
tions) the rate constants for the reactions of the majority
of radicals with vitamin K;are 2 > 2 x 10® litre mole™ ' s™y.
More than 90% of the initial radical concentration is then
consumed by reaction with the vitamin. Certain radicals
are hardly involved in the electron transfer reaction
(B << 1 x 10° litre mole™ s™') and participate either in the
addition to the vitamin or react with one another. The
cause of this may also consist in the formation of several
types of radicals with different values of E® under the
influence of the electron pulse *

It has been established that certain oxidation-reduction
reactions of aromatic radicals are reversible 259721575166,
The semiquinone radical-anions Q™ are reversibly oxid-
ised by nitroimidazoles S and quinones "***’

Q=+SzQ+se
QF +Q =2 Q+QF
Different radicals of pyridine derivatives, including the

product of the one-electron reduction of nicotinamide-
adenine dinucleotide (NAD") participate in reversible

1 The constants obtained at room temperature are
quoted in this review.
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reactions involving electron transfer from flavin-adenine
dinucleotide (FAD): '

NAD:" + FAD = NAD' + FAD-~

The kinetics of numerous electron transfer reactions
with participation of free radicals, investigated mainly by
pulse radiolysis, have been analysed®. It has been
established that the experimental data obey the Marcus
theory; a satisfastory correlation has been found between
lgkab and AGab with x ~ 18 kcal mole™.* Three groups
of reactions with participation of radical-anions were
examined:

07 +Q20,+Q~
RNO7 + DQ 2 DQ™ 4 RNO,
Q7 4 Q7 22 Q + Q2 (disproportionation of semiquinones),

where Q are 1,4-quinones, RNO, are aromatic radical-
anions, and DQ is duroquinone.

Using Eqn.(5), rab= 10 A, which is the distance
between the centres of the reactants in the transition state
for which electron transfer takes place in the given reac-
tions, was obtained.

3. Radical Reduction Reactions

The simplest example of radical reduction reactions is
the abstraction of a hydrogen atom from a suitable sub-
strate:

R, +RH-RH+R, . (6)

Reactions of type (6) have been investigated in detail in
studies on liquid-phase chain oxidation reactions of hydro-
carbons®. Reaction (6) with Ri = OH" constitutes a
common method for the generation of various free radicals
(see Section VI, Subsection 1)1. Phenoxy-radicals are
capable of being reduced to phenols by oxidising solvents
containing mobile hydrogen atoms, for example *:
Ph Ph
e 7

CH30—4<:>~0' +SH - cnp-{__}-on +s
ey ey
It has been shown**™*° that stable phenoxy-radicals
oxidise organic compounds without mobile H atoms via
electron transfer:

CHy
o@:uu@o' + \/\@ —
= Gy
R
G, (M
— O CH 0" -~ 1T = \\@
& R .

Galvinoxy- and indophenoxy-radicals are reduced to the
corresponding phenoxide ions by reaction with OH™ and
859103

The inorganic radical species SO;, CO37, CO:H, and
Brs oxidise disulphides'¥, and Br3, CO7, and (SCN)?%
oxidise tryptophan'®®, These reactions proceed via one-
electron transfer. The quenching of the triplet state of

1 In many instances (for example, when RzH is an
aromatic compound) the formation of H2O and R: is
preceded by the formation of the adduct HOR:H.

25

pyrene in micelles by the radical-anion Br? involves the
same mechanism '"':

Sp_ .+ Brf > P, 4 2B

The radical obtained when eiq interacts with SFg (tenta-
tively identified as SFs) is an extremely powerful oxidant,
more active than SO and C1' '*°, It can be used for the
effective generation of other free radicals.

In an acid medium nitroxy-radicals are powerful

oxidants. The 2,2,6,6-tetramethylpiperidinyloxy-radical
oxidises H.0:.* The overall reaction equation is
H
AN . N4
2 IN—-0"+ H;0, + 2H+ — 2>N\o-; 0,

In the presence of various anions, active free radicals
participate in competing reactions*®:
2, R—Al+-
R A R— Al (8a)
R+ A . (8h)

The relative contributions of reactions (82) and (8b) depend
on many factors—the stability of the radical-anion [R—A]"
and the ease of the oxidation of A™ and the reduction of R",
The unsubstituted phenyl radical adds to NO: or to
(CH3):C=NC;, forming the [R—A]~ species, which have
been detected by ESR. p-Nitrophenol or ) -cyanophenyl
radicals possess powerful electron-accepting properties
and, inthe presence of a readily oxidisable species A~,
reaction (8) takes place. The NO: and CN species,
which are more resistant to oxidation, react with these
radicals via reaction (8a):

— NOg

AN
p-CNCgH, + NO; — ‘ “ <« p-NOyGsH, 4 CN™
N/
Ldv |
Many organic synthetic reactions involve the competing

processes (8a) and (8») as the intermediate stage*®.
The equilibrium

R—AITZ R +A (9)

may be postulated. Electron transfer then takes place
with the preliminary formation of [R—A]™, i.e. via reac-
tions (8a) and (9).

4. Ozxidation (Reduction) of Radical-anions by the Initial
Compounds

The kinetics of electron exchange reactions between
organic molecules and the corresponding radical-anions
and radical-cations are usually investigated by ESR; the
radicals are then generated by various methods, for
example by electrochemical reduction (oxidation) **7°'.

The reactions of phenothiazine, 10-methylphenothiazine,
phenoxazine, and phenoxanthine radical-cations have been
investigated®'. Much attention has been devoted to the
radical-anions derived from compounds such as benzo-
nitrile, phthalonitrile, terephthalonitrile, pyromellito-
nitrile, 4-cyanopyridine, and a number of others. The
ability of the initial neutral molecules to accept an elec-
tron is characterised by the rate constant for the reaction

R=+R £, R +R— (10)
and the ability to give up an electron is characterised by
the constant k;1:

RY +RAu_, R4+RT (11)
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The above assumption is equivalent to the hypothesis
that there is a correlation between the values of 1gki0a11)
and certain quantities which may be either calculated or
measured. The ability of the molecule to accept an elec~
tron is associated with its electron affinity, which in the
simplest molecular orbital method is believed to be equal
to —E, E being the energy of the lowest vacant orbital of
the initial molecule. The quantity lgk,o should also be
correlated with the electrochemical reduction half-wave
potentials Ey2. Analogous correlations are to be expected
between the values of 1gk.1, the energies of the highest
occupied molecular orbitals (HGMO) of R, and the corre-
sponding oxidation potentials.

Entirely satisfactory correlations have been found
between lgk1: and EFOMO and between lgk,, and Ey/». !
Such correlations show that the energy required to remove
an electron from the initial molecule may have a decisive
influence on k21;. An analogous correlation has been
obtained for reaction (10) between lgki10 and E1/.. Solvation
apparently plays an important role for radical-anions and
it is not surprising that the values of 1gkio are better cor-
related with experimental high-wave potentials E1z.°*

In the electron exchange between a quinone and the
corresponding semiquinone, i.e.

Q=+Q2Q+Q~

no correlation was observed between the rate of electron
exchange and the reduction potential of the quinone *’,
with no change in geometry in the course of the reaction;
the authors * believe that the correlations observed®’
between lgkio and E,,» reflect certain geometrical changes
following electron transfer from radical-anions to the
initial molecule.

The change in the geometry of the species during the
reaction can have a significant influence on the rate con-
stant for electron transfer. For example, the rate con-
stant for the reaction involving cyclo-octatetraene

(12)

-1

R™+R: R+ R

is k12 =~ 10° litre mole™ s™', while kio= 10° litre mole™ s

or less®®. The difference is probably caused by the fact
that the R™ and R?” species derived from the given
molecule are planar while R is non-planar *2,

It is possible to estimate theoretically the rate constant
for the electron exchange between the initial molecule and
the radical-ion in water. Using Eqns.(1) and (3) and the
value X = 18 keal mole™, ?* one obtains k1o ~ 5 x 107
litre mole™ s™*. Indeed, ko =1 x 10 litre mole™ s™*
has been found for the radical-anion (CH3).CO™.?

E =1 x10® litre mole™ s™! for the exchange between the
phenoxy-radical and the phenoxide ion?’. The exchange
reaction between the nitromethane radical-anion and
nitromethane has a rate constant 2,0 < 3 x 10° litre
mole™ s7',%* Such a low value of k¢ is probably due to
the significant geometrical changes accompanying the
radical-anion—molecule transition. The upper limit to
the values of £11 for the reaction

H*4+HZ H+ H*
is 5 x 10° litre mole™' s~'. The low value of k), is asso-
ciated with the extremely high solvation energy of H*. %

5. The Influence of the Solvent on Electron Transfer
Reactions

Reactions (10) and (11) take place between species
which are dipoles and between an ion and a dipole. Ina
solution with a macroscopic dielectric constant D the
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interaction energybetween an ion and a dipole is expressed
as follows:

E 3 = 2ep..cos (6/Dr?), (13)

where p is the permanent dipole moment and ze the ionic
charge; the orientations of the ion and the dipole are
illustrated in Fig.1; Ei13 = Emax when6 = 0, The inter-
action energy between two dipoles reaches a maximum
when they are arranged “head-to-tail” along a straight
line:

2
Epm — Mt

Dr? (14)

The maximum interaction energy between a dipole-anion
and a dipole is then given by the expression
Em=—p,1(e+g%‘)/Drz (15)
For example, E;s = 1.0 kcal mole™ is obtained for py =
pe =4D, v =4 A, andD = 35, and we have E,3 = £E;5.°"

¢
g

Figure 1. The mutual orientation of the ion and the

dipole.

One may assume that the rate constant for electron
transfer is given by the equation
b — Ae~Ea+Ew/RD , (16)
where A is independent of the solvent and Eg incorporates
all other factors contributing to the activation energy which
are independent of the solvent®'. One can then write

k=ze B5/RT (70 _ poB2) op

Ink =1nZ" 4 p,(e + 2u,/r)/RTDr*. 17
Eqn.(17) predicts a decrease of the rate constant with
increase of the dielectric constant of the solvent, Sucha

tendency has been observed for reactions (10) and (11) in
many solvents, with the exception of dioxan®'. However,
one must bear in mind that dioxan has a very low dielec-
tric constant (D = 2); the formation of bound ion pairs in
such a solvent may play a significant role and may affect
the constant.

If the values of (R) and u(R™) are knowni, it is pos-
sible to obtain from the experimental relations (17) the
distance r between the reactants for which electron trans-
fer takes place. Thus v ~ 4 A has been obtained for the
benzonitrile radical-anion®,

A study of the unimolecular reaction

TNICH; — CgHyp — CHaNf 2 NCH, — CgHyo — CHNE™

(Nf = ¢ -naphthyl; the NfCH: substituents are in the 1,4~
positions in cyclohexane) established that electron transfer
requires the mutual approach of the naphthalene rings to a
distance not greater than 7—9 &.%° The authors believe

1 It is sometimes assumed that p(R7) = p(R). >
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that electron transfer does not require a close approach of
the reactants, in contrast to the reactions involving the
formation of excimers, exciplexes, and charge-transfer
complexes.

The electron exchange reaction between benzoquinone
(duroquinone) and the corresponding semiquinone (duro-
semiquinone) involves a radius of 5—6 A; the molecular
radii of the species are smaller approximately by 1.5 A.
Presumably a monomolecular solvation shell remains
around the reacting species at the instant of electron
transfer "7,

The Marcus theory may be tested by studying the
influence of the solvent on Zi011). Since in many instances
the values of kio(11) are comparable to those of kgiff, it is
useful to employ Eqn.(4). It follows from Eqns.(3) and
(E) that 1lg%1411) should increase with decrease of the
parameter L5' —Dg'. However, the experimental values
of lgkobs and lgkab decrease as the above parameter dimin-
ishes®'. In the Marcus theory Z is independent of the
solvent. Nevertheless, there is a satisfactory linear
correlation between lgkobs — lgkdiff and Dg' —Dg'; the
corresponding plot has a negative slope®'. Thus in many
cases agreement between experiment and the Marcus
theory requires the introduction of additional parameters,
in particular, one must assume that the frequency factor
depends on the solvent.

The influence of the solvent on the kinetics of reaction
(10) has been investigated *° using the radical-anion
derived from N -(n-butyl)phthalimide as R™. It was
observed that k1o depends little on the solvent (hexamethyl-
phosphoramide, 1,2-dimethoxyethane, dimethylformamide,
acetonitrile, and propionitrile) despite the marked differ-
ences between the solvent viscosities and it was found that
Eio= 3 x 10®litre mole™ s, which is less than kdiff for
all the solvents and is close to its value for hexamethyl-
phosphoramide. The activation energies F,o are higher
by approximately 1 kcal mole™ than the corresponding
activation energies for the viscous flow of the solvents.
The comparatively high values of E;0 imply that the ions
are surrounded by weakly oriented solvent molecules,
which undergo a rearrangement in the transition state.
The reaction is slower in 1,2-dimethoxyethane than in the
other solvents; FEiois greater than the activation energy
for the viscous flow of this solvent by 1.6 kcal mole™,
which can be accounted for by the formation of ion pairs
in this ether **. The above effect can be observed in
other solvents when the concentration of the supporting
electrolyte is increased®’.

The polarity of the medium has a significant influence
on the kinetics of the one~electron reduction of the
galvinoxy- and indophenoxy-radicals by substituted amines
[reaction (7)].** The rate of reaction increases with
increase of the polarity of the medium, so that the dipole
moment of the activated complex in the transition state is
greater than the sum of the dipole moments of the reac-

tants. The experimental values of k7 are described sat-
isfactorily by the relation**
A D—t
lghy =lgky— - I

where A is the constant.

The influence of solvent (water—alcohol) composition
on the kinetics of the following reactions has been investi-
gated by pulse radiolysis®*:

CHCHO™ + CgHgNOg—» CHyCHO + CoHgNO:™
CHyCoHyCO™ + CoHgNO, — CHyCeHsCO + CsHgNO7
CH{CHO™ -+ (CqHg):CO —> CHyCHO + (C¢Hy),LO™
CHyCeHsCO™ - (CgHp)sCO — CH3CsHCO + (CoHy)oCO™
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The rate constants for these reactions in water vary
from 8 x 10® to 3 x 10° litre mole™ s™, which is close to
the value of 2giff.’® The solvent was found to have a
stronger influence on slow reactions than on fast reactions.
There is no regularity in the influence of the solvent on the
rate of reactions with the same functional groups and the
kinetic parameters of reactions vary in a complex manner
with the composition of the binary mixtures®., The
observed relations cannot be accounted for with the aid of
the Marcus theory. In this and other electron transfer
theories the activation energy required for the reaction
refers solely to the ion—solvent interaction, the solvent
being regarded as a continuum "*’'"*'°, It appears that a
deeper understanding of the influence of the solvent on the
rate of electron transfer requires allowance for the
microscopic properties of the solvent surrounding the
reaction species .

III. OXIDATION-REDUCTION PCTENTIALS OF FREE
RADICALS

The knowledge of the one-electron oxidation-reduction
potentials of radicals (E® at pH 7.0 and approximately
25°C) could serve as a basis for the prediction of the
directions and rates of the oxidation-reduction reactions
of these species. Waters and Mackinnon 38 noted the
important role of the oxidation-reduction potentials in the
elucidation of the directions of radical reactions. They
suggested that free radicals and the corresponding cations
or anions form pairs of reversible oxidation-reduction
systems, i.e.

R*ZRt+4e R +eZ(R)”

to which correspond two different oxidation-reduction
potentials E(.¢) and E(4¢). A simple procedure was
proposed for the estimation of E(_¢). The radicals
which are involved in the chain oxidation of the initial
comgound RH by Fenton's reagent take part in the reac-
tion>®

R - Feb+ - R+ -} Fe?*; R*+ H,;0 —»ROH + H*,

Consequently E(-el < 0.74 V for these radicals. (The
potential of the Fe**{Fe®" pair is +0.74 V at pH 0.79

The ability of the radical to be oxidised has been
studied in connection with investigations of the mechanism
of the Kolbe electrosynthesis®**’®°, During this process,
the oxidation of the carboxylate ion at the anode

RCOO~ ~ R + CO; + e~

is followed by further oxidation of R™ to the carbonium
ion:
R' > R*+e-, (18)

provided that the ionisation potential I of the radical is
less than 8 eV.%® A linear relation has been observed
between I (determined by the electron impact method) and
the potential of the electrode at which reaction (18) takes
place®. (One should also note that there is a linear
correlation between the values of I for radicals, deter-
mined by the electron impact method, and the energies of
the highest occupied molecular orbitals®®,)

In many cases the values of E® can be calculated from
known thermodynamic quantities. E®(CG:CO3) =
—1.8V ' and E®(0:/07) = —0.16 V ° were evaluated in
in this way.
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The experimental determination of the values of E®
for short-lived free radicals involves certain difficulties
associated with the necessity to generate radicals and to
measure the values of E” rapidly before the radicals are
destroyed.

The potentials E® for the reactions of short-lived
radicals with electron acceptors and donors have been
determined *’® "%, using mainly dyes and quinonoid com-
pounds as acceptors. The study of the interaction of dyes
with radicals is of special interest, since various photo-
chemical and radiation-chemical one-electron reduction
reactions of dyes yield substrate radicals capable of
reacting with the dye molecules. The proposed method is
based on the investigation of the ability of the free radicals
‘RH to participate in electron transfer reactions with
various acceptors A, whose oxidation-reduction potentials
are known:

RH+AZR+ A+ H | (19)

Depending on the pH of the aqueous solution, the radical
species 'RH or A™ were found to exist either in the acid
or basic form:

‘RH 2 R™- H*+

‘AHZ AT4H* .

The studies were performed by pulse radiolysis and
kinetic spectrophotometry. The course of reaction (19)
was monitored by following the formation of A™ (or the
protonated form ‘AH) or the “decolorisation” of the
acceptor (usually a dye in such cases).

It was observed that the plot of the efficiency of elec-
tron transfer, expressed as a percentage, against E° for
the acceptors (donors) is a curve analogous to a titration
curve (Fig.2a). The value of E° corresponding to 50%
electron transfer was used to calculate E® for the radi-
cal **?7%  Thus one-electron potentials were obtained
by means of a comparison with the known two-electron
potentials, which is not entirely correct. If a correlation
is observed between the two-electron potentials and any
parameter associated with the one-electron transfer (such
as the rate of electron transfer or the energy of the lowest
vacant orbital), this implies in essence that in the given
instance there is a correlation between the one- and two-
electron potentials’®.

Furthermore, in the calculation of E® it was implicitly
assumed that equilibrium (19) can be attained and the
Nernst equation was used. However, additional experi-
ments showed that there is insufficient time for the attain-
ment of equilibrium (19) during the experimental time
interval. For example, the oxidation of the lactic acid
radical,

CH,C (OH) COO™ + A — CHgCOCOO™ -+ A=+ H+

leads to the formation of pyruvate ions, but the observed
rate of formation of the radicals A~ is independent of
[CHsCOCCO™]. Thus there is insufficient time for the
attainment of equilibrium and the reverse reaction is very
slow (¢ -10 < 10° litre mole™ s7!) compared with the
observed value 216 = 3.0 x 10° litre mole™ s™'.% An
analogous situation was observed also for the other rad-
icals investigated, so that Eqn.(19) is inapplicable. One
must therefore consider only the reaction

RH-+A-R+FATHH | (20)

“Titration” curves (Fig.2a) are obtained as a result of
competition between radicals (20) and (21) (mechanism I):

“RH + RH — products . ' (21)
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and (or) between reactions (20) and (22) (mechanism II)
‘RH + A — RHA ( addition of radical ) . (22)

TFor the majority of radicals investigated, mechanism I
does not apparently play a significant role, since it has
been found that under the experimental conditions the
efficiency of the formation of A™ (expressed as a percen-
tage) is independent of the ratio [A]/['RH] in the range of
the latter 15—100.

We shall now consider in greater detail mechanism II
involving competition between oxidation [reaction (20)] and
addition [reaction (22)] reactions. The following expres-
sions can be formulated ****;

d['RH] _ d[AT] , d[RHA
_l_aJ = _l&_l + _l.&nl = (ky + ko) [RH]-1A] . (23)
Taking into account the relation
18T _ I 'RH) (A}, (24)
we obtain
__d['RH] — koo + kea d [AT] (25)
dat koo da

Integration with respect to time from zero to ¢ gives
[RH] = [RH], — 5 (A (26)
20
or substituting the resulting expression for [ ‘RH] in Eqn.
(24), we obtain the relation

dla=] _

o =k [RHL[A] — (b + k) (A][AT]. (27

Provided that reaction (20) has reached completion
{d[A7]/dt = 0}, it is possible to obtain from Eqn.(27)

A7) _ ke _ _IR]
[RHly  hw-+ke [RH] (28)

The quantity [R|/["RH]o is called the “percentage electron
transfer”. Consequently, we finally obtain the following
expression for the reaction rate constant **:

kg = k obs - (percent electron transfer), (29)

where kobs = k20 + k22. Fig.2 presents relations between
k20 and the oxidation-reduction potentials E° of the accep-
tors used for the one-electron oxidation of the lactic acid
radical and the dependence of the percentage electron
transfer on E° at the same instant after the electron pulse.
The constants kghs and the percentage electron transfer
were also independent of the ratio [A]/[RH™] in the range
15-100. Examination of Fig.2 and Eqn.(29) permits the
following conclusions:

1. The reaction of the radical with acceptors involving
100% electron transfer (the upper plateau in Fig. 2a) is
very close to a diffusion-controlled process. In this case
k20 = kobs and k2 < kao, i.e. reaction (22) is unimportant.

2. TFor reactions with 0% electron transfer (the lower
plateau in Fig,2a), we have kzo <« 107 litre mole™ s™"

In the intermediate region the efficiency of electron
transfer depends on the ratio kso/k22. It is believed® that
30 depends strongly on E° for the acceptor, while £z
varies comparatively little over a narrow range of AE®
values (here one must apparently assume that the chemical
nature of the acceptor also changes little). Consequently,
the observed changes in the “titration” curve reflect
mainly the changes in k20 and in the observed efficiency of
the electron transfer reaction (20) as a function of E° for
the acceptor. R
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Thus the method proposed **’*° does not yield the true
oxidation-reduction potentials of free radicals. The
potentials corresponding to 50% electron transfer on the

tlltratlon curves must be regarded as “kinetic” potentials
Ek based on two-electron oxidation- reductlon potentials
of the acceptor (donor)®, The values of Ek are fairly
close to those of E®.%~% The differences between the
numerical values are due to the fact that corrections based
on the Nern e%uatlon are not used in the determination of
Ek. E® < Ef for the oxidation of free radicals and E® >
Ef for their reduction. The Ef scale is of definite prac-
tical value for the prediction of the rates of radical reac-
tions. It has been found for a large class of radicals that

the values of E explain correctly the course of one-elec-

tron reactions between these radicals and the electron
39462964465
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Figure 2, The one-electron oxidation of the CHs('J(OH)COZ
radical by different acceptors A in aqueous solution *

a) dependence of the percentage electron transfer on F of
the acceptor; b) variation of the observed rate constant
for the destruction of the radical multiplied by the per-
centage electron transfer. The same acceptors are
designated by identical numerals; the data were obtained
after the elapse of the same time interval from the pulse.

The oxidation-reduction potentials of radicals make it
possible to account for the relation between the ratio of
the rate constants for the oxidation and addition reactions,
on the one hand, and the radical structure on the other
(see Section II). Measurements of E® and Eff *%%7%*
have shown that the basic forms of all the rad_lcals inves-
tigated are stronger reductants than the acid forms. For
example, Ef[CH,C(OH)COOH] > ER[CHsC(OH)COO™] >
ER[CH, C(O )CDO~), the corresponding values being +0.16,
—0.20, and —0.34 V respectively.
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Electron transfer reactions may require considerable
activation energies. Despite the favourable relation
between the thermodynamic potentials E® of the radical
(provided that it is known accurately) and the acceptor
(donor), the reaction cannot proceed in this case at a rate
sufficient to be able to compete with other radical destruc-
tion pathways, for example, reaction (21). The kinetic
potentials characterise the ability of the radical to reduce
the acceptor (or to oxidise the donor) in kinetic competition
with other reactions *

Tor simple aliphatic radicals and the radicals of
pyrimidine basis which have been investigated "%, reac-
tion (20) is not reversible *, but the radical-anions
derived from quinones and aromatic and heterocyeclic
nitro-compounds as well as O; participate in reversible
reactions with quinones Q (see the end of Section II, sub-
section 2):

XTHQzX4Q+ . (30)

The true one-electron potentials at pH 7.0 have been deter-
mined for these radical-anions by pulse radiolysis %1271,
These quantities have been designated by E7.

Equilibrium (30) is established fairly rapidly; the
destruction of radicals via the X™ + X¥ and Q7 + Q~
reactions is much slower ***'¢*™'*®, It has been shown that
the observed spectral changes are caused solely by elec-
tron transfer. The observed first-order reaction rate
constant (relaxation to the equilibrium value) is given by
the relation

kobs = kso [Q] -+ k_ao [X].

In order to measure the one-electron potential E#(X|X7),
the values of K 5 = {[Q7][X]/[X7]|[Q]}were obtained, Q being
the reference quinone whose one-electron potential is
known§. In order to calculate K ;0, the concentrations of
all the reactants under equlllbrium conditions were deter-
mined, whereupon EXXIX™) = EXQIQ™) — 0. 0591gK30 164

E7(Oz{02 ) = —0.155 V was obtained by this method '®,
in agreement with the calculated value *° (see above). The
values EX0OF1037) = 0.865 V, EXDQIDQ*") = 0.355 V,
EXMQIMQ™) = —0.203 V, and E«(BQ!BQ™) = 0.1 V were
also obtained (MQ = 2-methyl-1,4-naphthoquinone and
BQ = 1,4-benzoquinone) together with the one-electron

otentials of many other quinones and nitro-compounds
64 =166
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It is believed that mainly the nitro-group is involved in
electron transfer from the nitro-compound RNO, and from
the radical-anions of nitro-compounds '®®. It is therefore
reasonable to seek a relation between the spin density at
the nitro-group and the one-electron potentials of the
radicals. The correlation E ®(RNO:IRNO7) = 0.315 —

0. 0"4a§O (volts) has been found'®®*, Thus the lower the

spin density at the nitro-group, the smaller the absolute
value of the negative one-electron potential. = Conse-
quently, the one-electron oxidation-reduction potentials of
the radical-anions of nitro-compounds can be obtained
from ESR spectra, provided that certain precautions are
observed *.

The radical-anions RNO7, for which EXRNO;|RNO7) <
EXDQIDQT™), react effectively with DQ, whereupon the
constants ks vary in the range 3 X 108—1 x 108 litre
mole™ s7',* On average, k3 increases as E}
decreases *°

§ The value EXDQIDQ™) = —0.235 V was obtained for
the first time for duroquinone (DQ) in a study by Meisel
and Czapski'®
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Strictly speaking, one should not expect a clear-cut
correlation between the rate of electron transfer and the
difference between the one- -electron potentials AE7 or the
two-electron potential E° of the acceptor (donor). The
rate of electron transfer is influenced by various factors,
but in the majority of cases there is a tendency towards its
increase with increasing AE' or E° for the acceptor within
certain limits. Indeed, AE =~ —AG°® and AG* ~ AG® [see
Eqgns. (1) and (2)].

Electron transfer takes place in the acceptor molecule
which has a higher (more positive) potential. Many of the
so called “cascade” electron transfer processes can be
accounted for on the basis of the differences between the
oxidation-reduction potentials of donors and acceptors.

An interesting example of the cascade electron transfer
“initiated” by the electron pulse is the system containing
isopropyl alcohol, acetone, acetophenone (AP), benzo-
phenone (BP), and p—nltroacetophenone (PNAD): **

CH.COCHJ X X PNAP
CH,COCH, X PNAP™
Under the experimental conditions, [AP] > [BP] > [PNAP].

It has been shown by kinetic absorptlon spectroscopy that
the process does indeed proceed in the above sequence **

IV. THE POLAROGRAPHY OF FREE RADICALS

Certain stable radicals, for example C -phenyl-sub-
stituted triphenylverdazyls, are capable of undergoing
reversible oxidation or reduction at a dropping mercury
electrode ®”, which results in one oxidation wave and one
reduction wave:

X X )](
| |
(] () (]
% N N
C 7CN A
N/ \N Y N/ N > 1\{/ \III‘
A K SR,
% N _ N
=N CH;/7 \ N\ CH;, 77—\ ./ CHy/=—\
/ :> AN \==> 2 _> > z\_—_/ ,

where X = H, Cl, NO.,, CH;, or OCHs.
The polarographic reduction of the galvinoxy-radical is
also reversible with E,;» = 0.07 V: ©®

P
o Ny
\I/ \lJ
e CH
o= % R=cHy,
(]
R/L/\R R/\/tR

The polarographic detection of short-lived radicals
obtained as a result of an electron pulse has been used in
a number of studies’”""'**,  Such experiments yield
oscillograms reflecting the time-dependence of the
current. The variation of the concentration of radicals
in the bulk of the solution can be investigated in the usual
way—by kinetic spectrophotometry. The cathodic and
anodic currents give rise to positive and negative signals
respectively. The polarograms thus obtained consist of
irreversible waves and cannot therefore be used to deter-
mine the oxidation-reduction potentials, but they yield
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valuable information about the behaviour of radicals at the
mercury electrode and can be used to identify new radicals
formed in the experiments on pulse radiolysis.

In contrast to stable molecules, which can give rise
either to an anodic or a cathddic wave (mercury electrode
in water, potentials between +0.2 and —1.9 V relative to
the calomel electrode), short-lived free radicals usually
give rise to both waves in the above potential range.
Experiments have shown that the radicals are usually
oxidised and reduced at comparable rates in a definite
potential range’®. The oxidation and reduction of radicals
may be regarded as competing processes in accordance
with the following scheme:

ka
——— R+ Ho, products (for example, R + H3O+)
R—

5 R~ _HiO_, products (for example, RH + OH").

The majority of the waves obtained are completely irrev-
ersible, since the oxidation or reduction products of many
radicals (such as carbonium ions or carbanions) rapidly
react with water before the reverse reaction can take
place at the electrode.

a b

radical

c

metal | radical

metal | radical

f JEpR—

—]

[N

R—R*

LI

I

f
i

Figure 3. Schematic illustration of the distribution of the
occupied and vacant levels of a metallic electrode and a
radical. The vacant levels of the electrode (radical) are
shown as dashed lines and the occupied levels are shown
as continuous lines; ETF is the Fermi level separating
the occupied and vacant levels.

—

The oxidation and reduction of radicals at the electrode
can be considered in terms of the scheme illustrated in
Fig.3.7® Electron transfer can take place only between
levels with identical electrode energies in the following
system: R’ — R~ (reduction) or R°— R* (oxidation).
Thus, according to this scheme, there is neither oxidation
nor reduction of R' in case a. With increase of the elec-
trode potential, the energy of the occupiedlevelsincreases.
Fig. 3b illustrates the situation where the reduction of R’
should occur. (The situation where R’ is oxidised may
be represented analogously—for this to occur, the value
of Eph must be fairly low.) In the case represented
in Fig. 3¢ both oxidation and reduction can take place at
comparable rates.
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A polarographic study of CO7 confirmed the ability of
this radical-anion to participate in both oxidation and
reduction reactions; it has been established that
E'(CO51C0%7) > E'(COsCO7).*® The study of the polar-
ograms of radicals has made possible definite conclusions
about their structures ™.

V. THER® + R"— PRODUCTS REACTION: RECOMBIN-
ATION, DISPROPORTIONATION, CR ELECTRON
TRANSTFER?

It was shown above (Sections II-IV) that free radicals
are capable of being both reduced and oxidised in reactions
with stable species. Presumably, when two radicals
differing in their oxidation-reduction potentials react,
electron transfer will again occur. This hypothesis was
put forward by Hayon and coworkers ® on the basis of a
study of the oxidation-reduction potentials of short-lived
radicals. Indeed, if the radical ‘R;H in the reaction

‘R;H + R4H = R; 4 R.H,

has a more positive potential, then, according to the ideas
developed above (Section III) ), one may expect electron
transfer from RiH to ‘R:H.* The final reaction products
will be the same as in the generally accepted mechanism
of radical disproportionation (via H atom transfer).
Pokhodenko and coworkers’*"™ observed one-electron
transfer in reactions between many stable free radicals:

Ri +R: —R{+R; (31)

where, for example, Ri = triphenylverdazyl and R; =
2,4,6-tri-t-butylphenoxyl, galvinoxyl, indophenoxyl, etc.
The radical of Wurster's blue oxidises certain triphenyl-
verdazyl radicals and is itself oxidised to the correspond-
ing doubly-charged cation by nitroxy-, phenoxy-, and a
number of other stable radicals™. The reaction products
were identified on the basis of their absorption spectra
and the reaction kinetics were followed from the time
variation of the intensity of the ESR signal of one of the

radicals. It was shown that the reaction
Plh o Ph o-
| |
7 RaAR AN RAAR
SRR N
| ! ] Ji i
N N N/ N N+ N/
P/ \CH,” \pPh 8 off “cH A ’
R=C(CHy)s (32)

in chlorobenzene is described by the second-order kinetic
equation: ks = 8 X 10° exp(—16300 + 500)/RT) litre
mole™ 7,73

Evidently a significant charge separation takes place in
the transition states of reactions (31) and (32), so that ks
increases with increasing polarity of the medium ™, The
generation of an e.m.f. in electron transfer reactions
between two stable free radicals has also been observed ™.

The radical-anions of sulphoanthraquinones (AQ™)
react with the 4-hydroxy-2,2,6,6-tetramethylpyridino-1-
oxy-radical (RNO°) via electron transfer®:

AQ~ 4 RNO' - AQ + RNO™

Reaction (32) has a high activation energy and is compara-
tively slow at room temperature. It is of interest

to elucidate the possibility of the occurrence of electron
transfer steps in rapid reactions of short-lived radicals
with stable radicals or with one another. The stable
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nitroxy-radical 2,2,6,6-tetramethyl-4-oxopiperidino-1-
oxyl (TAN) (AP’) reacts with a wide variety of organic and
inorganic radicals "'*®, The rate constants for these
reactions are close to the diffusional values, It is not
clear whether these reactions involve addition or electron
transfer or whether both pathways are involved in compe-
tition "615°;

R'-+AP'5R—AP , (33)
R+ AP >R*+ AP~ R™+APY) | (34)

However, it can be regarded as proved that the fast
reaction

o
I Il
/ N\ - 7/ + 2Br-
H,C CH, + Brj — \]
\ I/ N (35)
HC” \Nl/ “\CH, H,e” \rleI/+\CH,
o [}

involves electron transfer with ks = 1.6 x 10° litre mole™

s™'."® Indirect evidence has been obtained ’® that the
reaction between the active acetyl radical and the tri-
phenylverdazyl radical also involves electron transfer:

AN NN -
DN+ CHyC00 >N + CH,CO0

The fast reaction of the radical-anion of anthraquinone-
2,6-disulphonic acid (A™) with the NO; radical proceeds
via the same mechanism ™";
AT 4+ NO; -~ A-4NO; (36)
kge = 1.0 - 108litre mole™? s7!.

There is at present no convincing evidence showing that
the reactions of uncharged short-lived radicals with one
another involve electron transfer. However, hypotheses
of this kind have been put forward in a number of studies
62,69,70,148154  Radicals capable of being both reduced and
oxidised with equal case should have overlapping levels "
(Fig.3c, Section IV). It can be assumed that such rad-
icals may be destroyed as a result of the formation of ion
pairs on collision in solution ™:

R +R > R¥+R-

This process should probably be regarded as involved in
competition with the usual radical destruction reactions—
recombination and disproportionation via the transfer of a
hydrogen atom. For example, the destruction of hydroxy-
cyclohexadienyl radicals can be represented as follows '**:

“CoHyOH =+ ‘CHoOH — CiH,OH* 4 CeH,OH~
CHIOHAH*+CiH, + OF- . (37

The detection among the products of reactions between
two R* species of compounds whose formation via recom-
bination or disproportions cannot be postulated [for
example, CsHs in reaction (37)] would constitute evidence
in support of one-electron transfer. The solvent may
influence the rate of reaction between two R* species in the
manner predicted by the electron transfer theory; such
data must be regarded as indirect evidence for electron
transfer.

It is well known that alkyl radicals recombine with
formation of a new chemical bond between carbon atoms
having an unpaired electron:

RCH,CH, + R'CH,CH;, — R (CH)(R’ (38)

(in the special case where R = R). The rates of the
majority of these reactions are limited by diffusion and
their activation energies are close to zero’®. If one of
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the radicals has an H atom in the g-position relative to
the radical centre, there is a possibility of a competing
disproportionation reaction’®

(39)

Reaction (39) is also diffusion-controlled”®. The recom-
bination (disproportionation) of such radicals via electron
transfer is apparently impossible. In contrast to reac-
tions (38) and (39), the electron transfer reaction

—

RCH,CH; + R'CH,CH, — RCH,CH} -+ R'CH,CH; —

RCHyCH, + R'CH.CH, -» RCH,CH,+ R'CH=CH,

——— R(CH.)4 R’

— RCH,CHj ++ R'CH=CH, (40)
requires an activation energy AG* [Eqn.(1)] and in addition
the formation of a carbonium ion and a carbanion is a
highly endothermic process.

On the other hand, many long-lived or stable radicals
with different E' values cannot participate in recombination
(disproportionation) reactions and are converted into dia-
magnetic products via electron transfer [reaction (31)].
One can probably postulate that there exists an “inter-
mediate” class of radicals for which AG* [Eqn.(1)] is
comparable to AG# for recombination (disproportionation)
reactions and the radical destruction reaction is in fact
reaction (40) involved in competition with reactions (38)
and (39).

The reaction

R’ + R — products (41)

is one of the fundamental processes in the chemistry of
short-lived radicals. If it is indeed found that certain
radical destruction reactions proceed via electron transfer
(the rate-limiting stage), then the kinetics and mechanisms
of these reactions in different solvents have to be described
in terms of the concepts developed for electron transfer
reactions (Section II).

Reaction (41) involves electron transfer if the R* species
are radical-ions. Examples of these reactions are the
disproportionation of the radical-anions of quinones (Q) or
aromatic molecules (Ar):

QT+Q T2 Q" +Q,
Ar=, M+ Ar=, M+ 2 Art=, 2M# - Ar
Radical-cations also disproportionate in solutions, for
example

.
AN N

2 [ 1] =

NN NS

N\/\/ N HZN\/\/S\/\]/ Nty

O 00

Rapid electron transfer reactions between radical-cations
and radical-anions,

Ri +R) R +Re+hv ,

are frequently accompanied by chemiluminescence.

It is noteworthy that rotational diffusion, leading to the
mutual orientation of the reactants in the solvent cage
required for the occurrence of their reaction, should
apparently play a smaller role in bimolecular reactions
involving the destruction of radical-ions than in the reac-
tions where uncharged radicals are destroyed”®". This
can be understood if account is taken of the fact that the
electron transfer takes place over fairly long distances
(see Section II, subsection 5).
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VI. REACTIONS OF RADICALS WITH METAL
COMPOUNDS

Different classes of organic compounds can undergo
chemical transformations via a free-radical mechanism
in the presence of transition metal compounds. Examples
of such processes are the decomposition of peroxides, the
halogenation of aliphatic compounds, the amination of
aromatic compounds, certain cyclisation reactions, and
other processes catalysed by transition metal compounds.
Many photochemical reactions of complex compounds lead
to the formation of free radicals, which are then involved
in dark reactions with metal compounds. In a general
form, one can postulate that the interaction of a radical
with a metal compound proceeds via one (or several
simultaneously) of the following pathways ®°*'%%:

~ RH-+-L'M™L__ (abstraction of hydrogen),
~RL-+-M"L,_, (ligand transfer),
RT 4 MEFUHL  (M™LFL,, ) (electron transfer),
R'+ M™L_~~ -RM™L,_ +L (ligand substitution),
TR'...M"L, (formation of charge-transfer
complexes).

Examples of these reactions and the rules that they obey
are discussed below,

The influence of transition metal compounds on many
organic reactions with radical mechanisms is discussed
in a number of reviews '*?*’'°"'%® and a monograph %,
Since the publication of the review ** devoted to the kinetics
of the reactions of radicals with metal compounds, many
new data have become available,

1. Oxidation-reduction Reactions of Radicals wifh Metals
and Their Compounds

Alkali metals, which are powerful reductants, are
capable of reducing various organic species, including
free radicals. The indophenoxy- and galvinoxy-radicals
react with metallic potassium and are converted into the
corresponding phenoxide anions ®7'°%

R R
N
- \__/
R R
R
R\_ y b
»-0-7 D-N=
D i g
R N\
R=C(CHg)s .

Aromatic radical-anions are reduced to the corre-
sponding dianions ¥’
Ars, K+ 4+ K — Ar?=, 2K* .

Apart from electron-accepting properties, stable
phenoxy-radicals can exhibit the properties of electron
donors. 2,4,6-Tri-t-butylphenoxy-, galvinoxy, and
indophenoxy-radicals undergo one-electron oxidation in
the presence of Lewis acids MHalp (M = SbV, NbV, TilV,
SnlV, or AIIL; Hal = Cl or Br), as well as VOCl; and
AgClO4 in various solvents. For example:

>=\ AR

_ ST N n+

o,\ =CH~{_ > O 4 M
/ R
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R
N /R
_/ N TN (n~1)+
— O—\ /—CH Q J O+ 4+ M H
R R (42)
R=C(CHy)s .

The occurrence of reactions of this kind has been demon-
strated convincingly by ESR 5 NMR, spectrophotometric,
and polarographic methods ® The stability of the
diamagnetic salts obtained in reactions (42) depends on the
structure of the radicals being oxidised, the nature of the
oxidant, and the medium. The rate of reaction (42) is
described by a second-order kinetic equation: k4 =~10-10°
litre mole™ s™* for different NHal,. The study of the
interaction of 2,2,6,6-tetramethyl-4-oxopiperidino-1-oxy-
radical and DPPH with Group III metal halides showed that
the nitroxy-radicals form a complex with MHal; while
DPPH is oxidised to the corresponding cation ®*~*', The
results permit the conclusion that the electron-donating
properties of the radicals in many respects determine the
kinetic parameters of the reaction of stable radicals with
MHals. When the galvinoxy-radical is converted into
DPPH, the activation energy of the type (42) reaction
increases, owing to the weaker electron-donating proper-
ties of DPPH (E./z > 0.5 V) compared with the galvinoxy-
radical (E;2 = 0.38 V). The nitroxy-radical has a higher
oxidation potential (E1,» ~ 0.9 V) and the reaction stops in
this instance at the stage involving the formation of the
complex *°~

A classical example of the manifestation of the elec-
tron-donating capacity of free radicals is the reduction of
heavy metal salts by the triphenylmethyl radical **

Ph,C* + AgClO, — PhyC*CIO; -+ Ag .

The oxidation of organic compounds via a radical pro-
cess in the presence of metal ions has been investigated in
the course of eight decades with the aid of Fenton's

reagent; this involves the following fundamental pro-
cesses®’
HyOr+ Fe?*+ — Fe+ -+ OH~ + OH" , (43)
HO" + Fe?* — Fed+ 4+ OH- | (44)
HO +RH - H,0+ R . (45)

The radicals formed participate in the destruction
reaction

R’ +R* — products, (46)

and can regenerate Fe®" or be reduced, oxidising Fe®' at

the same time:
R* + Fe+ — Fe?* 4 products 47
R+ Fer P Ees+ L RH | (48)

Apart from Fenton's reagent, other H.O: + M* systems
are used to generate radicals (see subsection 3 of this
section).

In later investigations organic radicals were generated
in different systems by pulse radiolysis or by a flow tech-
nique, the radlcals being identified on the basis of their
ESR spectra®. Here the active reactant is OH’, obtained
in the radlolysls of water (pulse radiolysis ®*®) or on
decomposition of H.O- (using a flow technique).

The data accumulated make it possible to classify
radicals in terms of their capacity to participate in
oxidation-reduction reactions. The radicals forming
comparatively stable carbonium ions oxidise iron(III)
effectively and quantitatively [reaction (47)]. They include
radicals containing an OH or OR group, amide nitrogen,

33

and tertiary alkyl substituents in the o -position. Primary
and secondary alkyl radicals are inert in relation to iron-
(11D, while allyl and benzyl radicals occupy an intermediate
position. All these species effectively oxidise copper(II)

Conjugated carbonyl radicals and related radicals giving
rise to comparatively stable anions are inert with respect
to oxidation by copper(Il) or iron(Ill). They are readily
reduced by iron(Il) [reaction (48)], for example *°

R—C—CCly + Fell » R—G—CClg + Fell
OIH OH

Furthermore, iron(Il) reduces the radicals derived from
carboxylic acids with a_free valence in the « -position, for
example R(R')CCO.H, CH:CO.H, and CH(CO,H);.*’

Radicals derived from alcohols and carboxylic acids
show the opposite tendencies in their capacity to oxidise
or reduce iron ions. It has been shown®’ that the ability
of hydroxyacid radicals R(OH)CO,H to participate in
oxidation-reduction reactions with iron ions is determined
by the OH group and not the CGO:H group. Vinyl radicals,
obtained as a result of attack by hydroxy-racicals on
acetylene, are unique in the sense that they are capable of
being both oxidised by copper (II) [but not by iron(II)] and
of being reduced by iron(II).°* Thus acetylene is con-
verted by Fenton's reagent into acetaldehyde in the absence
of copper(Il) and into hydroxyacetaldehyde in the presence
of copper(Il):

Fell
H H T

— H\
C=CH, — CH,CHO
HO

OH — HOCH,CHO

The oxidation of iron(II) proceeds selectively and the effi-
ciency of the oxidation varies in parallel with the stabilities
of the carbonium ions obtained **,

The iron(Ill)—- EDTA system oxidises different radicals
obtained on radiolysis of alcohols, aldehydes, ketones, and
dicarboxylic acids®®. The principal factor influencing the
ability of the radical to be oxidised is its structure. Rad-
icals with an unpaired electron in the o -position relative
to the functional group as well as radicals without func-
tional groups which would prevent the attainment of the
necessary mutual orientation of iron(IIl) and the reaction
centre of the radical are oxidised by iron(IIl). The oxida-
tion can be very rapid; for example, ka7 > 4 % 10° litre
mole™" 57! has been estimated for CH.OH.*® In contrast
to this, the ligand exchange reactions of iron(III) have rate
constants & < 10° litre mole™* s™'. These two findings
thus agree with an outer-sphere electron transfer mech-
anism involving the formation of a product of the carbonium
ion type:

R 4 Felll 2R+ 4 Fell (49)
Primary and secondary alkyl radicals are not oxidised,
probably because in this case equilibrium (49) is displaced
to the left *®°°,

The reductlon of many organic radlcals by iron(Il) is
also a very rapid process with 2 > 107 litre mole™ s™' **®

and proceeds more effectively the greater the stablhty of
the resulting carbanion, which also 1nd1cates an outer-
sphere electron transfer mechanism **

Fell +R FeIII +R-

Iron(Il) is oxidised by disulphide radical-cations**’

Fe!! - RSSR t — Fe!'! 4~ RSSR
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As stated above, reaction (47) is reversible for primary
and secondary alkyl radicals. One can therefore postulate
that copper(Il), the weakest oxidising agent, cannot oxidise
these radicals via an outer-sphere mechanism, It has
been shown ***'® that the radicals are oxidised with forma-
tion of an intermediate organocopper compound, which
decomposes into hydroxylated products and copper(I):

Oxidation with the aid of copper(Il) is usually slower than
oxidation by iron(II).®® The oxidation rate constants for
alkyl radicals are k =~ 10°—108 litre mole™ s™','% and
ligand substitution in the coordination sphere of copper
then proceeds fairly rapidly (the bimolecular rate con-
stants are k ~ 10°~10'° litre mole™ s™'). Consequently
the rate-limiting stage in these inner-sphere reactions is
electron transfer (see Section II, subsection 1).

It is noteworthy that copper(II) is in general hi og 0}7
reactive in relation to free radicals ''?>¥6694»100s!
Copper(l) compounds can be readily oxidised to copper(II)
in their turn. These properties apparently constitute the
explanation of the wide-scale employment of copper com-
pounds as catalysts in reactions involving free radicals.
Cu®" ions effectively oxidise certain aromatic radicals—
chloranil radical-anions (CQ~™), anthraquinone-2,6-disul-
phonic acid radical-anions (AQ™), and 2-hydroxy-1-
naphthoxy-radicals [Nf(OH)O"}:

CQ~+ Cu?* - CQ + Cu*; k= 1,0-10° litre mole™ 57}
(in a 9:1 mixture of propanol and water by volume) *
AQ~ + Cut* - AQ -+ Cu*; k = 1,0-10¢ litre mole™! s™!
(in water) '*°,

Ni (OH)O" + Cu?*+ — products;k = (3,2 * 0,6)-10° litre mole™! s™*
(in water) ™',

The oxidation of alkyl radicals by many transition
metal compounds in solution leads to the formation of
olefins and alkyl derivatives'®”. The following mech-
anisms may be postulated for these reactions:

>CH—-(f <—> >C=C<—|— H* + e (oxidative elimination);

s/ N 1 + e
>CH—-C \-I- N /CH—CI—N -+ e (oxidative substitution).

Here N is a nucleophile (HCAc, HOR, CH:CN, ArH, etc.);

M™ (OAcT), +e— M-+ (OAcT),, (reduction of metal compound).

The rates of oxidation of n-butyl, isopropyl, and neo-
pentyl radicals by a copper(Il) carboxylate have been
determined in acetonitrile—acetic acid mixtures'®. The
neopentyl radical is oxidised much more slowly than the
other alkyl radicals. An alkylcopper compound is also
postulated as an intermediate’

(CHpyCCH, + Cu'" 2 [(CHg)sCCH,Cu]
[(CHg)CCHaCu] — Cu' + (CHy)yCCHY

Whereas iron(Il) ions are capable of reducing only rad-
icals forming comparatively stable anions, titanium(III)
ions reduce a wide variety of radicals—alkyl and hydroxy-
alkyl radicals, radicals derived from carboxylic acids,
etc.®” The reaction

Tillt + ¢H (COOH), — products (Ti lv) (50)

was investigated by ESR combined with radiolysis in situ:

kso = 8 x 10° litre mole™ s™.*" The authors® believe
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that the mechanism of this reaction is similar to that
adopted for the reduction of hydrogen atoms by iron(Il),
which includes the formation of a metal hydride inter-
mediate:
Fell + H — Fell —H'
Fell H'++H* > Fel' + H,

This mechanism can be adopted for the reduction of rad-
icals with an unpaired electren at the carbon atom:

R + M™ > M™ —R ,
M"+—~R+H+~7M("+”*+RH .

These are apparently inner-sphere reactions®""'®

Titanium(III) ions oxidise formic acid radicals'®:

“COH +Ti! —Ti!! 4 cO, + H* (51)

with ks, =~ 5 X 10° litre mole™ s™'. One may claim (see
Section III) that the rate constant for the interaction of the
radical-anion with titanium(IIl) is still greater. Compar-
ison of the rate of substitution by ligands in the coordina-
tion sphere of titanium(IIl) with the rate of reaction (51)
suggests that the reaction with titanium(III) proceeds via
an outer -sphere mechanism '

Europium(III) ions also oxidise ‘CO.H and COZ; the
rate constant is £ > 7 x 10° litre mole™ s™'. The reaction
does not proceed with ytterbium(Ill), chromium(III), and
scandium(IIl). It follows from a comparison of the
standard oxidation-reduction potentials that chromium(III)
is most readily reducible. However, the outer-sphere
conversion of chromium(IIl) into chromium(Il) requires a
large reorganisation energy in view of the presence of
tetragonal distortions in the high-spin chromium(II) com-
plex. The inner-sphere reaction is ruled out in view of
the inertness of chromium(IIl) in relation to substitution %

The ability of radicals to ‘participate in oxidation-
reduction reactions with metal compounds depends sig-
nificantly on the structure of the radicals. For example,
the o -radical of isopropyl alcohol is oxidised by titanium-
(IV), iron(Ill), and chromium(IIl) more effectively than the
p-radical'”’

H
. I
CHS-C[—~CH3 ‘CH,—C—CHj,
|
OH OH
a-radical g-radical

because the carbonium ion corresponding to the ¢ -radical
is more stable (see Section II, subsection 2).

The morgamc radlcal-amons Cl7 and Br7 oxidise Fe®*
Co®*, and Mn?" ions '»'%'%  The reactions were investi-
gated by flash photolysis. The reaction

CIF -+ Fe?* — Fed+ 4 2CI- (52)

proceeds via an outer-sphere mechanism with %25, = (1.0 ¢
0.2) X 107 litre mole™ s™', The inner-sphere reaction

CIF + Fe?* — FeCl?+ -+ Cl- (53)

has a smaller rate constant: kssz= (4.0 + 0.6) x 10° litre
mole™ s~ *?

The oxidation of Cl7 and Bri by Mn®" ions takes place
with formation of an intermediate complex, which then
decomposes into products '°®, The rate-limiting stage in
this inner- sphere reaction is electron transfer.  The
oxidation of Fe** by the Brs radical-anion and of Co®* by
Cl7 also proceeds via an inner-sphere mechanism, the
rate-limiting stage being the substitution reaction 13,108
The second-order rate constants have been obtained for

all the inner-sphere reactions: k= 10°litre mole™' s~ ¥
108,109
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The N3 radical-anion oxidises Fe®' via an inner-sphere
mechanism
N, + Fet+ — Fe!ll 4 N7

with 2 > 1.7 x 10° litre mole™ s™*,'*°

The reduction of OH' by Fe®" ions has been investigated
by pulse radiolysis''® and it has been established that the
reaction proceeds as an outer-sphere electron transfer:

(54)

with Bss = (2.3 + 0.2) X 10° litre mole™ s™'.'® The corre-
sponding reaction of CD" radicals in D:0 is characterised
by the rate constant kss = (9.4 + 0.8) x 107 litre mole™ s,
The difference between the rates of these reactions is due
to the difference between the free energies of hydration of
the ions in the solvents ''°, Many other oxidation-reduc-
tion reactions of the GH' radical have been examined ',
The reaction between pentammine(ligand)cobalt(III)

complexes and the p-nitrobenzoate radical-anion has been
investigated by pulse radiolysis:

OH* - Fe?+ (Hy0)y — Fed* (H;0)y, OH™ by Fe?+ (H,0)s + H,0

[Co!"! (NHg)eX] 4 ~10,N— {;>—«co; - Colt+
4 5NHg+ X +NO,—Z  S—cos (58)
\::/ 2 L
where X = NHs, PhCOz, p-0O:NCe¢H4sCQz, Br~, pyridine,
or s -H:NCGCsH4sN. The reaction proceeds via an outer-
sphere mechanism in all cases with &ss =~ 10°—10 litre
mole™' s™'., The reactants initially form an outer-sphere
ion pair (they approach one another to a distance equal to
the reaction radius) and then electron transfer takes place:

[Co!!t (NHg)gX] + ~0,CCeHyNO5 -n =
2 {CoM! (NHpsX, ~0,CCeH;NOz-n} 2

— CoZf -+ 5NH, + p-ONCeH,COj + X (56)
The intramolecular electron transfer reaction
[Co™! (NHy(O:CCHNO- )|+ — CoZf =+ SNH; + p-ONCeH,CO; (57)

was found to have k57 = 2.6 X 10° 87 with ks7 < ks, i.e.
the intramolecular transfer is slower. The most probable
explanation of this is that the carboxylate ion exhibits a
comparatively low “electron permeability” '**.

The rate constants for reactions with participation of
m - and o -nitrobenzoate radical-anions, analogous to
reaction (57), are 1.5 x 10% and 4.0 x 10° s~ respectively
112,166 The increase of the rate of reaction by several
orders of magritude for the ortho-isomer is probably due
to the overlapping of the orbitals of the nitro- and
carboxy-groups, which generates an effective pathway for
electron transfer. The study of the distribution of spin
density in the radical helps to interpret the kinetic data .

The strong reductant CO7 is oxidised by various
cobalt(Il) complexes’'':

COT + Co'!! (NHy)sX2+ — CO, + reduced complex. (58)

The reaction has been investigated by pulse radiolysis
combined with the method of competition kinetics:
kss = 10"—10° litre mole™ s™'. The complexes investi-
gated can be divided into two groups: (1) highly reactive
complexes whose reactions involve direct attack on the
ligand and electron transfer to an available orbital local-
ised at the ligand; (2) complexes exhibiting a moderate
reactivity in which ligand orbitals of lower energies are
saturated and the available antibonding orbitals have high
energies. As in the study of Land and Swallow '*° (see
below), no direct correlation was observed between &ss
and the overall charge of one of the reactants (in the
present instance the complex). kss is more influenced by
the properties of the complex as a whole than by the prop-
erties of any one free ligand X. Nor was a correlation
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observed between the rate constants for electron transfer
from the CO7 and "CH:OH radical species to the Colll
(NH3)sX** complexes [reaction (58)] and E° for the com-
plex. This can be explained by the comparatively low
values of E° for such complexes (see Section II; subsection
2), which corresponds to a small difference between their
free energies. One can then expect that other factors
affect the rate constant for the electron transfer reaction *,

The ions of metals in unusual valence states inhibit or
catalyse various chemical reactions. Reactions of Ni*
ions with radicals have been investigated''*. The Ni*
ions and organic radicals were generated by an electron
pulse, the intermediates being detected on the basis of the
absorption spectra and conductimetrically. It was found
that Ni* is capable of reducing various radicals extremely
effectively and of forming intermediate complexes:

Ni* 4 "CH,C (CHy);OH — Ni2* - CH, = C (CHy), + OH~ ,
Ni* 4 CO; — NiCO, ,
Ni* 4 "CH,OH — NiCH,OH* ,
Ni* 4 C (CHz),0H — NiC (CHy);OH*+ .

The complexes interact with water:
NiCH,OH* + H,O - Ni#* - CH,0H + OH~

or with another Ni* ion, forming metallic nickel
Ni+ + NiC (CHy),OH* — Ni?* 4 Ni + (CHy);COH

Pb®" ions oxidise via a one-electron transfer mechanism
hydroxyalkyl radicals and the CO7 radical-anion *®':

Ph2* 4 CO;” — Pb* +CO, ,
Pb%+ + (CHj),COH -» Pb+ + (CHg,CO + H*+ .

Pb* ions may be reduced to metallic lead in reactions
with hydroxyalkyl radicals'®:

Pb* - (CHy)sCOH - PbC (CHy)yOH* — Pb -+ H* 4 (CH9oCO .«

The reaction proceeds via the formation of an intermediate
radical-ion complex.

Pb* ions are oxidised by the radicals obtained on
r;}diolysis of solutions in t-butyl alcohol and cyclopentane
161,

Pb+* - "CH, (CHg),COH - Ph#+ -+ OH= -+ CH, = C (CHy): ,
Pb* + CgH, P20, phe+ 4 CgHyy + OH™

Cytochrome ¢ effectively oxidises various radicals:

Fe“I cyte +Rn+ . R(n+1)+ + Fe” cyte

(59)

kso = 2.4 x 10° litre mole™ s™* for lactic acid radicals '*°,

kss = 5 x 10° litre mole™ s™' for CCS radical-anions '*°,
and ks = 1.8 x 10° litre mole™ s™* for radicals derived
from ethanol '**. The oxidation of pyridine radicals by
cytochrome ¢ has been studied by pulse radiolysis **°. The
radicals were obtained by the one-electron reduction of
the following bypyridylium and pyridylium compounds:
CGHECH?—-KI<\:>——<\__’>N~CH2CGH, "/ \\‘ H/ N

o \;N/—\N)
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The resulting rate constants can be divided into two
groups. It was found that kso = (1.8 + 0.4) x 10° litre
mole™ s for the radical species derived from the
bipyridylium salts (I)~(IV) and s = (8 + 1) x 10° litre
mole™ s™! for the radical species obtained from com-
pounds (V)—(VID).''® The difference between the values of
kse for these groups of radical species may be accounted
for by the presence of the positive charge in the radical
species from compounds (I)~(IV), which should retard
the reaction with the positively charged cytochrome ¢, but
this effect is weakened owing to the high ionic strength of
the solution. The main reason for the difference may be
that the oxidation-reduction potentials of compounds (I) to
(IV) are in the range between —0.3 and —0.55 V,"'” while
those of compounds (V) —(VII) are in the range between
—0.9and —1.1 V.'"® The reaction apparently proceeds
via attack on the part of the porphyrin ring remote from
Fe(Ill), which is confirmed by the high values of k59 and
resembles the reaction with an organic acceptor rather
than with a simple metal complex *'’"'%,

2. Complexes of Radicals with Transition Metal
Compounds

The oxidation-reduction reactions between radicals and
metal compounds involving inner- or outer-sphere mech-
anisms terminate with the decomposition of the inter-
mediate complex or the collision complex into the final
products. However, in both cases complexes of the
charge-transfer type, association complexes, or coor-
dination compounds with radical ligands may be formed
when no oxidation-reduction reactions are observed.
Apart from the chemical affinity between the radical and
the metal compound, paramagnetic interactions may play
an important role in the formation of such complexes,
because many metal ions have unfilled or partly filled
orbitals, Complexes of radicals and metal compounds
(ions) are of great interest, because complex formation
alters greatly the reactivity of the radicals. In many
cases this entails a relative stabilisation of the radical.

Depending on the degree of charge transfer, the struc-
tures of the complexes can be conventionally described by
the following formulae:

R'M'H; R*M("'IH; R"M‘"HH-

The metal in complexes of this kind is frequently in an
unusual valence stage. The radical ligand has an
unpaired electron which is highly delocalised. Under
these conditions, the splitting of the ESR spectral lines of
the radical, caused by the interaction of the unpaired elec~
tron with the paramagnetic metal nucleus, is observed in
many instances ®®'®.  Despite this, the radical retains its
nature in many complexes, which has been confirmed by
ESR studies'®.

Stable aliphatic nitroxy-radicals form in solution com-
plexes with aluminium(IIl) and gallium(IID) halides °>**,

The existence of complexes of the 2,2,6,6-tetramethyl-4-

oxopiperidino-1-oxy-radical with the above compound has

been demonstrated by ESR. The most probable structure
of the complexes is shown below:

o

|
AN
CHa, l CH,

CHy” "N/ NCH,
] — MX,4
0
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Here the vacant orbital of the Lewis acid interacts with the
3-m-electron fragment N...G, which leads to a slight
distortion of the planar configuration of the complex at the
nitrogen atom and to an increase of aN compared with the
initial nitroxy-radical®. Stable radicals capable of
forming complexes with ions having filled electron shells
(d° or d'°) may be obtained by the one-electron reduction
of molecules containing the fragments shown below:

ik R % R?

M
3 ==
Ko eg' Ve n‘—N",i{

N
)

g

cl

I‘J—ARl

These may be ¢ '-bipyridyl, o-phenanthroline, etc. The
ESR spectra of a number of such complexes of glyoxal-
bis-N -t-butylimine (R; = t-butyl and Rz = H) have been
recorded'®., The ESR data have shown that the unpaired
electron is delocalised over the entire complex MLCI,
including the halogens.

Paramagnetic ligands capable of delocalising the
unpaired electron over diamagnetic metal atoms are
extremely rare. Complexes of this kind are of interest
for the investigation of metal—ligand bonds as well as
spin labels linked to the metal ion in proteins. When such
labels are employed, spin density is transferred from the
radical ligand via the metal to the remaining part of the
ligand environment. The stable pyridyliminonitroxy-
radical forms complexes with various diamagnetic metal

ions %
AN
f i
N
N/ N
/ M
7
N\ S
N
N/
VN
M=zn", cd'l, or Hg'l
In certain cases complexes of radicals with metal com-
pounds may be isolated in a crystalline state '*°, The
tetrachloro-oxomolybdate of the phenothiazinium radical-
cation, isolated in the solid state, gives rise to an ESR
spectrum with a single broad signal (g = 1.98), while the
ESR spectrum of the complex in solution consists of two
superimposed singlets with different g-factors *:

C:S
&
|
H

The ions of Groups I-III metals form complex with
o-quinone radical-anions '**"'**,  ESR data have shown
that the majority of the complexes remain 7 -radicals and
the degree of transfer of spin density to the metal ion is
low '**, The nature of the oxygen—metal bond has a
marked influence on the distribution of the unpaired elec-
tron density in the o-semiquinone and on the hyperfine
interaction with the paramagnetic nucleus of the central
atom., Complexes with alkali metal ions, for example,
complex (VIID), can be regarded as contact ion pairs:

R R
) O 0
o+ AN
L Li ’\‘-’v/lncl2 * .Sn(Cly), ,
R 0 R o 1]

R
(VItp) (1x) (x)
R= C(CH,),

«:MoOCI}.

+
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Complexes formed with thallium(I) or indium(III) ions
[for example, compound (IX)] are apparently chelates ***.
Significantly higher constants for the hyperfine 1nteract10n
with metal nuclei compared with contact ion pairs have
been obtained from the ESR spectra of the chelates **°,
The ESR spectrum of the tin-containing radical (X), which
can be usefully regarded as an organoelemental radical
rather than a complex, has been measured’?*®. Thus the
ESR data for radical complexes make it possible to
investigate the nature of the oxygen—metal bond.
complexes of neutral semiquinone radicals having a
chelate unit have been recorded by flash photolysis *

[¢}

The

The complexes of short-lived radicals with transition
metal compounds are destroyed via second-order reac-
tions, like the radicals themselves, but the rate constants
are significantly lower than those for the destruction of
free radicals. Complexes of the p-benzoquinone radical-

anion (Q7) with Cu™ ions have been detected’®, The
rate constants for the reactions
Q7+Q™ (60)
Q™ Cu* + Q7 Cut — products. (61)

are keo = 1,2 X 10° litre mole™ s™' and ke = 1.6 x 107
litre mole™ s’ (in water).

The complex PbC(CHsa).OH*, formed by the Pb* ion with
the @ -radicals derived from isopropyl alcohol, has a
much longer life in solution than the initial radical '*'.
However, the ion pairs involving radical-anions are
destroyed faster than the initial radicals. The rate con-

stants for the reactions
T T 2 T-+T , (62)
T+, Na* -+ T7, Na* = T?~, 2Nat+ T (63)

of the tetraphenylethylene (T) radical-anions in tetrahydro-
furan (THF) have been estimated: ke < 10°and ks < 8 X
10° litre mole™ s™'.'*® In this case the Coulombic repul-
sion of the slmllarly charged specles [reaction (62)] has a
decisive influence on the kmetlcs The rate constant
kes = 1 X 107 litre mole™" s™' has been obtained for the
reaction between the ion pair and the radical:

T~, Nat+T7 2 T*7, Na++ T . (64)

Reaction (63) is slower than reaction (64), since two Na*
jions are desolvated simultaneously in the transition state
of reaction (63),*°

As stated above, the reactivity of the radicals changes
markedly on formation of complexes. Evidence has been
obtained '*° for the existence of a biradical complex
formed on thermal decomposition of the complex of tetra-
methyl-2-tetrazene with ZnCl.:

Me\ /Me —  Me Me T
I N/

N N

N s RCH=CH,

I ZnCls — | ClyZf ———*- products,

N ',' \‘

Ny N

SN2 N\

Me Me Me Me_|

In contrast to the NMe, free radicals, the biradical reacts
very selectively with olefins, forming aminoalcohols. The
coordinated radicals with 0- and N-centres are apparently
inactive in chain transfer steps in oxidation and polymer-
isation reactions, which is important in connection with
the problem of the inhibiting act1v1ty of phenols, aromatic
amines, and related compounds '*’'*
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The ability of transition metal ions to catalyse the
recombination of methyl radicals is explained by the
formation of an intermediate species—the complex of the
alkyl radical with the metal ion, which is stable in relation
to the abstraction of a hydrogen atom and participates only
in the reaction with the analogous complex'*%:

CH, + M = CHM™
2CHM™ — CyH, + 2M™*

Studies by pulse radiolysis have shown that OH forms a
complex with benzoatopentammmecobalt( I11), '* adding to
the ligand—the benzoate anion:

(NHg)s CoM' (0,CC4H,0H)

The complex is destroyed via a second-order reaction:

k = 9.3 x 10" litre mole™ s™!, which is significantly less
than the rate constants for the reactions of OH" radicals
and their adducts with benzoic acid and benzoate ion (1.2 X
10° and 4.4 x 10° litre mole™' s~ respectively) **

When s-butyl-lithium was oxidised with the aid of
di-isopropyl salicylate or copper(Il) or iron(IIl) acetyl-
acetonate, ESR spectra were recorded'’®, The absence
of spllttmg by the copper nucleus and the low constants for
the hyperfine splitting by protons enabled the authors to
attribute the following structure to the complexes:

H_, R H_, H
el < | o Felll |
‘/C' /C\

H R H R

The unpaired electron is localised in an orbital of the
carbon atom '*°,

Hyperfine splitting by the silver nucleus has been
observed in the ESR spectra of many silver(I)—olefin
radical complexes (g = 2.0017) formed when polycrystal-
line silver complexes of olefins are subjected to y -irradi-
ation'®*. Analogous complexes with a radical ligand have
been obtained on irradiating compounds of silver perchlo-
rates with cyclohexa-1,3-diene or cyclohexa-1,4-diene.
The constants for hyperfine splitting by the protons in the
complex

) Ag

1

are virtually the same as in the spectrum of the free
cyclohexadienyl radical, which indicates a weak inter-
action between the hydrocarbon radical and the nucleus
of the metal ion ",

The formation of a complex by the benzyl radical and
chromium(Il) has been reported '*:

PhcH, +cr'l = PréHcr!! |

Comiplexes of related aromatic radicals—semiquinone and
phenoxy-radicals—have been discussed in a review °®
Many complexes of radicals and transition metal ions
(compounds) have structures resembling very closely
those of ion pairs formed by aromatic radical-anions and
alkali metal ions. The difference consists in the absence
of electrostatic attraction which holds together ion pairs'®
The study of the interaction of peroxy-radicals RG:
with transition metal compounds is of interest in connec-
tion with the investigation of homogeneous-catalytic
liquid-phase oxidation of hydrocarbons. The existence
of complexes formed by peroxy-radicals RO; with vanadyl,
cobalt, and manganese acetylacetonates and naphthenates
has been suggested '*7**, The studies were performed
by the ESR method, solutions of the hydroperoxide ROOH
and M* L, being mixed. The authors believe that the
formation of the complex stabilises RO:;. However, it is
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not stated '**”'*® whether ROOH has been completely con-

sumed at the time when the ESR spectra of the stabilised
RO: were observed. If ROOH were present in solution,
then fairly high ROz concentrations might have been
observed for a long time simply owing to the decomposi-
tion of the hydroperoxide'®, which throws doubt on the
conclusions reached by the authors!**™'%,

3. Interactions of the Hydroperoxy-radicals with Metal
Ions

Under certain conditions, hydroperoxy-radicals cap-
able of interacting with metal ions are formed in systems
of the type of Fenton's reagent. In the presence of an
excess of HoCz, HO; radicals are formed by the reaction '*?

Cet* 4 Hy0, — Ce?* 4 H* + HO, (65)

or via the reactions'#*7'*
M™ 4 H,0, > M**D* L OH- + OH' , (66)
OH' 4 H30; — H,0 + HO, , (67

M7 = Tis+, Fe+, Vé+, or Cro+,

The interaction of the hydroperoxy-radical with metal ions
was studied on stopped flow apparatus with two mixing
chambers: the HO: radical was formed in the first
chamber via reaction (65) and, when the latter had
reached completion, the solution was mixed with the
solution of the metal ions in the second chamber. The
changes in the system were followed on the basis of the
ESR spectra.

The method of flash photolysis with detection of inter-
mediates by ESR is convenient for kinetic measurements.
HO: radicals are then generated via reaction (67) and

H,0p + hv —» 20H"

in a cell located in the cavity of the ESR spectrometer. It
is also possible to investigate the reactions of HO: radicals
by the method of steady-state radiolysis in combination
with a flow system and ESR.

The existence of complexes of H02 with a number of
transition metal ions, such as Ti*", Zr*", Cce*", V',
Th**, U®*, Mo®*, etc. has been established “4214571s1,

M+ HO, 2 M—HO, . (68)

The complexes may be formed not only via reaction (68)
but in many instances also as a result of the lnteractlon
of the HC; or OH* radicals with the M—H:0O, complex '

M—H;0; + HO; — M—HO, + H,0, ,
M—H,0; 4+ OH' — M—HO,+ H,0 .

In the presence of ions of two metals, M and M’, ESR
spectra due to two species have been recorded: M-HO;
and M’'—HQ:. The occurrence of the reversible reac-
tion '*2
M~HO; + M’ = M'—HO, + M (69)

was demonstrated. This may be a bimolecular reaction
[Eqn.(69)] or it may proceed via the association of the
complex M—HOj [the reverse process in reaction (68)]
followed by the formation of the complex with the M’ ion.
Reaction (69) involving many pairs of ions has been
observed: U®*-Th*', Th*'-Zr*", Zr*'-U®, Th*'-Ti'",
U -Ti**, v*'-Ti'". 2" Kinetic stuches have shown that
the exchange reaction between Cu®* and Th*" ions is more
likely to proceed via the direct transfer of HO: than via a
dissociation-association mechanism ***:

Cut* 4 [Th—HO,}+ & (Cu—HO,#+ + The+ , (70)
where K70 = 3 X 10%,
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Apart from the M—HO: complexes, more involved
M—HO,~M’ complexes may exist'®*, The HO; radical
disproportionates in solution:

HO;—}—HO;——r H;0; + O, (71)

with k7 = 6.7 X 10° litre mole™ s™.'** Under the experi-

mental conditions, the lifetime of the HOz—M complexes
is significantly longer than that of HO:. This is one of
the reasons why the ESR spectra of many such complexes
have been recorded. The Zr**, Th*', and U%* complexes
are destroyed via first-order reactions for higher values
of [M]. The lifetime of such complexes varies from
several tenths of a second to several seconds'**, The
lifetime of the Nb°*—HO; and La®*'—HO; complexes is sig-
nificantly shorter, which gives rise to certain difficulties
in their detection ¢

Apart from their involvement in complex-formation
reactions, the HO: and OF radical species participate in
oxidation-reduction reactions. Thus Cu®' oxidises the
HO; radical *2:

Cu®* + HO, » Cut + H* + O, (72)

with k72 =~ 1 x 10° litre mole™ s,
proceeds via the formation of a complex

Reaction (72) also
145

Cu®* + HO, 22 [Cu—HO, ]+ | (73)

[Cu—HO, ]+ -> Cut + H++ 0, (74)

[K75=(5.1 + 1.0) x 10" litre mole™, and k7 = 30 + 5 57"]
and reaction (74) determines the rate of oxidation for
higher values of [Cu®*].

The oxidation of OF by Cu®*

ions also groceeds with
formation of an intermediate complex

149,151,152,

Cu?* + Og — [CuOgJ+ — Cu* + O, (75)

with ks = (1.7 + 0,3) x 10° litre mole™" s™'q %15,

It has been found that the complex of O and Cu®*
exists and that its lifetime is shorter than that of the
complex with HOs.'**’'** This is quite reasonable, since
O7 is a stronger reducing agent than HO:: EC(OZlOZ ) <
EclHOZ) ¥ (see Section III), Cu* ions reduce HOs and

o5 :
Cut+ OF —2— cy+ + H,0, + 20H- (76)
Cu* + HO, B cuer + Hy0, &4
with k46 >10° litre mole™ s and k+ =~ 10" litre mole™' s™*,
In contrast to Cu®* ions, Fe®' ions oxidise OF via an
outer-sphere mechanism:
Fe (H,0)3* + O; ~ Fe (H;0)%", Or — Fe?*+ Oy (78)
with ks = (8 + 2) x 10® litre mole™ s™*, *15°
Titanium(IV) and vanadium(V) ions form fairly stable
complexes with O5.'*® Analysis of the results of ESR
studies of these complexes and the interpretation of the
structures of the complexes with the aid of the molecular
orbital method have shown that the molecular oxygen in
the coordination spheres of these metal ions should have a
singlet ground state '*°, This conclusion makes it pos-
sible to explain the relatlve stability of the radical com-
plexes with respect to electron transfer within the inner-
sphere. The highest molecular orbitals of OF are
designated by 7* (HOMO) and 7*. The energetically most
favourable direct electron transfer n* — {.g with forma-
tion of singlet oxygen in the coordination sphere is forbid-
den by symmetry considerations. Electron transfer

1 According to Rabani et al.'?, ks = 8 x 10° litre
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from the T orbital to the f:g orbital requires a large
activation energy, since it leads to the formation of
oxygen in the excited triplet state '*°,

The high rate of electron transfer within the inner
sphere in the Cu®* Q7 complex is apparently caused by the
o-coordination of oxygen'*®.

The kinetics and mechanism of the formation and
destruction of radical complexes in the titanium(IV)—

H:0:—cerium(IV) system have been investigated in detail **’
by ESR. The accumulation of the radical TilVOF com-

plex in this system proceeds via the reactions
LV - i‘,’ N - ko . -

TilY (027) + ¢V 2 T %) ceV - iV (07) e (79)

kg =>5 - 10titre mole 5!, kb= 130 7! , k=755 .
The TilVO; complex is destroyed via the reactions:

TiVO7 + e 2 TV 07) eV % TilV 4 ce'l 4 0, , (80)

Ti'Vo, -+ H* = HO, 4+ TilV | (81)

Ti'Yo; -+ TiVO; — products, (82)

TiVOy 4+ HO; - products (83)

koo =T s', kg = 2 litre mole ! 5! kg, << 500 litre mole™! 71,
kgz > 2,8 - 10° litre mole™ 57!, kg > 2.8 - 10° litre mole 57! .

The reversible formation of copper(ll) complexes of
O has also been observed in an organic medium 3. In
the oxidation of methanol in an alkaline medium and of
cumene, it was observed that the catalytic effect of the
copper complexes of o0 -phenanthroline (0 -P) is due to the
formation of the complex Cul(v-P); in the system, which
coordinates oxygen, forming a copper(Il) complex:

Cu'(0-P);+0,==Cu™ (0-P),07

---000---

Thus many reactions involving free radicals proceed
via one-electron transfer. Fairly extensive experimental
data on the oxidation-reduction reactions of radicals have
now accumulated, which makes it possible to establish
certain structural-kinetic rules. Kinetic data are very
important for the theory of electron transfer and for its
further development.

The vast majority of free radicals are short-lived in
liquid solutions, which necessitated the use of flow or
pulse techniques in order to obtain reliable information
about reactions involving them. The use of the pulse
radiolysis method proved to be extremely promising for
the measurement or estimation of one-electron potentials
of free radicals. The knowledge of such potentials permits
in the majority of instances a correct prediction of the
direction and rate of the oxidation-reduction reaction,

The study of one-electron transfer reactions involving
cytochromes, oxygen, quinones, flavins, and pyridine
bases is of interest for the elucidation of the detailed
mechanism of electron transport in biological systems.

Transition metal compounds are widely used as cata-
lysts in radical reactions. The reactions of macro-
radicals with transition metal complexes play an important
role in radical polymerisation and in the stabilisation of
polymers. Different metal complexes or salts can have
a significant influence on the kinetics and mechanisms of
radical oxidation and reduction reactions of organic com-
pounds.

The study of the influence of the magnetic field on the
kinetics of oxidation-reduction reactions of radicals with
transition metal compounds having different electronic
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configurations may promote a further development of the
theory of magnetic effects in radical reactions.

The study of coordination compounds with radical
ligands constitutes a new field in the chemistry of complex
compounds. On formation of the complex with a transi-
tion metal compound, the reactivity of the radical changes;
in most cases short-lived radicals become more stable
on forming a complex.

The oxidation-reduction reactions of free radicals can
have a wide variety of practical applications. The elec-
tron transfer reactions between certain stable free rad-
icals generate an e.m.f. The one-oxidation of CCF
constitutes the basis of the reduction of oxygen by the
action of visible light on the duroquinone—carbonate ion
system and thus provides a valuable means of utilising
solar energy.
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The review deals with the properties and behaviour of porphyrin molecules in an excited state. Modern data on the
electronic structure of metalloporphyrins and their luminescence-spectroscopic properties are presented. The problems
of the photonics of metalloporphyrins, which are of great importance for the understanding of the initial stages in
photosynthesis and for the control of the latter, are discussed in detail.
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I. INTRODUCTION

Porphyrins belong to one of the most thoroughly inves-
tigated classes of organic compounds, owing to their
enormous role in biological processes. Several funda-
mental monographs and reviews devoted to the structure
and coordination chemistry of metalloporphyrin'~® as well
as their reactivity ® were published in recent years.
There are no reviews in the modern chemical literature
in which the properties and behaviour of porphyrin mole-
cules in an excited state are discussed. A monograph?,
which is partly devoted to the luminescence of porphyrins,
is an exception. However, during the period which has
elapsed since its publication, new extensive information
has accumulated on the photophysical properties of metallo-
porphyrins. Furthermore, the photonics of porphyrins
is of primary importance for the understanding of the
essential features of the processes underlying the initia-
tion of the electron transport chain in photosynthesis and
for the control of these processes as well as for the simu-
lation of natural systems suitable for the transformation
of light energy into a chemical form. The aim of the
present article is to fill the existing gap in the literature
and to survey the experimental data on the photonics of
porphyrins obtained mainly during the last decade.

Porphyrins are derivatives of porphin-a cyclic system
formed by four pyrrole rings linked by methine bridges:

porphyrin
(R = H throughout)

we have etioporphyrin (I, Ri=Rs=Rs=Rr = CH:;, R, =
Rs = R¢ = Rg = C2Hs, Ree = Rg = Ry = R6 = H), mesopor-
phyrin (IX; R, = Rs = Rs = Rs = CH3, R2= Ry = C2Hs,

Rs = R7 = CH>.CH2.COOH, Ra = R =Ry = R§ = H);
haematoporphyrin (IX; R, = Rs = Rs = Rg = CH3, Rz =

Ry, = CH;CH.OH, Rs = Ry = CH,CH,COOH, Ro = Rg8 =

Ry = R§ = H), octaethylporphin (Ry = Rz=Rs =Rs = Rs =
Rs =Ry =Rg = C2H5, Ra = Rﬁ =Ry =R§ = H), and tetra-
phenylporphin (R1 =Rz=Ri=Rs=Rs=Rg=R; =Rsg = H,

Ra = RB = Ry = R6 = CeH;). Hydrogenation of the double
bond in the pyrrole ring leads to chlorins, the most impor-
tant representative of which is chlorophyll, while hydro-
genation of two double bonds result in the formation of
bacteriochlorins, the natural representatives of which
transform light energy in bacterial photosynthesis. When
methine bridges are replaced by tertiary nitrogen atoms,
azaporphyrins are obtained. Structures consisting of
four isoindole units linked by methine bridges are called
benzoporphyrins. When the methine bridges in tetraben-
zoporphin are substituted by nitrogen atoms, tetrabenzo-
tetra-azaporphin or phthalocyanine is obtained.

Porphyrins are amphoteric compounds capable of com-
bining two protons via the lone electron pairs of the unsub-
stituted nitrogen atoms or can exhibit acid properties,
giving up two central protons in an alkaline medium.
substitution of the protons by a doubly charged cation
results in the formation of chelate complexes—metallo-
porphyrins. The metal atom in these compounds is linked
to the four nitrogen atoms by equivalent chemical bonds.
As a result of complex formation, the molecule acquires
a fourfold symmetry axis.

The

II. THE ELECTRONIC STRUCTURE OF METALLOPOR-
PHYRIN MOLECULES

All porphyrins have similar electronic spectra, a
characteristic feature of which is the presence in the
visible region of four absorption bands and of an intense
band, the so called Soret band, at the boundary between
the ultraviolet and visible regions. The positions and
relative intensities of the absorption bands depend on the
nature of the substituents. Fundamental studies have now
been carried out on the interpretation of the absorption
spectra of porphyrins 2 It has come to be assumed that
the long-wavelength bands in the spectra of both porphyrins
themselves and of their metallo-derivatives are due to
transitions in the branched 7-electron system of the bonds
in the tetrapyrrole macroring. This is suggested by the
results of quantum-chemical calculations and experimental
data. Polarisation measurements’~® have shown that the
electric dipole moment of the electronic transition lies in
the plane of the porphyrin molecule. The weak influence
of the solvent on the position of the absorption band is also
evidence for the 7 — 7* type of the lowest excited states.

A purely phenomenological approach confirms this conclu-
sion. Indeed the » — 7* transitions in nitrogen-containing
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heterocycles occur in the region of approximately 310 nm. 10
If account is taken of the presence of an intramolecular
hydrogen bond in the porphyrin molecules, the above
absorption should occur at still higher frequencies. The
formation of metalloporphyrins is accompanied by signifi-
cant changes in the spectrum. In the vast majority of
cases, the four-band spectrum in the visible region is
converted into a two-band spectrum without an appreciable
change in the position of the Soret band—the latter merely
becomes appreciably narrower.

The positions of the absorption bands of metalloporphy-
rins depend little on the nature of the central metal atom:
the wavelengths of the longest-wavelength maximum varies
within the range of 30 nm. A correlation has been
observed between the position of this band and the stability
of the complex. Thus the stability decreases and Amax
increases in the sequence!*™'?

Pd >Pt >Ni>Co>Ag>Cu>Zn> Mg >Cd>Ba

It has been noted that, within the limits of the same sub-
group in the Periodic System, the stability of the com-
plexes decreases with increase of the atomic number of
the central metal atom''. The hypsochromic shift of the
absorption bands observed as the stability of metallopor-
phyrins increases, is evidence for the dominant role of ¢
bonds in complex formation, compared with 7-dative
bonds, i.e. for a weak interaction of the central metal
atom with the 7-electron system of the ligand'®, The
electronegativity of the ions increases in the above
sequence with increase of the stability of the complexes“.
A linear relation has been established between the elec-
tronegativity of the central ion and the first oxidation
potential for a series of metallo-derivatives of porphyrins
and chlorins!®"®, Such correlation is associated pri-
marily with the decrease of the energy of the highest
occupied level on enhancement of the electron-accepting
properties of the central atom; this should entail also a
decrease of the energy of the lowest vacant level. As a
result of the latter, smaller reduction potentials of the
complex correspond to higher oxidation potentials and
conversely. This conclusion is fully consistent with
experiment ®,

The similarity of the electronic spectra of the majority
of metalloporphyrins and their weak dependence on the
nature of the central metal atom are apparently additional
confirmation of the fact that the absorption of all the
metalloporphyrins is due to the same chromophore. It is
noteworthy that the “simplification” of the spectra of por-
phyrins on formation of metallo-derivatives, noted above,
is attributed to the increase of molecular symmetry from
Dzhto D, h. 7

The interpretation of the spectra of metalloporphyrins
is based on Gouterman's four-orbital model'®"°¥, In
this model the optical properties of the metalloporphyrins
are accounted for by the electronic transitions from the
two highest occupied orbitals to the lowest vacant orbitals
taking into account the configuration interaction. The
lowest vacant orbitals egx and €gy of metalloporphyrins
are degenerate, while the highest occupied orbitals a1
and @y are almost degenerate. The (@yeg) and (2zueg)
configurations interact in pairs, giving rise to states in
which almost equal dipole moments of the transitions
weaken or enhance one another. This leads to the occur-
rence of a weak @ transition and a very intense B transi-
tion corresponding to an absorption band in the visible
region and to the Soret band. The longest-wavelength

tThe latter is based on earlier investigations 2°’%",
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absorption band and the Soret band in the spectra of metallo-
porphyrins are associated with purely electronic transi-
tions; the second band in the visible region has a vibronic
origin'”. The four-orbital model has been confirmed
satisfactorily by the results of numerous spectroscopic
studies 2. The four main transitions in the visible spectra
of free porphyrins are interpreted as the daughter transi-
tions @x and Qy and two vibrational transitions. The Bx
and By transitions are in the region of the Soret band. It
is significant that the intensities of the @x and Qy bands
are extremely sensitive to substituents, while the intensi-
ties of the vibronic bands are almost independent of the
nature and positions of the side groups. This factor con-
stitutes a theoretical basis for the classification of porphy-
rins in terms of spectral types.

The interpretation of the electronic spectra of porphy-
rins and their metallo-derivatives within the framework of
the four-orbital model agrees satisfactorily with the
results of studies on magnetic circular dichroism (MCD)
and magnetic optical rotatory dispersion (MORD). The
magnetic optical activity of tetrapyrrole pigments has been
investigated in fair detail 2=*°. Stephens et al. ** ana-
lysed the MORD data ?*2® and confirmed that the visible
bands in the spectra of Zn-haematoporphyrin and Mg-
phthalocyanine correspond to the vibrational components
of the 1A1g — 'Ey transition, while the Soret band corre-
sponds to the second 1A1g — 'Ey transition. It has been
found from MCD data that the longest-wavelength bands in
the spectra of free porphyrins are due to two electronic
transitions, the moments of which are mutually perpen-
dicular and lie in the plane of the molecule. Comparison
of the magnetic moments obtained by Stephens et al. ?*
with the values calculated by Simpson ?* and Gouterman'®
showed that the four-orbital model leads to data in good
agreement with experiment. The interpretation of the
absorption spectra of chlorins proposed by Gouterman'®
has also been confirmed by MCD data 3¢,

Experiment has shown that the set of configurations of
the four-orbital model is in many cases quite sufficient
for calculations of the spectra of metalloporphyrins. For
axample the @ state of chlorophyll consists to the extent
of 97% of the configurations of the four-orbital model 22,
However, the influence of new configurations introduced
into the calculation varies from porphyrin to porphyrin 22
so that in the studies carried out in recent years account
is taken of a large number of singly excited configurations.
As an example, one may quote the calculation for porphyrin
and its zinc complex carried out by the Pariser—Parr-
Pople method taking into account all singly excited configu-
rations 2°**°, The electronic structure of the metallo-
derivatives is characterised by the occurrence of three
low-lying electronic transitions ?°. The first apparently
corresponds to the longest-wavelength band and the second
and third to the Soret band and its shoulder respectively.
Differences from the results obtained on the basis of the
four-orbital scheme are observed for porphyrins.
According to one calculation ?°, three electronic transition:
correspond to the Soret band. Bands I and III have been
interpreted as purely electronic, and the authors assumed
that the third transition in the visible region can refer
either to band IV or to the Soret band. The calculated
charges on the atoms and the bond orders indicate the
presence in the Zn-porphin of two equivalent conjugation
chains—inner and outer (Fig.1%). Of the two conjugation
chains of free porphin (Fig.1a), that which passes through
unsubstituted nitrogen atoms makes the greatest contri-
bution to the charges and bond orders. The conjugation
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chains served for a long time as models for the early
quantum-chemical calculations on porphyrins® 2,

It has been observed recently that the absorption spectra
of metalloporphyrins containing certain ions with powerful
electron-accepting properties have an anomalous form.
These include derivatives of the dimethyl ester of meso-
porphyrin (IX) with FellIC1, BilllOH, MnIIIC1, ASIIC], and
Hell, of aetioporphyrin with SbIIIC1 *2 and of octaethylpor-
phin with MnIIOPh (OPh is the phenoxy-residue)®.
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Figure 1. Conjugation chains of porphin (@) and metallo-
porphin (b)2°,

In order to be able to understand the nature of the
excitation and to elucidate the mechanism of the deactiva-
tion of the excitation energy, it is necessary to know the
electronic structure of the molecule. For the majority of
metalloporphyrins, ithas sofar been possible to obtain data
for the electronic levels of the central metal atom from
quantum-mechanical calculations but not on the basis of
spectroscopic studies. Calculations of the energy levels
of porphyrins and their metallo-derivatives can nowadays
be carried out only by semiempirical methods. The
majority of the calculations have been performed by the
extended Hiickel method (EHM). The series of theoretical
studies by Gouterman and coworkers, devoted to the
investigation of metalloporphyrins containing Group II-VIII
clements (mainly those of the Third Period), are of inter-
est in this sense® ™,

Fig. 2 illustrates the energy level diagram for metallo-
porphyrins quoted by Zerner and Gouterman®®, 1In the
zinc complex the d orbitals are located fairly low in the
above scheme and are almost completely mixed with the
orbitals of the tetrapyrrole ring. The highest occupied
orbital is b,p, which is a ¢ orbital. Cu-porphyrin has a
similar electronic structure. In the molecule of this com-
plex the b, g orbital is also below the vacant eg(m) orbital
of the porphyrin, but possesses a more distinct dxz_yz
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character than in the zinc derivative. Other d orbitals
with lower energies resemble the corresponding orbitals
of the zinc complex. The blg orbitals of Ni- and Co-por-
phyrins are vacant. They lie below the vacant eg(n) orbi-
tal or porphin and are almost pure dx2 y?2 orbitals of the
metals. The remaining d orbitals are occupied and are
located between the highest occupied @y () levels and the
vacant eg(m) levels of the tetrapyrrole ring; the splitting
of the d levels is approximately 0.05 eV, A distinctive
feature of the iron and manganese complexes of porphyrins
is the presence of low-lying vacant dz2 and d(7) orbitals.
The vacant d level between the occupied and vacant levels
of the tetrapyrrole chromophore creates the necessary
conditions for the corresponding intramolecular electronic
transitions. Indeed the anomalous absorption spectra of
certain iron(III) and manganese(IlI) complexes of porphy-
rins, described above, have been attributed to 7 — d(m)
transitions in a number of recent studies®2™**. We may
note that the idea of the interpretation of the absorption
bands of Fe-porphyrins as charge-transfer bands was put
forward as early as 1957 by Dain and Ashkinazi*® on the
basis of the photochemical behaviour of these compounds.

The quantum-mechanical calculations on metalloporphy-
rins can be tested by comparison with the results of
experiments on the reduction and oxidation of metallopor-
phyrins. It is then necessary to take into account the fact
that, when the pigment molecule is reduced, the electron
is localised either at the central ion or occupies a vacant
eg(m) orbital of the conjugated bond system. On the other
hand, in the oxidation reaction the electron can also be
split off either from the central ion or from the organic
component of the molecule. The site where the electron
is added or abstracted should apparently be determined
by the relative positions of the energy levels of the ligand
and the metal (within the framework of the simple molecu-
lar orbital model).

The available data for the oxidation-reduction reactions
of the majority of metalloporphyrins are summarised
below:

1. Metal ions which remain stable in the electrochemi-
cal oxidation or reduction of metalloporphyrins:

(a) univalent—alkali metals;

(b) divalent—alkaline earth metals, Pd, Cu, Zn, and
Cd;

(c) trivalent—Sb, Sc, Al, Ga, In, and Tl;

(d) tetravalent—Si, Ge, Sn, TiO, and VO.

2. Oxidation-reduction reactions involving the metal
atom:

(
(b) M(II) = M(III)--Mn, Fe, Co, Cr, Ag, and Ni;
(c) M(II) = M(IV)—Pb;
(
(

(dM(OI) = M(IV)--Cr and Fe;

Evidently experiments agree satisfactorily on the whole
with calculated data (Fig.2). The VO, copper, and zinc
complexes of porphyrins are exceptions. Indeed, when
they undergo electrochemical oxidation, an electron is
abstracted from the tetrapyrrole ligand despite the fact
that the highest occupied orbital in the molecules of these
substances is the dxz.y2 orbital. In this case explanations
based on the EHM calculations for the initial molecules
alone are clearly inadequate. The data for the electro-
chemical reduction have been confirmed by the results
obtained in the study of the reduction of metalloporphyrins
by electron donors such as alkali metals and anthracene,
naphthalene, pyridine, benzophenone, etc. radical-
aniong*®"*".
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Figure 3. A typical energy level diagram for an organic

molecule.

It is of interest that in the case of porphyrins containing
trangition metal ions oxidation-reduction reactions may
lead to compounds with the metal atom in an unusual oxi-
dation state. Thus it is suggested that the electrochemical

The energy levels of metalloporphyrins *,

reduction of Co-sulphophthalocyanine involves the transi-
tion of the central metal atom to the zero-valent and uni-
valent states in the primary stages*®. Evidently in all
cases the number of electrons which can add to the central
metal atom is determined by the number of vacant levels
below the eg(ﬂ) electronic level. The compounds formed
are of interest from the standpoint of isoelectronic com-
plexes. Such a compound was obtained for the first time
by Watt and Davis*® on reduction of Cu-phthalocyanine by
metallic sodium in liquid ammonia. They identified a
compound having the composition K,CuPhe, in which the
copper ion has the electronic configuration 3d!°4p,,

Metalloporphyrins derived from transition metals can
combine with up to four electrons in each doubly degener-
ate eg(ﬂ) orbital, the properties of the anions have been
thoroughly investigated. Since these data are important
for the understanding of the photochemical reduction reac-
tions of metalloporphyrins, they will be considered in
detail below.

III. THE LUMINESCENCE SPECTROSCOPIC PROPERTIES
OF METALLOPORPHYRINS

The main electronic transitions associated with the
step involving light absorption by porphyrin molecules are
shown in the gimplified diagram in Fig.3. The probabili-
ties of these processes are determined by the nature of the
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substituents in the ring and at the central metal atom. We
shall consider here only the influence of the metal atom on
the photophysical processes in metalloporphyrins.

The Table lists the main luminescence spectroscopic
parameters of certain metalloporphyrins. Evidently
metalloporphyrins _can be divided into three groups in
terms of their luminescence properties: (a) complexes of
porphyrins with non-transition metals; (b) complexes of
porphyrins with the majority of transition metals; (c) com-
plexes of porphyrins with platinum-group metals and also
with copper(II) and VO(II).

The luminescence spectroscopic characteristics of metal-
loporphyrins (¢ = quantum yield; 7 = phosphorescence
and fluorescence lifetime; ¥ = interconversion quantum

yield).

Metal Porphyrin »fl 7fl, 0S| ¥phosph | 7phosph, M$ ¥ References

Mg(IT) aetio- 0.25 12.0 — — 0.75 50
meso- 0.2 — —_ — 0.62 51

Zn(Il) aelo?— 0.043 2.8 — — 0.98 50
TPP! 0.04 — —_ — 0.92 52

SiIV) OEP* 0.20 — 0.018 95 = 5

Ge(IV) OEP 0.078 — 0.042 42 — 53

Sn(1V) OEP 0.0078 —_ 0.068 30 — 53

Pd(II) aetio- 0.0001 0.5 1.93 —_ 53, 54

Pt(1l) aetio- nil nil 0.9 0.121 — 54

Cu(1l) aetio- nil nil 0.6 0.08 — 54

Mn(III) meso- il nil nil nil nil 53, 54

Fe(IIT) meso- nil nil nil nil nil 56, 57

Ni(il) meso- nil nil nil nil nil

Co(Il) meso- nil nil nil nil nil

Ag(Il) meso- nil nil nil nil nil

*Tetraphenylporphin.
**Qctaethylporphin.

(a)Metalloporphyrins containing non-tran-
sition metals fluoresce and phosphoresce.
It has been shown for various porphyrins that the sum of
the fluorescence and intercombination transition quantum
yields for these compounds is approximately unity *27**»%.
Hence it follows that the main pathways to the deactivation
of excited porphyrin molecules are fluorescence and tran-
gition to a triplet state, while the probability of the radia-
tionless transition from the excited singlet state to the
ground state is apparently low. The nature of the axial
ligands apparently has virtually no influence on the lumi-
nescence properties of porphyrins containing trivalent and
tetravalent metal atoms**’*®°.  The tabulated data show
that, with increase of the atomic number of the central
metal atom, the intensity of the fluorescence falls while
that of the phosphorescence increases.” This finding can
be explained by the influence of the heavy inner atom which
increases the probability of the intercombination transi-
tions®. Indeed, when the central metal atom is replaced
by one of a heavier element, all three rate constants 7, p,
and g for intercombination transitions increase. It is of
interest that the central metal atom has the greatest influ-
ence on 7 and the smallest on g. The probability ¢ of
intercombination degradation in free porphyrin molecules
is greater than in their magnesium and zinc derivatives.
This is associated with the involvement of the vibrations of
the N-H bonds in the radiationless deactivation of the
lowest triplet state of porphyrins® 2
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(b)Metalloporphyrins containing the tran-
sition elements manganese(Il), manga-
nese(IIl), iron(II), iron(III), cobalt(II),
cobalt(III), nickel(II), etc. do not fluoresce
or phosphoresce. The existence of excited triplet
states of these pigments could not be observed either by
the usual pulse technique® or with the aid of laser photoly-
sis used recently®’°, Thus excited states with lifetimes
exceeding 10™° s were not observed for these compounds.

(c)Metalloporphyrins containing platinum
metals, copper(II), and VO(II) do not fluo-
resce but phosphoresce intensely. The phos-
phorescence and intercombination transition quantum
yields for many complexes of this group are unity. It is
remarkable that the lifetimes of the excited triplet states
of the compounds under consideration are much shorter
than those of derivatives with non-transition metals. Thus
measurements of the lifetimes of the triplets carried out by
the laser technique for the copper derivatives yielded 7 =
9x10*sat TTK and 1.5 X10™7 s at room temperature.
The presence of the above ions also greatly reduces the
lifetime of the excited singlet state. The lifetime of this
state has been estimated® for the copper and vanadium
complexes of porphyrins from the width of the quasi-lines
in Shpol'skii's spectra. It proved to be 3 X107'* s, while
the rate of the intercombination transition was found to be
approximately 107** s,

The problem of the mechanism of the deactivation of the
excited states of metalloporphyrin molecules containing
transition metal atoms is complex. It is simplest to
postulate that the influence of the central metal atom tends
to increase the rates of the intercombination transitions
S* = Tand T — So. However, this hypothesis does not
show which perturbations cause the very marked increase
in the probabilities of the above processes. Presumably
the magnetic effects of the ions are insignificant; thus
the diamagnetic nickel complexes of porphyrins neither
fluoresce nor phosphoresce, while the copper derivatives,
containing the paramagnetic copper ion, exhibit an intense
phosphorescence. Analysis of the tabulated data shows
that the enhancement of the spin—orbital interaction on
passing from light to heavier elements also plays a secon-
dary role in the deactivation of the excited states of por-
phyrin complexes with transition metals. Thus the zinc
and cadmium derivatives fluoresce, while metalloporphy-
ring containing the lighter elements (Fe, Mn, Ni, and Co)
do not luminesce at all. The influence of transition metal
ions is apparently specific.

As shown in the previous Section, the formation of com-
plexes by porphyrins with metal ions result in the addition
of the d levels of the central metal atom to the existing
system of the singlet and triplet levels. Depending on the
nature of the metal atom, two variants of the relative
positions of thesetwo systems of levels are possible (Fig. 4).
In the first case (Fig. 4a) the vacant d orbitals are distri-
buted above the vacant eg(7) level of the ligand. Condi-
tions for the transfer of an excited electron to the d levels
of the metal do not then exist and the porphyrin is charac-
terised by radiative transitions from the singlet and triplet
states. In the second variant (Fig. 4b), the electron may
pass from the excited S and T levels to the corresponding
vacant levels of the metal. Such transitions should be
more probable than the S(T') — S, transitions because of
the smaller difference between the energies of the d and
T* states.
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The ideas about the specific influence of the central ion
on the photonics of metalloporphyrins have been formulated
in a general form and developed®®’® on the basis of the
study of the photochemical oxidation and reduction reactions
of chlorophyll derivatives containing variable-valence
metals. The photochemical activity of complexes con-
taining variable-valence metal ions can be accounted for
by the intramolecular electron transfer from the ligand to
the central ion. The proposed mechanism of the deactiva-
tion of the excited states of metalloporphyrins containing
transition metal ions has also received direct experimental
confirmation. Thus the effect of a powerful laser pulse
on the iron, manganese, and the nickel complexes of por-
phyrins has been studied®”°, The authors were unable to
record the absorption for the metastable level of these
compounds, but did observe a decrease in the intensity of
the absorption band unambiguously related to the “simpli-
fication” of the initial state. This finding can be explained
in terms of the mechanism of the deactivation of the
excited states considered here. 1In the light of ideas about
the interaction of the d orbitals of metals with the excited
orbitals of the 7-electron system, one can explain certain
types of “anomalous” behaviour of many metalloporphyrins
containing transition metals (Cu, Pd, Pt, and VO).

Sp Sy -

a b

Figure 4. The electronic transitions in metalloporphy-
rins: a) a transition to atomic levels is impossible;

b) there is no fluorescence and phosphorescence as a con-
sequence of radiationless transitions of excited electrons
to low-lying d levels.

The nickel complexes of porphyrins do not fluoresce
although their vacant orbitals lie below the eg(n) level.
This can be explained ® by the finding that the distance
between the dz2 and dy2 y2 levels is small (Fig. 2) and
there is therefore a possibility of the transition of a single
paired electron to the dx2-y2 orbital. Conditions are
thereby created for the migration of the excited 7 electron
to the incompletely filled metal orbital.

The situation is different for the luminescence of por-
phyrins containing platinum-group, copper, and vanadyl
ions. In these compounds there are vacant d levels
located below the excited n7* orbitals of the ligand.
Furthermore, they are characterised by an intense phos-
phorescence. The phosphorescence spectra of the copper
and VO derivatives of porphyrins consist of two bands ®°.
According to Gouterman and coworkers ®”"°, the short-
wavelength band is associated with the electronic transition
from a “triplet-doublet” state, and the less intense band
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is due to a transition from the quartet state arising as a
result of the splitting of the triplet level of the ligand on
interaction with the d orbitals of the central metal atom.
The small energy difference AE between the d and mm*
levels constitutes a condition for such interaction, In
complexes with much greater AE values intramolecular
electron transfer is probably responsible for the quenching
of the luminescence. The temperature dependence of the
luminescence intensity shows that the existence of two
phosphorescence bands of Cu-porphyrins is associated with
the occurrence of two electronic transitions®. When the
solution temperature is reduced from 77 to 10 K, the
duration of the luminescence increases (by an order of
magnitude) and the intensity of the short-wavelength emis-
sion band diminishes markedly. This effect of tempera-
ture can probably be explained by the fact that the triplet-
doublet level is populated partly owing to the thermal
activation of the electrons in the doublet level.

The deactivation of the excited states of metalloporphy-
rins by intramolecular energy transfer to the central
metal atom has been observed in the ytterbium complex of
tetrabenzoporphyrin™, in the photochemical excitation of
which a weak glow associated with transitions in the metal
atom was observed. It is of interest that in this case the
electronic excitation energy is degraded already after the
step involving energy transfer to the Yb®* ion.

IV. THE PHOTOCHEMISTRY OF METALLOPORPHYRINS

According to modern ideas, chlorophyll undergoes
oxidation-reduction reactions following the initiation of the
electron transport chain during photosynthesis. The
electron phototransport reactions are therefore of greatest
interest for investigation. The photochemical properties
of natural porphyrins—chlorophyll and bacteriochloro-
phyll—have of course been investigated most thoroughly.
In 1948 Krasnovskii discovered the phenomenon of the
reversible photochemical reduction of chlorophyll”? which
initiated the extensive and systematic study of the photonics
of tetrapyrrole pigments.

1t follows from the analysis described in the previous
section that the electronic structure of the central metal
atom determines the photophysical properties of porphyrin
compounds. In consequence of this, the metal atom must
influence also the reactivity of the excited molecule.

Electron phototransport with participation of porphyrins
apparently has the same features as those of the photo-
chemical reactions of other classes of organic compounds.
According to a generally accepted view, any oxidation-
reduction reaction in solution includes three stages: the
formation of complexes, electron transfer within the reac-
tion complex, and decomposition of the latter. Interme-
diate complexes may be formed from molecules either in
the ground state or in an excited state:

v ——> P +A
o prA- — s [prA) 1
PtA P (P+a7] I 1)
— s P4+A
hv -
— P* P*4 A — [PAT 2
P proPrt [P*AT] —— p’?':.l_AT ) ()

where P is the porphyrin and A the electron acceptor.
The occurrence of the reaction via the first or second

pathway is determined by the oxidation-reduction proper-

ties of the reacting molecules and the characteristics of
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their excited states. For the reaction to proceed via
mechanism (2), the following condition must be fulfilled:

1
— kg (AL
To

where 7o is the lifetime of the excited state, Rqiff the rate
constant for the diffusion of molecules (in non-viscous
liquids at room temperature, kdiff = 10'° litre mole™ s7'),
and [A] is the concentration of the reactant. Metallopor-
phyrins ccntaining transition metals do not satisfy the
condition formuiated above (70 <<107° ). Electron photo-
transport in such cases apparently takes place only when
the complexes formed under dark conditions are acted
upon by light. Thus Fe(III)-phaeophorbide is reduced only
when the introduction of an electron donor into the solution
causes a change in the absorption spectrum of the initial
pigment, indicating the formation of a complex™.

The introduction of electron donors and acceptors into
solutions of fluorescent metalloporphyrins is accompanied
by a decrease of the fluorescence quantum yield. In
general the quenching of the fluorescence is a complex
phenomenon and can be due to various factors. Dilung
and Chernyuk"*”’® concluded on the basis of the correlation
between the degree of quenching of the fluorescence of
pigments of the chlorophyll series and the redox potentials
of the fluorophore and the quenching agents (aromatic
nitro-compounds and hydrazine derivatives) that the
quenching of the fluorescence is based on electron trans-
fer. Subsequently this was confirmed in the quenching
of the fluorescence of Mg-phthalocyanine and ethylchloro-
phyllide™ ™ tetraphenylporphin and its zinc derivative™,
and pyrochlorophyll® by nitro-compounds and of the fluo-
rescence of chlorophyll by quinones® ®*2,  The study of the
quenching of the fluorescence can provide an answer to the
question whether electrons are transferred via mechanism
(1) or (2). 1t was stated above that the choice between
these mechanisms is determined primarily by the donor—
acceptor properties of the interacting molecules. One
should therefore probably only consider whether or not a
particular type of interaction predominates.

The study of the quenching of the fluorescence of Zn-
phthalocyanine by aromatic amines has shown that the
degree of quenching is greater than might have been
expected from the complex-formation constant in the ground
state®. This is probably evidence for the simultaneous
occurrence of the competing processes (1) and (2), which
are responsible for the quenching. Similarly it has been
concluded® that the quenching of the fluorescence of meso-
porphyrin (IX) by m-dinitrobenzene is due to the complex
formation reaction between them, both in the ground and
excited states, but the role of the latter is significantly
greater. The study of the dependence of the lifetime of
the excited singlet states of porphyrin molecules on the
concentration of m-dinitrobenzene®® and the dependence of
the constants for the quenching of the fluorescence of
chlorophyll and its analogues by benzoquinone on solvent
viscosity®® also provided grounds for the conclusion that
there is competition between the two types of quenching;
it has been shown that the dynamic mechanism (2) makes
the main contribution. It is interesting that, even in the
case of a powerful acceptor such as 1,3,5-trinitrobenzene,
the quenching effect is not wholly due to the formation of a
charge-transfer complex in the ground state®®.

On interaction with electron acceptors, porphyrin
molecules exhibit powerful 7-donor properties. This is
indicated primarily by the high formation constants of the
charge-transfer complexes®. The charge-transfer bands
of complexes with powerful electron acceptors such as
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7,7,8,8-tetracyanoquinodimethane, 1,2,4,5-tetracyanoben-
zene, and tetracyanoethylene (TCE) are in the infrared

and are observed only at low temperatures®. It is of
interest that the position of the charge-transfer band
depends only slightly on the nature of the central metal
atom. This is apparently a consequence of its weak inter-
action with the 7T-electron system of the ligand. On the
other hand, the powerful influence of the lateral substitu-
ents of the tetrapyrrole ligand on complex formation is
incomprehensible. It follows from the available data®®
that the absorption band arising when Zn-aetioporphyrin
reacts with TCE is located at 1070 nm, while that due to
the reaction of Zn-tetraphenylporphin with the same accep-
tor is at 900 nm.

There are data showing that in the case of metallopor-
phyrins containing transition metal atoms electrons may be
transferred from the d levels of the metal. Thus a study
has been made® of the interaction of Co-tetraphenylpor-
phin with tetracyanoethylene and it has been shown that the
system contains complexes of two types: [Co(II)TPP]".
.[TCE]™ and [Co'(I)TPP].[TCE]". When the second com-
plex is formed, an electron is transferred from the d orbi-
tal of the cobalt atom to TCE.

The electron transfer schemes show that the primary
products arise in a single solvent “cage”. This creates
favourable conditions for their recombination. There is
no doubt that the usually observed low quantum yields of
photochemical processes are associated with this factor®.
However, when there is a possibility of reactions which
eliminate one of the radical-ions from the system, the
photochemical oxidation quantum yield increases. An
elegant procedure was used by Bobrovskii and Kholmo-
gorov®? In the oxidation of chlorophyll and Zn-aetiopor-
phyrin they used tetranitromethane as the electron accep-
tor, which decomposes, following the addition of an elec-
tron, into NO; and C(NO3)s.

The properties of excited complexes formed by porphy-
rin molecules with electron acceptors and donors are of
undoubted interest. The hypothesis of the existence of
chlorophyll exciplexes was put forward for the first time
by Dain and Dilung * in connection with the analysis of the
results of the quenching of the pigment fluorescence by
aromatic nitro-compounds. The formation of exciplexes
was postulated as an intermediate stage in the photochemi-
cal oxidation of chlorophyll. However, this was not con-
firmed by experimental data.

In the presence of electron acceptors the intensity of
the fluorescence spectra of tetrapyrrole pigments as a
rule decreases in parallel with increase of the concentra-
tion of the acceptor without the appearance of new emis-
sion bands®. On the other hand, the interaction of
chlorophyll with electron donors (amines and pyridine
derivatives) leads to a shift of the fluorescence band with-
out an appreciable change in the absorption spectrum ®°,
The authors attribute this finding to the interaction of the
excited chlorophyll molecules with electron donors,
leading to the formation of fluorescent exciplexes.

Data® for the formation of ternary exciplexes,
including, apart from chlorophyll, electrondonors (amines,
pyridine bases, and esters) and acceptors (nitro-com-
pounds) merit attention. The conclusion that ternary
exciplexes are formed was reached on the basis of changes
in the fluorescence spectra of the pigment in the presence
of the above compounds. Later similar ternary exci-
plexes were observed for tetraphenylporphin and its zinc
derivative™. It is significant that the formation of ter-
nary exciplexes facilitates electron phototransfer from the
porphyrin compound to the acceptor. Thig is confirmed
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by the fact that the formation of exciplexes is accompanied
by a significant increase of the fluorescence quenching
constants ®® and by an increase of the photopotentials and
photoconductivity®”. The authors regard the ternary exci-
plexes as analogues of D M — A complexes, which,
according to Shilov's ideas®, play the role of a transition
state in dark heterolytic reactions.

The ESR spectra of both radical-cations and radical-
anions of the majority of tetrapyrrole pigments consist of
narrow lines without any signs of a hyperfine structure® .
This indicates a high degree of delocalisation of the charge
in the m-electron system of the tetrapyrrole ligand.
Indeed, with increase of the extent of the 7-electron sys-
tem on passing from porphyrins to phthalocyanines, the
ESR spectra of both radical-cations and radical-anions
become narrower still'®®. The radical-anion forms of
tetrapyrrole pigments are highly reactive. The radical-
cations are powerful oxidants, while the radical-anions
exhibit a considerable tendency towards protonation reac-
tion§62 Their short lifetime in golution is due to this fac-
tor.

The high reactivity of the radical-ion forms of pyrrole
macrorings is responsible for their involvement in sensi-
tisation processes. Krasnovskii'®"% and Evstigneev!'®®
investigated the interaction of the primary photochemically
reduced forms of chlorophyll and other photosensitising
pigments with electron acceptors (Methyl Red, Acid
Orange, Safranine T, riboflavin, etc.). The mechanism
of the involvement of the radical-anions of tetrapyrrole
heterocycles in photosensitised oxidation-reduction pro-
cesses was proved by these investigations. Direct evi-
dence for the involvement of the primary oxidised form of
chlorophyll in the sensitisation of oxidation-reduction
reactions has been published'®®. 1In a study of the sensi-
tising action of chlorophyll and phaeophytin on the photo-
chemical oxidation of the leuco-bases of triphenylmethane
dyes (Malachite Green and parafuchsin) by nitro-com-
pounds a correlation was found between the yield of the
process and the oxidation potentials of the nitro-com-
‘pounds. On this basis, it was concluded that the primary
sensitisation reaction involves the photochemical oxidation
of the pigment.

It was mentioned earlier that, depending on the relative
positions of the vacant energy levels of the metal atom and
the ligand, either the tetrapyrrole ligand or the central
metal atom is reduced. This was also shown for the
photochemical reduction of metalloporphyrins containing
titanium-subgroup'”’ and also manganese(IIl), iron(II),
and cobalt(IIl) ions'®. The elimination of an electron
from the tetrapyrrole ligand or its addition to the latter
leads to profound spectroscopic changes associated with
the alteration of the chromophoric system of the molecule.
Changes in the valence state of the central metal atom as
a rule entail merely a displacement of the absorption bands
and a redistribution of their intensities.

Irradiation of Mn(IIl)-, Fe(III)-, and Co(III)-porphyrins
in the presence of reductants leads to the reduction of the
central metal atom ',

Iron(IlI) and manganese(III) derivatives of phaeophytin
and phaeophorbide are of considerable interest from the
standpoint of models of the second photosynthetic system.
It has been shown!®®"!° that these compounds are reduced
by hydroxide ions on irradiation with visible light. In
order to interpret these results, the concept of the 50
called intramolecular sensitisation of the photochemical
oxidation and reduction processes was put forward 45,
According to this hypothesis, when the 7-electron system
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of the porphyrin skeleton is excited, an electron is trans-
ferred to the vacant d orbital of the metal. The charge
deficiency is made good by an electron of the electron
donor present in the system.

It is of interest that metalloporphyrins are photochemi-
cally inactive in relation to divalent transition metals.
Thus irradiation of copper(ll), manganese(Il), cobalt(Il),
and iron(Il) complexes in the presence of reducing agents
does not lead to changes in the absorption spectra.
Furthermore, these complexes are readily hydrogenated
by hydrogen at the instant of their isolation''!. Their
photochemical stability is probably associated with the
short lifetime of the excited states.

The complexes of porphyrins containing central atoms
of non-transition elements readily undergo photochemical
reduction.

The photochemical reduction of porphyrin molecules is
a multistage reaction including several dark and photo-
chemical stages. It was already showninthe early studies
that the primary reaction products are radical-anions'!2
Investigation of the interaction of porphyrin molecules with
electron donors showed that porphyrins combine with an
electron whilst in the triplet state®S.

As mentioned above, the radical-anions of tetrapyrrole
systems exhibit a high proton affinity. A mechanism for
their protonation reactions has been put forward''*, The
first stable product of the protonation reaction of metallo-
porphyrins is a substance with an intense absorption band
in the range 435-465 nm. On the basis of NMR spectra,
the structure of dipyrromethene (PH,;) was attributed to
it''%. It was suggested that it is formed as a result of the
disproportionation of the monohydro-derivative (PH>)
arising in the first hydrogenation stage:

P-4 H+ — PH" |
2PH® — PH, 4 P,

Next, PH, may interact with the baseg!*s!'¢:

PH3 + OH- — PH-+H,0 .

The PH™ spectrum is characterised by absorption bands
in the range 435-465 and in the region of 800 nm.''* On
interaction with atmospheric oxygen, PH™ and PH; regen-
erate the initial metalloporphyrin.

The products of the protonation of the radical-anions
of metalloporphyrins described above (PH™ and PH;) are
obtained in the majority of cases together with chlorins
and bacteriochlorins on photochemical reduction of metal-
loporphyrins in solution.

There is no unanimous view in the literature concerning
the relation between these porphyrin hydrogenation prod-
ucts. The majority of workers believe that chlorins are
obtained from the products PH™ and PH; as a result of
dark isomerisation'""'2°,  On the other hand, others'?!
postulate the formation of chlorins independently of the
formation of PH™ and PH,. It has been suggested'® that
the isomerisation is a photochemical reaction.

The isomerisation of the “reversible product” of the
reduction of PH; to chlorin''® under the influence of an
acid was demonstrated recently. The stronger the acid,
the higher the rate of reaction'?2  The study of the trans-
formations of chlorin and PH- revealed that, on keeping a
solution of Zn-chlorin in t-butyl alcohol for 37 h at 130°C
in the presence of KOH, the chlorin is completely con-
verted into the “reversible product”.!??

In this connection the results of a study of the photo-
chemical reduction by hydrazine-hydrate of porphyrin
compounds containing atoms of aluminium-subgroup ele-
ments are of special interest'?*: by employing light at
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different wavelengths, it was shown that the conversion of
the primary hydrogenated species into a product of the
chlorin type takes place in the course of a multiphoton
reaction. Under the influence of light corresponding to
the long-wavelength maximum of the metalloporphyrin
(TPP.InBr) at 600 nm, a product is formed with absorption
bands at 450 and 800 nm, i.e. apparently PH™, It is con-
verted into chlorin under the simultaneous influence of
light with A > 700 nm and 510 nm. The rate of formation
of chlorin from PH™ under these conditions is proportional
to the intensity of the light raised to the power 1.5. Thus,
apart from the photochemical stages in the formation of
primary hydrogenated forms (PH™ and PHj), further
transformations of the “reversible products” are also
photochemical:

hv, Ty hvy

P

The multiphoton mechanism of the photochemical reduc-
tion of porphyrins was also demonstrated for the remaining
pigments containing aluminium-subgroup elements as well
as zirconium and hafnium*®’,
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Electron Diffraction Studies on Stereochemically Non-rigid Molecules

V.P.Spiridonov, A.A.Ishchenko, and E.Z.Zasorin

Electron diffraction data for the structures and potential energy functions of molecules with a certain type of intramolecular
motion—high-amplitude motion—are analysed in detail and the fundamental characteristics of such motion and the conditions
for its experimental observation are formulated. Important structural-chemical consequences of high-amplitude motion and
the urgent need for a comprehensive investigation of stereochemically non-rigid molecules are demonstrated.
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I. INTRODUCTION

Owing to the comparative simplicity of the experimental
technique and methods and the possibility of investigating
complex molecules (including non-polar molecules),
modern gas-phase electron diffraction is of primary
importance for the analysis of molecular structures. The
main information which can be derived by electron diffrac-
tion concerns the geometrical parameters characterising
the steric structure as well as the mean square amplitudes
of the vibrations of pairs of nuclei. The application of
this method in the study of organic and inorganic meole-
cules led to the accumulation of extensive experimental
data on molecular structures in the gas phase (see, for
example, the compilation in Ref.1 as well as the relevant
reviews*™'%,

A special type of intramolecular motion of nuclei—the
so called high-amplitude motion—has been detected by
electron diffraction only in a comparatively small number
of molecules; however, it is difficult to overestimate the
importance of detailed investigation of this phenomenon
for many branches of modern chemistry.

The high-amplitude motion of nuclei is characterised
by low frequencies (usually below 100 em™) and is
reflected specifically in the structure, dipole moments,
and other molecular properties. This is manifested in
the study of spectra, thermodynamic properties, the
behaviour of molecules in electric fields, and other
experimental research. Investigations in recent years
have provided many examples of the manifestation of
complex intramolecular motions of nuclei in compounds of
different classes. In this connection, the problem has
been assuming increasing current chemical importance in
the interpretation of data derived by a wide variety of
experimental methods, in the theoretical study of the geo-
metrical and electronic structures of polyatomic mole-
cules, in the calculations of thermodynamic functions of
substances, etc.

This review deals with a limited topic—the electron
diffraction study of molecules with a complex motion of
nuclei (high-amplitude vibrations)t; studies of internal
rotation have been excluded, to some extent arbitrarily,
because there already exists an independent and exhaustive
literature on this problem (see, for example, the review
of Bastiansen et al.'® and the monograph of Orville-
Thomas ).

II. THE GENERAL CHARACTERISTICS OF THE HIGH-
AMPLITUDE MOTION AND THE CONDITIONS FOR ITS
EXPERIMENTAL OBSERVATION

It is difficult to define rigorously the concept of “high-
amplitude motion” because the nuclear shifts in molecules
do not vary continuously. The convention has been
adopted that one speaks of the high-amplitude motion of
nuclei in those cases where the nuclear shifts are much
larger than in ti-e usual motion in “quasi-rigid” mole-
cules, where the nuclei execute small oscillations about
the corresponding equilibrium positions'"~'®,  Large
nuclear shifts arise when periodic internal rearrange-
ments of individual atoms or whole molecular fragments
take place in the molecule, The transition of the system
of nuclei from one steric configuration to another—the so
called hindered motion—constitutes in fact high-amplitude

1 Among the experimental methods for the investigation
of processes involving intramolecular motion, NMR also
plays an important role. In particular, extensive
information has been obtained by this method about the
high-amplitude motion of nuclei in the condensed phase
(see the relevant reviews ' ™'%),
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motion and the molecules where such transitions occur
are referred to as stereochemically non-rigidi.

In principle any molecules with identical nuclei can
have several steric configurations differing from one
another as a result of nuclear transpositions, provided
that these transpositions are not equivalent to the rotation
of the molecules as a whole. In addition, each non-planar
molecules can have left- and right-hand configurations
whose interconversion requires inversion. Thus the
motion of nuclei in the majority of molecules is generally
speaking characterised by potential functions (in the gen-
eral case potential surfaces) with two (or more) minima
corresponding to different steric configurations of the
nuclei and separated by potential barriers.

We shall now consider the conditions under which high-
amplitude motion is possible in principle and can be
observed experimentally.

(a) If the potential function minima are fairly deep (i.e.
the barriers between the minima are high), one may
assume that a definite steric configuration of the nuclei
corresponds to each potential energy minimum.

A quantitative criterion of the fundamental distinguish-
ability of a particular configuration of the nuclear system
is (Bersuker *, p.192):

T>T, (1)
AE > %o, (1a)

where 7 is the *lifetime” of the configuration correspond-
ing to the potential minimum, T the period of the vibra-
tions at the minimum, AE the depth of the minimum, and
w the vibration frequency at the minimum. When condi-
tion (1) or (la) is fulfilled, the configuration of the nuclei
corresponding to the given minimum is fairly long-lived,
quasi-stationary, and in principle can be distinguished
experimentally. For an approximate description of the
nuclei in the configuration corresponding to the potential
energy minimum, the thoroughly developed model of
quasi-rigid molecules is applicable '"™"®,

In the case under consideration the equilibrium config-
uration corresponding to the potential minimum is a
characteristic of the steric arrangement of the nuclei.
The transitions of the system fron one minimum to another
can occur as a result of tunnelling through the potential
barrier, but such transitions are not always observed
experimentally.

If the thermal energy of the molecules 27T is greater
than the height of the potential barrier, there is an
appreciable increase of the population of the upper (above
the barrier) vibrational levels. In order to characterise
the geometrical configuration of the molecule in these
states, it is necessary to know values averaged with
respect to the vibrations, which differ appreciably from
the equilibrium values corresponding to the potential
minima. A typical example of such a case is provided by
the ammonia molecule for which there exists two equilib-
rium nuclear configurations arising when the nitrogen
atom is reflected in the plane containing the hydrogen
atoms. The vibrational and rotational spectra of the
molecules as well as electron diffraction data can be

1 The term “stereochemically non-rigid molecules”
was introduced by Muetterties®°"®", In the NMR system
other terms are also widely used in the description of the
high-amplitude intramolecular motion, for example,
“fluctuating molecules”'!, “degenerate intramolecular

rearrangement” %%, “autoisomerisation” **, etec.
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interpreted satisfactorily on the hypothesis of a quasi-
rigid pyramidal molecular model, while tunnelling is
revealed by the inversion-induced splitting of the vibra-
tional levels in the spectra.

If all the potential barriers separating energetically
equivalent configurations are very high (virtually impos-
sible to overcome), one can ignore the existence of all
the potential minima except one. The molecular state at
this minimum will be stationary and the transitions of
systems from one minimum to another will hardly occur.

(b) ¥ the minima in the potential function are shallow
(the barriers between the minima are low), i.e. Eqn.(1a)
does not hold, then the nuclear system does not possess a
definite symmetry and is not characterised by a stable
stationary configuration corresponding to the potential
minimum. The equilibrium configuration loses the sig-
nificance of a characteristic of the steric arrangement of
the nuclei, In this case individual configurations corre-
sponding to various minima of this type are in principle
indistinguishable and the system merely executes periodic
virtually unhindered transitions from one configuration to
another (or others), i.e. high-amplitude motion arises,
As an illustration, one may quote the cyclopentane mole-
cule. In this molecule the motion of the ring nuclei
during vibrations can be described as continuous transi-
tions between ten configurations with C, symmetry and ten
configurations with Cs symmetry (“pseudorotation” of the
ring; see Section V below), none of which is a stable
equilibrium configuration of the ring.

It is seen from the above examples that in reality one
encounters most frequently cases where the total potential
energy function possesses at the same time very high
barriers, separating the minima from one another, the
transitions between which cannot be neglected, and one
(or a few) relatively low barriers. For this reason, as a
rule only part of the molecule is stereochemically non-
rigid in the above sense and the nuclear system executes
high-amplitude motion only along one or several but not
all vibrational coordinates. Thorson and Nakagawa ™
introduced the concept of quasi-symmetry for molecules
with high-amplitude nuclear motion. For example, mole-
cules characterised by a continuous reversible transition
from a bent to a linear configuration and conversely are
regarded as quasi-linear (quasi-linearity relative to the
deformation angle; the molecule is quasi-rigid relative
to the other vibrational coordinates),

We shall analyse in greater detail the conditions under
which high-amplitude motion may be observed experi-
mentally. Evidently the characteristic time of the
experimental method employed should play an important
role in this. Indeed, individual nuclear configurations,
corresponding to the potential minimum, will be experi-
mentally indistinguishable when the characteristic time 7’
of the given experimental method (the time of the effective
interaction between the molecular system investigated and
the external perturbation) is greater than the lifetime 7 of
the individual configurations (see Bersuker *, p.190), i.e.

T>T, (2)

In this case there is sufficient time during the measure-

ment for the system to undergo repeated transitions from

one set of configurations to another, and an average pattern

is recorded experimentally. It is easily seen that the

fulfilment of condition (2) is facilitated by low values of 7,

i.e. low energy barriers between individual configurations.
On the other hand, when

<7, (3)
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then a separate configuration is manifested in the measure-
ment with a lifetime 7 (provided that it is distinguishable

in principle; see above). The times 7’ are different for
different experimental methods (see Table) and the results
of the measurements therefore depend primarily on the
method employed [the rule governing the relation with the
means of observation (see Bersuker *, p.191)].

The characteristic times 7’ of certain physicochemical
methods %%,

Method 7 s

Electron diffraction 10-18
Neutron diffraction 10-18
X-Ray diffraction 10718
Ultraviolet spectroscopy 1013
Visible spectroscopy 10-14
Infrared and Raman spectroscopy 10-13
ESR 104-108
NMR 101 -109
NQR 10t-108
Mossbauer spectroscopy 107
Deflection of molecular beams in electric field 106

*The characteristic time of the electron diffraction
experiment quoted was obtained by the authors of the
review and differs from the value (107%° s) in the litera-
ture '*%°,

On the other hand, since the lifetime depends on the
vibrational state v at the minimum potential (r = 7v), the
fulfilment of conditions (2) and (3) is also determined by
the conditions of the measurements, for example, tem-
perature [the rule governing the relation with the condi-
tions of measurement; (see Bersuker *°, p.190]. Thus
the values of Ty are high at low temperatures and condi-
tion (3) may hold for the given 7’, i.e. a separate config-
uration with a lifetime 7v is observed experimentally. At
higher temperatures, higher vibrational levels begin to be
populated and Tv diminishes, which promotes the transi-
tion to condition (2) and an average pattern reflecting the
high-amplitude motion is manifested experimentally.

The knowledge of the potential function describing the
motion of the nuclei in the molecule can yield the complete
characteristics of the behaviour of the nuclei, including
their high-amplitude motion. However, a rigorous
quantum-mechanical solution of the problem of the deriva-
tion of such a potential function in the general case is
impossible because of the difficulties in the solution of the
Schrodinger equation for the electronic states of complex
molecules, which cannot as yet be overcome. Additional
difficulties in the solution of this problem can be due to
the possible deviations from the adiabatic approximation,
since there is reason to believe that the vibronic inter-
action, which has a particularly marked effect when the
electronic states are degenerate (the Renner and Jahn—
Teller effects) or pseudodegenerate (the Jahn—Teller
pseudoeffect), plays a major role in complex intramolec-
ular motion of nuclei, These problems have been
examined in detail by Renner ¥, Jahn and Teller ¥, van
Vleck *, Opik and Pryce ®, Liehr *°, Longuet-Higgins *"**,
Bersuker *”*™*° and many other workers (for further
details, see the relevant monographs ****"** and reviews *”
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43%).  Despite these difficulties, useful information about

the potential energy functions may be obtained by LCAO-
MC calculations %%,

The most promising approach to a quantitative descrip-
tion of the motion of nuclei in the case under consideration
consists at present in separating the high-amplitude
motion from other types of nuclear motion, specifying a
definite type of potential function, and solving the corre-
sponding Schrodinger equation for the vibrational and
rotational states of the molecule. However, even this
more specific problem is complicated, since the thoroughly
developed procedure for calculations in terms of normal
coordinates and the standard expansion of the potential
energy function in terms of these coordinates is of only
limited applicability in this instance. A promising
approach involves the use of more general curvilinear
coordinates with a corresponding increase in the com-
plexity of the expression for the kinetic energy operator
and generalisation of the concept of reduced mass. How-
ever, these methods have so far been used only in the
study of three-, four-, and five-atomic molecules and
molecules with pseudorotation in the rings (see, for
example, Refs.47-E3). Still more complicated cases,
where it is impossible to separate high-amplitude motion
from other types of nuclear motion, have not so far been
considered.

The application of electron diffraction to the study of
stereochemically non-rigid molecules yielded in all cases
a qualitative pattern of nuclear motion and sometimes also
complete quantitative information about the parameters of
the potential functions of such motion. Quantitative data
have in fact been obtained only in relatively simple cases
where the potential function depends on only one vibra-
tional coordinate (the one-dimensional vibrational prob-
lem). In this case there is a complete analogy with
internal rotation. This made it possible to employ in the
structural analysis of stereochemically non-rigid mole-
cules the classical form of the probability density function,
proposed previously ****® in relation to internal rotation.
The parameters of the potential energy function are deter-
mined in most cases by the method of least squares.
Either calculated and experimental scattering intensities
(radial distribution functions)®°™®%, or calculated and
experimental vibration amplitudes, or the internuclear
distance contraction effects®® were then compared.

Since the contribution to the intensity of the scattering
of electronsby pairs of nuclei executing high-amplitude
motion decays rapidly with increase in the scattering angle,
it is sometimes useful and effective to analyse low-angle
scattering *°7%2.

III. QUASI-LINEAR MOLECULES

The motion of nuclei in quasi-linear molecules is one
of the simplest cases of high-amplitude motion, because
the only vibrational coordinate describing this motion is
the change in the deformation angle . The dependence of
potential energy of the quasi-linear molecule on « is
illustrated in Fig.1. One must note that ¢ varies in the
region of positive values (0 < o < 7/2), because the con-
figurations corresponding to the potential minima illus-
trated in Fig.1 can be derived from one another by the
appropriate rotation of the molecule as a whole.  The
vibrational potential therefore has actually only one mini-
mum, two minima arising on the curve in Fig.1 when one
considers the section of the potential surface taking into
account both the deformation vibration and the rotation of
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the molecule as a whole. This type of situation holds for
any planar molecules (see Herzberg'’, pp. 39, 239).

The carbon suboxide molecule C30: [O(1) = C(2) =
C(3) = C(4) = O(5)] is the most thoroughly investigated of
the quasi-linear molecules. In the first modern electron
diffraction study on the Cs02 molecule § ® unusually high
values of the so called “contraction effect” (see Cyvin®,
Chapter XIV) and the vibration amplitudes of pairs of
nuclei, the distances between which vary during the
deformation vibration, were already observed. The mea-
sured quantities did not agree with the theoretical calcula-
tions in terms of the approximation of low-amplitude
harmonic vibrations®*. In their experiments at different
temperatures (237, 290, and 508 K) the authors **attempted
to determine the temperatures of the C3s0: vapour flowing
from the nozzle on the basis of the measured vibration
amplitudes and contraction effects. Despite the failure
of this attempt, the conclusion that the v; deformation
vibration of the C=C=C fragment is not described by a
harmonic function must be regarded as an important result
of this study ®>. The equation proposed®® for the potential
is (Fig. 1)

V(q) =Aq*+B¢’, (4)

where A and B are constants and ¢ represents half the
deviation of the C=C=C angle for the linear value:

180° —|_ (C=C=C)
e T—

According to the authors' estimate, the barrier for the
linear configuration is in the range 40—255 cm™.

q=

Via,

Vo

0 @, a

Figure 1. The potential function for the deformation
vibration of quasi-linear molecules.

The C30: molecule was thoroughly reinvestigated by
electron diffraction in another study®®, attention being
concentrated on the potential function of the deformation
vibration of the C=C=C fragment. Using this function,
as defined by Eqn.(4), Tanimoto et al.®® obtained the
following expression by analysing the experimental data

V(Q) = (24 +5) Q! — (100 31) @2, (5)

where @ » = (sin@)/0.14% is the vibrational coordinate of
the deformation of the C=C=C fragment (¢ has the same
significance as q in the previous notation). The positions

§ We shall not consider the earlier electron diffraction
studies (see, for example, the compilation in Ref.1).
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of the potential minima correspond to @o = +12° and the
height of the potential barrier at ¢ = 0 is 100 + 47 cm™,
the electron diffraction data proving virtually insensitive
to the presence or absence of this barrier.

Using Eqn. (5) for the potential of the deformation vibra-
tion of the C=C=C fragment and the harmonic approxima-
tion for other types of vibration, the authors ®® obtained a
satisfactory agreement between the calculated and experi-
mental mean square vibration amplitudes and contraction
effects. The vibrational-rotational v band was also cal-
culated by Eqn.(5) and its maximum proved to be at 70
cm™, which differs slightly from the experimental value
63 + 2 ecm™, 5%

The deformation vibration of the C=C=C fragment has
been examined theoretically ®® on the basis of spectroscopic
and electron diffraction data. Using the method of Thor-
son and Nakagawa *, Clark and Seip °® established by solv-
ing the Schrodinger equation for the vibrational and rota-
tional states of the molecule that a potential function of the
type
14000
2242’

V (r) = 2400r% 4+ (6)
where » = @v[C(3)=0(5)] with minima at @9 = +10.8° and a
barrier 50.6 cm™" high at ¢ = 0, describes satisfactorily
both spectroscopic and electron diffraction data. Calcula-
tion of the position of the absorption band maximum corre-
sponding to the v- vibration by Eqn.(6) yields a value in the
range 65—-69 cm™', in good agreement with the experi-
mental value v7 = 63 + 2 cm™'. %%  The parameters of the
calculated peak of the radial distribution curve, corre-
sponding to the distance between the oxygen atoms, agree
just as well with the results of the electron diffraction
experiment at 237 and £08 K.

It has also been concluded °® that electron diffraction
data are not unduly sensitive to the detailed form of the
potential describing the v, vibration. The potential func-
tion (6) and equations of the type

V(r) == const, when |a|<10.8%and

(7
14000
2242’

V(r) = 240072 -

when |a|> 10.8°

describe with almost equal accuracy the experimental peak
of the radial distribution curve corresponding to the
distance between the oxygen atoms.

Another important result obtained in the above investi-
gation ®® was that the use of the classical probability
density function

leads to virtually the same parameters of the peak on the
radial distribution curve corresponding to the distance
between oxygen atoms as the quantum-mechanical expres-
sion based on the use of 93 vibrational-rotational wave
functione in combination with the Boltzmann distribution.

Numerous spectroscopic studies on the carbon suboxide
molecule *7%°"™ demonstrated a complex structure of
the absorption spectra. The absorption bands were
assigned and the fine structure and the complex shape of
the bands as well as the presence of numerous “hot” bands
were explained by experimenters on the basis of potentials
of types (4)—(6) for the v+ vibration. The problem of the
C30. molecular structure therefore appeared to be solved
in broad outline.
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However, a high-resolution infrared spectrum (0.3
cm™") was obtained in 1973 in the range 20—80 cm™ as
well as the Raman spectra of the CsG. molecule in the
vapour phase and in the crystalline state™. Analysis of
the set of experimental data obtained enabled the authors ™
to suggest that the absorption frequency observed in the
region of 61 cm™ may be assigned to the 0,0 — 2,2
vibrational-rotational transition. The frequency v- was
found to be 22 em™ in contrast to the results of all previ-
ous studies. The new value of v+, obtained in the most
accurate of the known investigations ™, throws doubt on
the validity of the interpretation of the previous spectro-
scopic and electron diffraction data. It may be that one
must resort to the concept of a strong vibronic interaction
in the C302 molecule (the Jahn— Teller pseudoeffect) in
order to eliminate the discrepancy observed between
electron diffraction and spectroscopic data. At any rate,
it appears desirable to repeat the electron diffraction and
spectroscopic studies of the carbon suboxide molecule, the
correct interpretation of which may serve as a key to the
interpretation of the experimental data for many other
molecules of different classes.

Among the electron diffraction studies where the exper-
imental data were also interpreted from the standpoint of
the quasi-linear model, mention should be made of the
investigation of silyl isocyanate (H3Si—N=C=Q) and silyl
thioisocyanate (HaSi—N=C=S) molecules "® as well as
indium subselenide and subtelluride"”"®. The usual
harmonic approximation for the potential function of the
deformation vibration of the silyl thioisocyanate skeleton
agrees with experimental data, while for the silyl iso-
cyanate molecule agreement with experiment is achieved
using a potential of the type

V (¢) = — 30002 + 1090a* (8)

with minima at oo = +28° and a barrier 20 cm™ high at
a =0.

An electron diffraction study of the high-temperature
indium subselenide and subtelluride vapours’’"® estab-
lished that the deformation vibrations are described by
the potential functions

V () = 12816a¢ — 32800’ (In,Se), (9)
V (@) = 18080at — 337642 (In,Te). (10)

The first function has minima at @0 = +21° and a barrier
210 cm™! high at @ = 0. Analogous data were obtained
also for the second function: oo = :+18° and a barrier
157 cm ™" high.

Iv. BICYCLIC MOLECULES

Electron diffraction studies on bicyclo[2,2,2]octane *”
and triethylenediamine ™ showed that these molecules have
a “quasi-Dsh” symmetry, i.e. there is a possibility of
high-amplitude torsional vibrations about the C3axis (see
Fig.2). These vibrations are described satisfactorily by
a potential function of the type

V(@) = k0 + kD4, (11)

where & for the bicyclo{2,2,2]octane molecule is the
dihedral angle between the C(1)C(2)C(3) and C(2)C(3)C(4)
planes—the so called torsional angle. The potential for
the triethylenediamine molecule has a similar form. The
energy barriers in the torsional vibrations were found to
be 35 cm™ °"and 30 cm™ ™ for bicyclo[2,2,2]octane and
triethylenediamine respectively, and the mean square
values of the angle & are 12.8° and 11.0° respectively.
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The electron diffraction data agree well with the results
of X-ray diffraction studies on the same molecules %,
The substitution of one hydrogen atom in bicyclo[2,2,2]-
octane and triethylenediamine by a chlorine atom increases
the barriers to 46.8 and 66.8 cm™", while the equilibrium
angles ¢¢e are respectively 16.2 and 16.4° according to the
results of microwave studies on the above molecules ®’%°,

Figure 2. Torsional vibrations in the bicyclo|2,2,2]-
octane molecule: a) configuration with D ; [“quasi” ~ L sh)
symmetry; b) view along the C; axis.

V. ORGANIC MOLECULES WITH FIVE-MEMBERED
RINGS AND INORGANIC HALIDES

1. Pseudorotation in Five-membered Rings of Organic
Molecules

The concept of “pseudorotation” was introduced for the
first time by Pitzer and coworkers %% in order to account
for the high entropy of gaseous cyclopentane. According
to this concept, there is a continuous migration (“rota-
tion”) of the maximum deformation of the plane of the ring
along the latter in the cyclopentane molecule and not
simply out-of-plane vibrations. These vibrations repres-
ent the motion of the atomic nuclei without a significant
contribution to the rotational moment of the molecule. The
pseudorotation of five-membered rings is a more complex
intramolecular motion than the deformation of linear
molecules or torsional vibrations in bicyclic systems
described above. This motion can be described by two
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vibrational coordinates, the phase & and the amplitude ¢
of the pseudorotation linked by the expression

Z,=]/%q‘cos[2(ngi+(b)], (12)

where g is the deviation of the nucleus of the carbon atom
from the plane (two-dimensional vibrational problem).

If it is assumed that the change in the coordinate ¢ is
described by the harmonic potential function

V@) =5a—ar (13)

and that pseudorotation takes place virtually freely, it is
possible to separate the motions along the two coordinates.
Pitzer and coworkers ® established on the basis of this
approximation that go = 0.472 A for this molecule.

Further thermodynamic studies on cyclopentane
as well as semiempirical quantum-mechanical calculations
of the energy of this compound *°"?* confirmed Pitzer's
dynamic model. However, direct experimental confirma-
tion of pseudorotation in cyclopentane was obtained for the
first time in a study of the infrared spectrum of this com-
pound®®. The same workers®® determined go = 0.479 4,
which agrees well with the thermodynamic value found
previously by Pitzer and coworkers #™%

According to modern ideas about the structure of five-
membered rings, pseudorotation may be regarded as the
superposition of two types of motion: the out-of-plane
ring vibrations where one of the atoms is displaced from
the plane (the “envelope” conformation with Cg symmetry)
and torsional ring vibrations where two atoms are dis-
placed simultaneously from the plane (the “half-chair”
conformation with C; symmetry) *”’* (Fig.3). Pseudo-
rotation can therefore be described as continuous transi-
tions between configurations with C: and Cs symmetries
(in all, ten configurations for each type of symmetry in a
single pseudorotation cycle).

87—89

Figure 3. Conformations of five-membered cyclic mole-
cules: a) “envelope” type (Cs symmetry); b) “half-
chair” type (C: symmetry).

An electron diffraction study on cyclopentane ** agreed
fully with thermodynamic *~* and spectroscopic ** studies
and confirmed Pitzer's ideas concerning the complex
motion of the nuclei in the molecule. However, the
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authors of the electron diffraction study *® used a somewhat
different dynamic model, where a vector Sj (j = 1, 2,

, 5), defining the instantaneous position of a ring
carbon atom, was introduced. During pseudorotation,
each carbon atom moves in the vertical plane, passing
through the given atom and the centre of the ring, the
distance between the carbon atom and the centre of the
ring being constant. Pseudorotation is also described by
the two vibrational coordinates ¢ and ¢, but in the given
model the marked dependence of the C—C bond lengths on
the displacement Zj is eliminated. It was found that
qg = 0.427 for the effective displacement of the carbon
atom from the plane (the subscript g denotes a value
averaged with respect to temperature under the conditions
of the electron diffraction experiment), which is somewhat
less than the value obtained previously by Pitzer and
coworkers *~* and in a spectroscopic study®’. The
equilibrium value ge = 0.438 A was also caleulated® for
the adopted anharmon1c1ty constant of the out-of-plane
vibrations a = 2.0 A The difference between the
values ofq obtained in the electron diffraction®® and spec-
troscopic *® studies can be explained by the fact that the
molecular parameters determined spectroscopically and
by electron diffraction have a different physwal signifi-
cance (see, for example, Kuchitsu and Cyvin®),

Ab inilio quantum -mechanical calculations on the cyclo-
pentane molecule °® confirmed the conclusion that the
motion which depends on the angle ¢ is virtually free and
that ¢ e = 0.43 and 0.48 A agrees well with the value
determined by the electron diffraction method ®. According
to the authors' estimate °°, the height of the barrier sepa-
ratinglthe two configurations is in the range 4—8 kcal
mole™".

Molecules containing a double bond [sic! a heteroatom?]
in the five-membered ring have also been studied by elec-
tron diffraction: tetrahydrofuran®’~°°, and 3-bromotetra-
hydrofuran'®, In the first study®’, devoted to tetra-
hydrofuran and carried out at an earlier stage of the
development of the electron diffraction method, only the
planar model of the molecule was considered. A later
investigation ®® established that the molecule has a non-
planar structure. However, a satisfactory agreement
between the theoretical and experimental intensity curves
was not obtained for the individual models with Cg and C:
symmetry (Fig.3). Best agreement was achieved when
the “envelope” and “half-chair” conformations were super-
imposed: «@1Cs + @z2C: (here o) and o2 are the percentage
contents of the forms with Cg and C: symmetry resgec-
tively) with a1~ «2. This finding was interpreted
evidence for the virtually free pseudorotation, the d1ffer~
ence between the energies of the two conformers (Cs and
C:) being small and amounting to 0—3 kecal mole™".

A model of the pseudorotation of the five-membered
ring, analogous to that used® for cyclopentane, was
resorted to in an electron diffraction study °° undertaken
to interpret the experimental data for the tetrahydrofuran
molecule. In this case too the model eliminates a marked
dependence of the C—-C and C—C bond lengths on the vibra-
tional coordinates ¢ and &. The average value of g was
found to be 0.38 + 0.02 A, which is somewhat less than the
spectroscopic value go = ’0.470 + 0.025 A .

Nevertheless one should note that the results of electron
diffraction studies do not permit the conclusion whether or
not the molecule is statically distorted or whether pseudo-
rotation takes place in it. However, it has been estab-
lished spectroscopically *® that the C: form is energetically
more favourable, while the Cs form has an energy higher
by 1277 ecm™
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Figure 4.
pentahalides PFs and PCls.

Apart from the electron diffraction determination of the
molecular structure of 3-bromotetrahydrofuran, Smith et
al.'® also calculated the energies of its conformations by
the Westheimer —Hendrickson method. They showed that
the best agreement between the theoretical and experi-
mental intensities is achieved on the hypothesis of almost
free pseudorotation of the ring. The small energy differ-
ences between different conformations (of the order of 0.5
kecal mole™), found by conformational analysis, confirmed
the results obtained by electron diffraction.

The electron diffraction data for other molecules with
five-membered rings showed that the replacement of the
oxygen atom by S, SiH:, Se, CO, and GeH: leads to a
greater stability of the C. form, the heteroatom or atomic
group being displaced from the plane of the ring by
approximately 20° during the vibrations'®. The energy
difference between the C: and Cs forms increases in the
above sequence according to spectroscopic data '°37'%,

2. Pseudorotation in Inorganic Halides

Pseudorotation in inorganic halides is a three-dimen-
sional analogue of the high-amplitude intramolecular
motion in five-membered cyclic organic molecules. Using
these molecules as an example, it is possible to demon-
strate that the characteristic duration of the experiment,
which is different for different physicochemical methods
used to study this problem (see Table), is significant for
the observation of high-amplitude intramolecular motion.

An electron diffraction study of the PFs '°'°" and
PCls '™ molecules established that halogen atoms occupy
two different positions—axial (a) and equatorial (e). The
molecular model is described by the I ;h symmetry point
group and the bond lengths P—X(a) > P—X(e) (X = F or
Cl). However, the NMR spectrum of PF; '* indicates
the complete equivalence of the fluorine atoms in the (a)
and (e) positions, which served as the basis for the hg})oth-
esis of intramolecular exchange of fluorine atoms 7%,
Analogous results have been obtained for the PCls mole-
cule ' "!'3, The discrepancy between the electron diffrac-
tion and NMR measurements can be accounted for by the
fact that the characteristic time of the NMR experiment
(see Table) is apparently significantly longer than the time
required for the exchange of fluorine atoms. Only the

Qe

Schematic representation of the pseudorotation in the molecules of the phosphorus

average picture of the intramolecular motion is therefore
observed in this instance. Cn the other hand, it may be
that the characteristic time of the electron diffraction
experiment (see Table) is shorter than the exchange time
of the halogen atoms. Because of this, at each instant
the electron diffraction method records only the “instan-
taneous” picture of the scattering process in which halogen
atoms occupy only the two most probable positions relative
to the phosphorus atom, i.e. (@) and (¢). For the same
reason, the electron diffraction method cannot distinguish
the possibilities involving the intramolecular motion in
PFs and PCls molecules as a result of which halogen atoms
change places, on the one hand, or the static non-equiva-
lence of the positions of these atoms, on the other.

Berry '® and other workers 2-2028114-116 put forward
the hypothesis that the exchange of axial and equatorial
halogen atoms in phosphorus halides is a three-dimen-
sional analogue of the pseudorotation in the five-membered
rings of organic molecules (Fig.4). Analysis of the
Raman spectra of the PFs molecule in the gas phase made
it possible to determine the pseudorotation barrier as 5.7
kcal mole™ . '’

As in phosphorus pentahalides, pseudorotation is
observed in the heptafluorides of rhenium (ReF-) and
iodine (IF7). The first electron diffraction study of the
IF; molecule, carried out''® using a visual method for
estimating the electron scattering intensities, established
that the nuclear configuration in this molecule is close to
that of a pentagonal bipyramid (Dsh symmetry) in which
five fluorine atoms are located in the equatorial plane,
two fluorine atoms are on the axis, and the iodine atom is
in the centre. According to LaVilla and Bauer ''?, the
fluorine atoms in the equatorial plane, which form a five-
membered ring, are involved in a pseudorotatory motion,
analogous to that described above for atoms in the rings
of organic molecules.

The electron diffraction study of the IF, *'¢>32 and
ReF- '*'* molecules was repeated by Bartell and
coworkers. Analysis of the results made it possible to
establish reliably that the geometry of these molecules
corresponds to the Ish symmetry only approximately.
Comparison of the theoretical intensity curve correspond-
ing to the proposed model having Dsh symmetry with the
experimental curve showed that the mean square vibration
amplitudes for the non-bonded fluorine atoms
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[lg(Fe...Fe) = 0.254 A and lg(Fa...Fe) = 0.236 A were
obtained for ReF-] are unduly high compared with the
usually observed amplitudes for non-bonded pairs of

atoms [cf. ReFe molecule '**: 1g(Fe...Fg) ~lg(Fa...Fe)=

0.091 A].
a
Figure 5. Models of the IFs and ReF7; molecules with

different symmetries: a) Dsh; b) C2; ¢) Cs. The
arrows in parts b and ¢ indicate the directions of the
deviations from the configuration with Dsh symmetry.

Bartell and coworkers '2%'*' considered the following

two alternative types of models of the IF; and ReF; mole-
cules. In the first type static deformation is postulated—
the displacement of fluorine atoms from the plane of the
five-membered ring—described by the relation

a; = a’cos [2 (—';-ﬂi'*‘@e)]» (14)
i=1,2 ...,5,

where «° is the maximum angular deviation of fluorine
atoms from the equatorial plane and ®¢ is the phase of the
displacement of the same atoms. For j =un/10 (» is an
integer), we obtain a molecular model with Cs symmetry,
while j = (2n + 1)7/10 yields a model with C; symmetry.
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The angular displacement of the axial fluorine atoms is
described by an analogous relation:

p,=ﬁ°cos[2(§:u'+¢a>], (15)

where ° is the maximum angular displacement of fluorine
atoms from the Cs axis, and &5 the phase of the displace-
ment of the same atoms. From symmetry considerations,
we have &3 = 4d¢. It was found that @® = 7.51 and 8° =
4.55° for IF; and o® = 8.78 and 8° = 7.65° for ReF,. The
molecular models are illustrated in Fig.5. It is note-
worthy that, both for models with Cs and C. symmetries
and for their superposition ¢1Cgs + @2C2 with different
statistical weighting factors . and o2, the factors govern-
ing the discrepancies between theoretical and experimental
intensity curves proved to be fairly close, so that it was
impossible to select any one of these models or their
superposition.

The authors put forward a dynamic pseudorotation
model as the second possible interpretation of the experi-
mental data for the ReF- and IF; molecules. It can be
described as a continuous transition from the configuration
with C2 symmetry to one with Cg symmetry (Fig.£). The
motion of fluorine atoms in the equatorial plane is analo-
gous to that on pseudorotation in the cyclopentane mole-
cule. As a consequence of the strong interaction of
vibrations of the ¢ and e type, the motion of the fluorine
atoms in the equatorial plane is correlated with the motion
of the axial atoms. Such interaction can be represented
as the maximum “avoidance” of the fluorine atoms in the
equatorial position involved in free pseudorotation by the
axial fluorine atoms in the coordination sphere of the
central atom,

Thus the electron diffraction method made it possible
to establish unambiguously in this case also whether or
not the observed distortion of the ReF; and IF; molecules
is static, or whether a dynamic pseudorotation model is
valid. However, the use of other experimental methods
supports the dynamic model.

The effective dipole moment of the ReF7 molecule,
which increases as the temperature is reduced, has been
observed by the method involving the deflection of the
molecular beam in a homogeneous electric field'**, A
similar but less pronounced effect was found in the same
study ‘%% also for the IF; molecule. These data, which
disprove the quasi-rigid structure and demonstrate the
temperature dependence of the results of the dipole
moment measurements, support the dynamic stereo-
chemically non-rigid molecular model. Furthermore,
NMR studies of Re'°F; and I'°F; melts '** indicate the
complete equivalence to fluorine atoms in these com-
pounds. Apart from the pseudorotation of the five-mem-
bered ring in these molecules, one may therefore also
expect the occurrence of an intramolecular rearrangement
leading to the exchange of the equatorial and axial fluorine
atoms.

The study of the infrared and Raman spectra of IF,
26 and ReF+ '**’**" supported a molecular model with I'sh
symmetry. However, this does not conflict with the
dynamic molecular model under consideration because an
average pseudorotation pattern was apparently manifested
in the spectroscopic experiment owing to the fact that its
characteristic time (see Table) exceeds the time required
for the intramolecular exchange.

Pseudorotation of a still more complex type may be
postulated in the xenon hexafluoride molecule. The
problem of the structure of this molecule has been dis-

1287131 However, on the

1204121

125,

cussed in a number of studies .
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basis of theoretical analysis alone it was impossible to
reach a conclusion about the molecular structure of XeFs.
X-Ray diffraction study did not permit the solution of the
problem, because the compound does not form single
crystals ‘2, Spectroscopic investigations'**** likewise
did not allow definite structural conclusions. The XeFs¢
molecule was studied by electron diffraction several
times '®*7'%, A particularly detailed and thorough
investigation was carried out by Bartell and Gavin ' ®'*
and their results are therefore described below.

The main conclusion which they reached **'* is that
the molecular structure of XeFs in the gas phase cannot
be described from the standpoint of a quasi-rigid model
with Oh symmetry. Analysis of a wide variety of molec-
ular models (Oh, Czv, Csv, Did, and Cg) and their linear
combinations enabled them to establish that two alternative
models may be reconciled with experimental data: (1) a
static distortion model (with Czv, Csv, and Cs symmetry);
(2) a dynamic model. According to the latter, the
deformation vibrations with £,y and {,g symmetry in the
XeFs molecule interact which leads to the correlation of
the motions of the axial and equatorial fluorine atoms and
toa distortion of the octahedron to give configurations with
Czav, Csv, or Cev Symmetry. According to the authors'*®
% motion of this type can explain the virtual absence of
an electrical dipole moment of the molecule '****! (the
dipole moment measurements were performed by the
method involving the deflection of a molecular beam by an
inhomogeneous electric field), the unusual shapes, and
anomalous half-widths of infrared absorption bands'®, as
wyell as entropy data '**,

The nature of the dynamic distortions in the XeFs mole-
cule canbe clearly described by assuming that it resembles
in some way three-dimensional pseudorotation in which
fluorine atoms deviate from the octahedral positions by
5-10° as if striving to avoid certain regions in the coor-
dination sphere of the Xe atom. In conformity with the
Gillespie—Nyholm theory *3'** (the theory of the repulsion
of the electron pairs in the valence shell), the authors'®’
'® jdentified these regions with the position of the lone
electron pair of the Xe central atom, which migrates con-
tinuously in its coordination sphere from the position on
the diagonal of the square formed by the equatorial fluo-
rine atoms to the centres of the faces of the octahedra
formed by one axial and two equatorial fluorine atoms
(Fig. 6).

It is noteworthy that, although the idea of a stereo-
chemically active lone electron pair does in general
explain correctly the type of distortions in the molecule,
nevertheless the theory of the repulsion of the electron
pairs in the valence shell predicts much more pronounced
distortions of the octahedron than are observed experi-
mentally.

Claassen et al.'* investigated the infrared, ultraviolet,
and Raman spectra of XeFs in a matrix and in the gas
phase, the Raman spectra and the spectra in the visible
and ultraviolet regions being studied as a function of tem-
perature. The authors suggest that, under the experi-
mental conditions, the XeFs molecules exist in three
electronic states (“electronic isomers” **®): %A.u (Dsh
symmetry), Ay or *Bu (Czy symmetry), and A,g (Oh
symmetry). They showed ' that all the spectra which
they observed may be interpreted on the hypothesis of
three “electronic isomers” of the XeFs molecule between
which thermodynamic equilibrium is established in the
course of approximately 10 min at 100°C. Evidently a
reinterpretation of the electron diffraction data from the
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standpoint of the existence of the XeFs molecule in differ-
ent electronic states is of undoubted interest. The inter-
pretation of the molecular structure of XeFs in such a
case requires in essence that one resorts to the Jahn—
Teller pseudoeffect, since conditions under which the
pseudoeffect is manifested may exist in the molecule 1a6-

@ xe
Or~

A model of the XeFs molecule.
positions of the lone electron pair on a face () and edge (b)
of the octahedron and the directions of the distortions of
the latter caused by the electron pair are shown.

Figure 6. The possible

The dynamic pseudorotation in the ReF-, IF,;, and
XeFs molecules described above should presumably be
characterised by low frequencies. The following fre-
quencies in the above molecules may be estimated from
the electron diffraction data: 4.4 cm™ (ReF-); 5 cm™
(IF;); 10 cm™ (XeFs). Consequently the contribution of
the pseudorotation to the thermodynamic functions of the
given substances should be very considerable.



Russian Chemical Reviews, 47 (1), 1978
V1. JAHN-TELLER MOLECULESY

Vanadium tetrachloride. The electron diffrac-
tion study of the VCl4 molecule **%*%! was undertaken in
order to determine its possible Jahn— Teller distortions,
predicted on the basis of studies of the spectra of this
compound **7**° as well as theoretical calculations
It was impossible to observe significant deviations of the
VCls structure from a regular tetrahedron '**'*', although,
according to Morino and Uehara **°, the tetrahedron may
deviate by 0.05 A in the direction of the v; stretching
vibration. However, the greater amplitude of the vibra-
tions of the Cl...Cl1 pair of nuclei in the VCl4 molecule
compared with TiCls as well as certain other features of
the structure and the vibrational spectrum of VCL support,
according to the authors '*°, the operation of this effect. It
appears that the Jahn—Teller distortions of the VCls geom-
etry are small and their measurement corresponds to the
limit of the power of the modern electron diffraction
method.

Vanadium hexacarbonyl. The molecules of
vanadium and chromium hexacarbonyls have been investi-
gated by electron diffraction'®. Analysis of the experi-
mental data established that the mean square vibration
amplitudes of the vanadium atom in the V(CO)s molecule
relative to the environment consisting of carbonyl groups
are much higher than the corresponding values for the
Cr(CO)s molecule. This was explained by the Jahn—
Teller effect in the V(CO)s molecule. Schmidling '*
tested two types of models corresponding to the Jahn—
Teller distortions of the nuclear configuration—of the Eg
type (Dsh symmetry) and the T g type (D3d symmetry).
Best agreement was achieved for the model with D 54 sym-
metry and the deviation of the CO group in the direction
towards the threefold axis was found to be 5.3°.

Rhenium hexafluoride. An electron diffraction
study of the ReFs molecule established '* that its geomet-
rical configuration is described by the symmetry point
group Oh. However, a spectroscopic study by Brand et
al.'® indicated the possibility of a Jahn— Teller distortion
of this molecule, the displacement of the fluorine atom
leading to trlgonal (t2g symmetry) distortions of the octa-
hedron to the extent of 0.046 A. The energy of the Jahn—
Teller distortions was found to be 74 em™, It is at
present apparently difficult to explain the cause of the
difference between the conclusmns reached in the spectro-
scopic ' and electron diffraction '*? studies. Nevertheless
one may point out that Jacob and Bartell '** observed a
discrepancy between the theoretical and experimental
intensities, which they were able to account for satisfac-
torily by the effects due to three-atom intramolecular
scattering.

T The classification of different types of high-amplitude
motion employed in the present review is to a large extent
arbitrary and is a result of the author's endeavour to
reflect the main ideas, terminology, and explanations of
the observed effects in the literature quoted. However,
as already mentioned to some extent, the results of many
of the studies of stereochemically non-rigid molecules
discussed in Sections II-V may be accounted for on the
hypothesis of a Jahn— Teller pseudoeffect in the molecules
and the latter may be regarded as being of the Jahn—
Teller type. This also applies to the exposition below.

454156160
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VII. BIS(CYCLOPENTADIENYL)BERYLLIUM

According to electron diffraction studies'*¥'®, the two
cyclopentadiene rings in the (CsHs)2Be molecule are paral-
lel to one another and mutually staggered, the distance
between them being 3.375 + 0,010 A, The Be atom is
located on a fivefold symmetry axis, which is the sameas
the two cyclopentadienyl groups, and can occupy two,
alternative positions at a distance h, = 1.472 + 0.06 A
from one ring and k2 = 1.903 + 0.008 A from the other.

It may be that the structural characteristics of this
compound, observed in the electron diffraction experiment,
are due to the manifestation of the Jahn— Teller pseudo-
effect and that the beryllium atom oscillates between the
cyclopentadiene rings along the fivefold symmetry axis.
The potential curve describing such motion has two
minima corresponding to different distances of the
beryllium atom from the planes of the cyclopentadiene
rings. This interpretation of the electron diffraction
data '°*'%* makes it possible to determine the “lifetime” of
each configuration, which is 107'*~107*® s according to
Ionov and Ionova '*, and the most probable barrier to the
transition between the two configurations is in the range
1.4-2.9 keal mole™.

VIII. MOLECULES OF OXYACID SALTS AND CERTAIN
COMPLEX HALIDES

Electron diffraction studies on a number of alkali
metal and thallium(I) metaborates '**™'°®, sulphates'®™'",
chromates'®, perrhenates'™'"®, molybdates'™"’!™, and
nitrates ' ~'"° as well as complex compounds of the type
MIMIIHal, '7°7'*" and M! IIHal, '** (Hal = halogen and M,
MII, and MII are Group I-III metals) yielded experi-
mental data which have many characteristic features in
commmon, In particular, it was observed that the electron
diffraction patterns of these compounds contain only a
limited amount of information about the position of the
metal atom relative to the acid residue in molecules of the
oxyacid salts and relative to the MI1IHal, (or MIIHal,)
fragment in the complex compounds, revealed mainly in
the region of low scattering angles. This situation is
observed for both light and heavy atoms and cannot be
explained simply by their low scattering capacity. A
similar phenomenon has been called the “elution” effect
It appears that it can be explained in many instances by an
increase of the mean square vibration amplitudes of
certain pairs of nuclei as a consequence of the increase
in the populations of the excited vibrational levels of the
molecule*®. This appears to be a quite natural conse-
quence of the influence of the high experimental tempera-
ture, particularly when the molecule executes low-fre-
quency vibrations.

However, the above explanation, which is valid within
the framework of the quasi-rigid molecular model, is
inadequate for the salts of oxyacids and the complex com-
pounds, because it is difficult to account for the above
features of the experimental data simply by an increase in
the populations of the excited vibrational levels. It
appears much more natural to postulate a continuous
change in molecular configuration as a result of the dis-
placement of the metal atom relative to the quasi-rigid
fragment (the acid residue, MIIIHal,, or MIIHals). Such
a dynamic stereochemically non-rigid molecular model is
apparently a general characteristic feature of the struc-
tures of many oxyacid salts and complex halides and

183
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possibly also other classes of compounds. We shall now
consider the results of the electron diffraction studies in
greater detail.

The electron diffraction patterns of alkali metal meta-
borates **”'*® in general correspond to the symmetrical
linear BO: fragment and the low contribution to the overall
scattering by the metal atom hinders the determination of
its gositiono In electron diffraction studies on caesium
199,17 potassium '*°, and thallium(I) '™ sulphates,
potassium chromate '®, and thallium(I) nitrate '"""'"®,
agreement between the experimental and theoretical den-
sity curves within the framework of a single quasi-rigid
model can be achieved only for anomalously high vibration
amplitudes of the metal atom relative to the oxygen atoms
of the acid residue (Ig = 0.15—-0.25 A). The fragment of
the acid residue then has a structure close to that of a
regular tetrahedron for salts of the type M:EQ4 (E = S or
Cr; M =K, Cs, or T]) or of an equilateral triangle in
the case of thallium(I) nitrate (the non-equivalence of the
angles at the central atom has been estimated '®**~'"" as
+5°, while the possible non-equivalence of the bond
lengths does not exceed 0.1 A). An electron diffraction
study of the TINO, molecule established '™ that best
agreement between the theoretical and the experimental
intensity curves is attained for a superposition of models
of this molecule having different symmetries («:Cg +
@2C2v + a3Cay) with the greatest contribution by the
model with C,y symmetry (@2 = 719).

Thus, in conformity with electron diffraction data, in
the oxyacid salts quoted above there is a high symmetry
of the acid residue in combination with a high mobility of
the metal atom. This picture of the structures of many
oxyacid salts has been confirmed by spectroscopic data.
Thus studies of the infrared spectra of the vapours of the
metaborates of certain elements '®~'* failed to detect the
vibration frequency of the metal atom relative to the BO:
fragment and the observed frequencies in the range 600 to
1940 em™ are due to the vibrations of the BO; group and
were found to be almost independent of the metal atom to
which the group is attached. Similar results, indicating
a weak dependence of the NOs and SOq vibrations on the
nature of the metal atom, were obtained also in studies of
the infrared spectra of univalent metal nitrates in a
matrix '®" and in the gas phase '® and of univalent metal

sulphates ‘%,

Virtually analogous results were obtained in electron
diffraction studies on the NaAlFq, '™ KAICls, '*° KYCly,

and TIInCls '* molecules. It was established that the
MHals fragments in these compounds have a configuration
close to that of a regular tetrahedron [within the limits of
the errors in the measurements of the angles, which have
been estimated !"°™** as +5°, and the possible non-equiv-
alence of the MIII—Hal bond lengths (<0.1 A)]. The
univalent metal atoms are located on a line perpendicular
to one of the edges of the tetrahedron. ~An electron dif-
fraction study of MIBeF; molecules (MI = Na or K) '®
showed that the BeFs fragment has a configuration close
to that of an equilaterial triangle and that the metal atom
is located within the plane of the triangle on a line per-
pendicular to one of its sides. A characteristic feature
of the studies on complex salts of both types is anomal-
ously high vibration amplitudes of the metal atom relative
tothe quasi-rigid MINHa), or MIIHal; fragment (for
example, 0.19 & in T1IInCls '®). This makes it possible
to treat the observed configurations as the most probable
and the molecular structures of these compounds should
be described with the aid of a dynamic stereochemically
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non-rigid molecular model, fully analogous to the model
discussed above in relation to oxyacid salts.

The results of ab initio quantum-chemical calculations
on the LiNC molecule by Clementi and coworkers %,
ab initio calculations on the LiBO: molecule'®, calcula-
tions by the LCAO-MO semiempirical method on the
LiNOs and TINOs molecules '°%, as well as calculations on
the dependence of the electrostatic energy of the inter-
action between the cation and anion on the spatial position
of the metal ion for CsNO; and TIReC4 molecules, carried
out '** using an ionic model (Fig.T), are of undoubted
interest in connection with the problem under considera-
tion.

Figure 7. A map of the potential energy surface for the
motion of the metal atom relative to the acid residue:
a) CsNOs; b) T1ReOQs.

The electronic structure of the LINC molecule has been
calculated ' for different positions of the metal atom
relative to the NC fragment. The calculated maps of the
energy surfaces for the motion of the Li atom showed that
there is virtually no energy barrier between the Li—C=N
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and Li—N=C configurations. On thermal excitation
(energy about 0.3 eV), the Li atom rotates freely about
the NC group.

Virtually analogous results were obtained also in
quantum-chemical calculations on LiBO: '** and TINO; '°°
molecules.

Thus the results of quantum-chemical calculations have
fully confirmed the conclusions reached in electron dif-
fraction studies concerning the stereochemical non-rigidity
of the molecules of many oxyacid salts.

This exhausts, for the present, the list of electron
diffraction studies in which experimental data were
clearly interpreted from the standpoint of the stereo-
chemically non-rigid molecular model. However, one
cannot rule out the possibility that experimental studies on
many organic and inorganic compounds, in the explanation
of the results of which a quasi-rigid molecular model has
been used, can also be interpreted from the standpoint of
the stereochemically non-rigid molecular model.

IX. CONCLUSION

The extensive experimental electron diffraction data
available at the present time have shown, in agreement
with the results derived by other physicochemical meth-
ods, that complex nuclear motions are executed in mole-
cules of different classes, namely high-amplitude motions.
They lead to important chemical consequences.

In the first place this concerns the classical ideas about
the geometrical configurations of molecules and their sym-
metry. The classical structural theory is based in
essence on the coordinates of the minima in a multi-
dimensional potential energy surface, whose set forms a
fixed geometrical configuration with a definite point sym-
metry, and not on physically determined spatial positions
of the nuclei in the molecule. Therefore, if a nucleus in
the molecule executes a high-amplitude motion, then
under certain conditions (see Section II) the positions of
the potential energy minima lose the significance of the
spatial characteristics of the nuclear system and the
molecular structure cannot be desciibed, in principle, by
p time-invariant geometrical configuration with fixed
positions of the nuclei (and its point symmetry). In this
case only the solution of the corresponding wave equation
for the motion of the nuclei (if necessary, taking into
account non-adiabatic corrections) and the determination
of the probability density function for the distribution of
the nuclei yields an adequate (although not unduly clear)
picture of the structure. With the aid of this function, it
is possible, in principle, to calculate the probability of
any location of the nuclei. In this connection one must
mention Liehr's study **, where the quasi-rigid molecular
model was subjected to a serious criticism and an attempt
was made to develop a more general approach to the
description of nuclear subsystems, including the construc-
tion of the complete potential energy surface.

The next problem which must be considered concerns
the nature of the chemical bond in stereochemically non-
rigid molecules. We shall examine it in relation to salts
of oxyacids and complexes. It was shown above that in
molecules of these compounds there is virtually free
rotation of the metal atom about the acid residue or the
MIIHal, and MIIHal, fragments. This shows that the
theory of the chemical bond, in particular the theory of
directional valence, is unsuitable for the description of
the electronic structures of these molecules.
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A specific feature of the chemical bond involving the
metal atom in the compounds under consideration is its
delocalisation in the molecule—its dynamic, distributed
nature. This is not a bond between any pair of atoms,
but a bond formed by the metal atom with the acid residue
(or the MIIIHal, and MIIHal, fragments) as a whole, In
order to stress this feature of the bond, Clementi'®* sug-
gested that it be called a polytopic bond and that the mole-
cules containing such bonds should also be referred to as
“polytopic” molecules. The nature of the polytopic bond
is apparently close to that of the bond in ionic crystals,
where there is also no appreciable bond directionality.

Another characteristic feature of the chemical bond
under consideration consists in the relatively weak dis-
torting influence of the metal atom on the acid residue (or
MIIHal, and MHHals fragments), which is a consequence of
the migration of the metal atom. However, according to
thermodynamic studies (see, for example, Cubicciotti'®)
there are no grounds for the assumption that this bond is
energetically weak and that the corresponding molecule is
thermally unstable.

We may note that the experimental and theoretical
studies which have been carried out have in essence
merely posed the problem of polytopic bonds and that the
multiplicity of questions which have arisen still require
an answer, For example, the elucidation of the role of
vibronic interactions in high-amplitude motions may be
regarded as a problem of this kind. If the vibronic inter-
action is intense, the electronic spectra of molecules
cannot be treated separately from nuclear motion, which
leads to the necessity for a radical revision of the ideas
about the nature of the chemical bond.

The accumulation of experimental data on stereo-
chemically non-rigid molecules is important also for many
other chemical problems. Thus tunnelling effects play an
appreciable role in the kinetics of chemical reactions,
particularly at low temperatures, The problem was
formulated for the first time by Bourgin in 1929 '°® and
was analysed in detail theoretically in a number of other
studies '*"7*%,  Pearson®” attempted to regard the
activation energies of uni- and bi-molecular reactions on
the basis of the analysis of the orbital symmetries of the
electronic states of the molecules involved in the reaction
and the influence of close excited electronic states. This
approach is extremely important for the understanding of
the mechanisms of intramolecular rearrangements.

’
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Structure of Amorphous Polymers
V.P.Lebedev
A critical survey is made of experimental results obtained by the application of direct structurzl methods— X-ray, electron, and

neutron diffraction, electron microscopy, and several other physical methods—to amorphous linear polymers. A list of 162
references is included.
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1. INTRODUCTION crystallites present in blocks and in the fibres of most

polymers®". A wide range of supermolecular crystalline
For many years research workers have paid steady structures has been discovered and studied in details'"’,

attention to the structure of polymers at a supermolecular and a systematic classification has been developed®.
level. Special progress has been made in studying the Less attention has been paid to the structure of amor-
structure of crystallising polymers-—the folding of polymeric  phous polymers, firstly because of the opinion that poly-
molecules, detected originally in thinfilms ' and in single mers in the amorphous state were structureless, and
crystals® ™ —which was very reliably transferred also to secondly because application ofthe usual structural methods
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Figure 1. Schemes of packing of rod-shaped molecules: a) nematic structure; b) smectic
structure (according to Friedel); c) ideal paracrystalline lattice (according to Hosemann);
d) liquid packing of cross-sections of macromolecules; e) gasocrystalline; f) crystalline
(according to Kitaigorodskii).
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to amorphous substances yielded little information. Sys-
tematic study of the structure of amorphous polymers was
initiated in 1957 by the work of Kargin et al.,® whose
underlying idea, as expressed by one of the authors 17
years later'®, was that the structure of a polymer in the
amorphous state should be similar to its structure in the
crystalline state. Although the bundle model of the struc-
ture of amorphous polymers, in the form in which it was
presented in that® and other publications of these workers'"’
12, is now regarded as unsatisfactory, the actual concept
of a high degree of structural order permeates the majority
of current models of the amorphous state.

The present Review traces the main trends and results
in the experimental study of the structure of amorphous
polymers, and the extent of agreement with the most
generally accepted current models of the amorphous state.

II. NOMENCLATURE OF STRUCTURES OF DIFFERENT
DEGREES OF ORDER

A multitude of organic compounds exist in Nature that,
over a certain temperature range, are intermediate between
liquids and crystals with respect to the degree of molecular
order and hence physical properties 13504 They comprise
elongated molecules, and for this reason are able to form
molecular aggregates with different degrees of ordering.
The structure and the properties of liquid crystals have
now been investigated for more than half a century, so
that almost the whole terminology used to describe non-
crystalline packages of macromolecules was developed for
liquid crystals.

Ali types of intermediate ordering were generally
termed “mesophases” (from mesos—intermediate and
phasis—phase) or “mesomorphs”, the “mesomorphic”
state. In 1933 Rinne suggested for one- and two-dimen-
sional mesophases, in contrast to a three-dimensional
crystalline phase, the term “paracrystal”, thereby empha-
sising that the majority of liquid crystals are para-sub-
stituted benzene derivatives. Somewhat earlier, in 1922,
Friedel had independently suggested the term “nematic
mesophase” (from nematos—fibrous, filamentous) for a
unidimentional mesophase, and “smectic” for a two-
dimensional mesophase. These structures are shown
diagrammatically in Fig.1a,b.

These terms already came to be applied in the same
sense to analysmg polymer structures in the early papers
of the 1930s.'® The term “paracrystal” was then made
more specific by Hosemann in 1950 in his paracrystalline
model of the structure of polymers as a whole, including
regions of all degrees of order **”’7. This worker postu-
lated the presence of a three-dimensional lattice in the
arrangement of atoms in a polymer, with all three para-
meters of the unit cell not constant but conforming to some
coordination statistics (Fig.1¢). The type of statistics
and the consequent lattice disturbances are determined by
the degree of molecular order—from liquid to monocrys-
talline—in different polymers or in different portions of
the same polymer.

In 1959 Kitaigorodskii proposed '® the new term “gaso-
crystalline” structure for certain highly ordered nematic
and smectic forms. If the axes of the long molecules are
located at the points of a regular (crystalline) two-dimen-
sional hexagonal lattice and the molecules perform random
(“gaseous”) rotations about their axes, a model of the gaso-
crystalline state is obtained (Fig.1le). This structure will
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exhibit a nematic or a smectic character according as
neighbouring molecules undergo random or coordinated
displacements respectively.

In 1963 Vainshtein '® discussed in the greatest detail
possible types of aggregates of chain molecules. The
simplest and most natural organisation of chain molecules
into three-dimensional aggre§ates, also satisfying the
principle of densest packing®, was taken to be a parallel
arrangement with a varying degree of order and with the
parallelism maintained in varying degree. Having placed
the chain molecule with its axis passing through a branch
point of one of the five possible ideal two-dimensional
networks (Fig.2a,b), this author then examined every type
of disturbance of the initial position of this molecule,
various combinations of which are summarised by the
scheme in Fig.2¢. Thus the structure of a given polymer
can be regarded as established when the type of aggrega-
tion of chain molecules to which the given structure corre-
sponds has been found experimentally and the quantitative
characteristics of the disturbances involved have been
determined. Later in the monograph®® theoretical con-
sideration was given to the character of the X-ray diffrac-
tion from all types of aggregates of chain molecules, the
results being illustrated by optical diffractograms from
models or X-ray diffraction patterns of model materials.

III. CLASSICAL STRUCTURE ANALYSI® OF AMORPHOUS
POLYMERS

Application of X-ray diffraction to the study of natural
and synthetic polymers began immediately on the appear-
ance of industrial equipment for structural analysis. Most
of the polymers known at that time were amorphous, so
that greater attention was then paid to their structure than
at the present time, with the abundance of well crystallised
polymers, more suitable for study by means of X-rays.

Firstly the X-ray patterns of monomers and corre-
sponding polymers were compared'®. The greatest
differences were observed with polymers having large
side-chains—poly(methyl acrylate), poly(vinyl acetate)-
polystyrene, polycarbonate, polyindene—whose patterns
exhibited two halos within a certain range of angles, where-
as the corresponding monomers showed only one of them.
The additional halo, always having the greater periodicity,
was termed a “polymerisation ring”. The reason for its
appearance became clear when it was observed to contract
on to the equator in the case of an oriented specimen
(Fig.3c). In the uniaxial stretching of a polymer the axes
of the macromolecules are oriented preferentially in the
direction of stretching, and therefore the equatorial reflec-
tion may be governed merely by the interchain distance.

At the same time a good correlation was noted between the
length of the side-chain and the periodicity of the equatorial
reflection?'. The fact that a “polymerisation ring”—or
“intermolecular interference”, as it came to be called
later—is observed even in an isotropic specimen shows
that the polymer molecules in a block are not randomly
entangled but are arranged in parallel in microregions,
each randomly oriented relative to its neighbour. 1In the
terminology of liquid crystals such polymers have a nema-
tic mesomorphous structure.

These ideas were developed as early as 1936, when
Katz published his review ', but they were forgotten during
the postwar years, when the centre of gravity of structural
investigations was transferred to well-crystallised stereo-
regular polymers. Experimental results gradually began
to accumulate afresh: in 1950 Pritshk® demonstrated four
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types of X-ray patterns obtainable with nylon-6, which he
attributed to various combinations of liquid-amorphous,
nematic, smectic, and crystalline structures; in 1951
Krimm and Tobolsky? reproduced the texture of atactic specimens of poly(vinyl chloride)* **, poly(vinylidene
polystyrene discovered by Katz and Fuller during the chloride)®®, their copolymers, and chlorinated poly(vinyl
1930s; and in 1959 Kitaigorodskii® directed attention to chloride)?®. The smectic state of isotactic polypropylene

polyacrylonitrile as the clearest example of a polymer
having a gasocrystalline structure’® (Fig.3a). A nematic
type of structure was noted in molten and amorphised
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was revealed by X-ray diffraction and dilatometrically 26%7,

The accumulation of experimental data was accompanied

by attempts to systematise mesomorphous polymeric struc-
tures. Forexample, Ruscher distinguished seven different
types of ordering of chain molecules®—amorphous, nema-
tic, smectic, nematic-hexagenal, smectic—hexagonal,
defect-crystalline, and ideally crystalline structures.

C‘.‘s oy
A
(]

Effects of ordering on X-ray patterns of
oriented amorphous polymers: a) two-dimensional long-
range order '’ (gasocrystalline structure '®) in polyacrylo-
nitrile; &) one-dimensional long-range order in poly(ethyl-

Figure 3.

ene terephthalate)*’; c¢) interchain short-range order in

polystyrene; d) as (¢) in poly(methyl methacrylate).

As noted above, a rigorous and full classification of
possible tyPes of packing of chain molecules was given by
Vainshtein '°. Since the beginning of the 1970s increasing
numbers of publications have appeared on the application to
polymers of the analysis of radial distribution curves of
electron density based on the dependence of the X-ray
intensity on the scattering angle (or based on the potential
distribution in the scattering of electrons). A compara-
tively large amount of structural information—interatomic
distances in molecules, number of closest neighbours
(coordination number), their mean distance, etc.—is
given by radial distribution curves in the case of amor-
phous substances of low molecular weight ¥, For exam-
ple, the examination of short-range order iu cycloalkanes
enables the molecular conformation (chair and boat forms
of cyclohexane over different temperature ranges, the W
form of cyclo-octane) and a coordination number of ~ 11.5
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to be established?®® from the observed intramolecular dis-
tances. The molecules of n-alkanes, however, were
packed in the liquid like cylinders of rotation, with a mean
distance of 5.6 A between their axes® and ~ 6 nearest
neighbours.

The greatest difficulties in analysing radial distribution
curves are encountered in separating the contributions of
intramolecular and intermolecular interference. This is
probably why such analysis was first applied to atactic
polystyrene® and its para-halogenated derivatives®', for
with this polymer, as we have already seen'®>”®, the
effects of intra- and inter-molecular interference are
quite sharply separated even on the initial scattering
curves. The statistical mean intrachain short-range
order was found to be the same as in isotactic polystyrene,
which has since been confirmed independently by nuclear
magnetic resonance’’. Among intermolecular distances,
benzene rings in neighbouring chains were 5 A apart, and
their axes 9-11 A apart.

This method has been used to investigate a large num-
ber of molten crystalline polymers—-polyethylene®****,
polychlorotrifluoroethylene, poly(ethylene sebacate),
gutta-percha®, natural rubbers from various sources
polyacrylonitrile*, and polycarbonate® —by Ovchinnikov
and his coworkers, who employed the set of interchain
distances in the crystal lattices of the polymers to sepa-
rate the maxima observed on the radial distribution differ-
ence curves into intramolecular and intermolecular. The
general deduction for all the polymers was that the charac-
ter of the short-range order in the melt corresponded to
their structure in the crystalline state: i.e. a parallel
arrangement of chain segments and their packing in the
basal plane analogous to crystals (square, rectangular,
hexagonal) are present also in molten crystalline polymers.
In several cases transitions are observed from one type of
packing to another: in molten polyethylene a change from
rectangular (rhombic) to hexagonal packing was observed
at 175-200°C,*® and in polybutadiene one pseudohexagonal
packing passed into another at ~ 75°C.*® The number of
intermolecular maxima on the difference radial distribu-
tion curve was regarded as a relative measure of the
degree of perfection of the short-range order and the size
of the ordered regions. Most frequently there were two,
corresponding to regions of diameter ~ 25-30 2, but some-
times three (polyacrylonitrile®®) or one (gutta-percha®®).
Other workers *® have obtained a similar result by this
method for polycarbonate [bisphenol A polycarbonate]:
the size of ordered regions for an amorphous specimen
prepared by injection moulding, and also after annealing
below the glass point (at 120°C for 3 h), was 20-30 A,
but after prolonged annealing above this point (at 190°C for
122 h) the size had increased to 50-60 A.

Mevertheless, the ambiguity inherent in the separation
of contributions by intramolecular and intermolecular
scattering to the maxima on the radial distribution curves
makes a different interpretation of the experimental
results possible. Thus Fischer et al.*® have attempted
to assign all the maxima on the radial distribution curves
of polyethylene to intrachain distances.

The difficulties in interpreting the X-ray patterns of
amorphous polymers made theoretical consideration of
this question necessary. A general solution of the prob-
lem of the diffraction of X-rays on amorphous polymers
has not yet been found, but certain limiting or simple
cases can be examined theoretically, and hence the main
features of the X-ray patterns actually obtained from
amorphous polymers can be predicted and explained .

35,36
)
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The first noteworthy result is the character of the diffrac-
tion pattern to be expected with non-parallel packing of the
chain molecules. The pattern of scattering should be
saw-tooth in character: at scattering angles corresponding
to the repeat period of the chain a sharp jump in intensity
should be observed, followed by a slow fall. This applies
even to 8 units in a linear chain segment. Such a pattern
of scattering does not correspond to the experimental
X-ray photographs. Further consideration of the diffrac-
tion from an individual curved macromolecule showed'®
that the periodicity should appear with oriented preparations
as a single meridional reflection, but with isotropic speci-
mens as a ring at the same angle of scattering. The
effective chain segment with respect to diffraction is then
6-7 units long. A second effect in diffraction from a
single curved chain is gaseous or liquid intramolecular
scattering. If large side-groups are absent, this
scattering should be apparent as a uniformly decaying
background. If the monomer unit has a complicated struc-
ture, the intramolecular scattering will be characterised
by diffuse maxima, as with molecular gases and liquids.

S=—— ==
—

Figure 4. Diagrammatic representations of structure of
amorphous linear pol;lrmers: a) Vainshtein modellg;
b) Jeh-Geil model "%

Parallel packing, as far as possible, is also advanta-
geous in aggregates of curved chains '®: portions with skew
contacts between neighbouring molecules make hardly any
contribution to the overall interference pattern, whereas
portions with an approximately parallel arrangement of
chains will give a new diffraction effect, consisting in the

appearance of an interference spot on the equator of an
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oriented specimen (or an additional ring, in comparison
with the scattering from a single chain, with an isotropic
specimen). The presence of displacements and rotations
of chains does not prevent the appearance of an equatorial
reflection, and the spread in interchain distances merely
results in blurring of this reflection. Qualitative esti-
mates of the size of the interference region give 20-40 A,

Thus three types of diffraction effects must be expected
on the X-ray patterns from amorphous polymers (they can
be reliably separated only in the case of oriented speci-
mens) *—-(i) a maximum (or maxima) on the meridian
resulting from chemical periodicity in the chain molecule,
(ii) a maximum on the equator as a consequence of inter-
chain interference of roughly parallel chain segments, and
(iii) a diffuse background of intramolecular scattering,
with “liquid” maxima when the monomer unit is complicated
in structure—all of which are in some measure apparent
on the X-ray patterns of amorphous polymers, especially
clearly with amorphous biopolymers (see Figs.217 and 218
in the monograph'®) but less distinctly with synthetic poly-
mers owing to the considerably greater non-uniformity of
molecular mass, branching, stereoregularity, and other
characteristics. Examples of amorphous textures with
meridional reflections are incompletely crystallised
oriented poly(ethylene terephthalate)*® (Fig. 3b) and fibres
of certain polyamino-acids*'; amorphous textures with
equatorial reflections are exhibited by polystyrene '*2°,
poly(vinyl acetate)'®, and poly(vinyl chloride)®®. If intra-
molecular and intermolecular interferences greatly over-
lap, the X-ray patterns exhibit a tendency for one ring
(usually the inner ring) to contract to an equator, and the
other ring to a meridian, which occurs e.g. with a poly-
carbonate*? and with poly(methyl methacrylate)*® (Fig. 3d).

Thus the present-day possibilities of the theory and
practice of classical structural analysis enable amorphous
polymers to be regarded'® as comprising (Fig.44) regions
of 20-40 A with roughly parallel packing of segments of
macromolecules. A given molecule may pass through
several regions or (if strongly bent) may enter the same
region several times. “Skew” contacts are present
between molecules in intermediate zones. Models in which
the structure of an amorphous polymer is represented by
bundles of macromolecules in which good or approximate
parallelism of the molecules extends to a considerable
length—or conversely by disordered microtangles each
formed by a single molecule—cannot explain the observed
character of the X-ray patterns'®. The pogsibility of the
chain folding is not excluded in the model illustrated by
Fig.4a, although it is not considered a decisive cause of
the formation of regions with a parallel arrangement of
chain segments.

IV. RESULTS OF ELECTRON MICROSCOPY

When considering the results of electron-microscopic
investigations, we must bear in mind that electron beams
interact with an object according to laws different from
those governing the scattering of light**. A source of
error in interpreting electron micrographs lies in so called
artefacts, a term which is usually taken to imply peculiari-
ties of the image that are due not to the structure of the
object but to the method of preparing the specimen.

Several typical examples of artefacts can be found in mono-
graphs on the technique of electron microscopy*, and
others will be noted below in connection with the results

of the electron-microscopic study of the structure of amor-
phous polymers.
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All publications concerned with the present topic can be
arbitrarily divided, according to their specific purpose,
into three groups. The first group comprises studies
whose principal or subsidiary aim was to detect individual
macromolecules on the electron micrographs. As early
as 1940 Husemann and Ruska had reported“; the presence
of spherical particles of diameter 150-300 A in specimens
of iodinated glycogen, in good agreement with the calcu-
lated diameter of 240 A for a molecular coil of the given
molecular mass and macroscopic density. Spherical
domains, roughly comparable with a single macromolecule,
were later detected on micrographs of thin films from
solutions of polystyrene*®™ poly(methyl methacrylate
and natural rubber *°

The range of objects was expanded by using replicas
from “brittle” fractures and ultrathin sections from block
specimens. These methods have revealed, for example,
two scales of dimensions in the observed structures—
molecular of diameter 40-80 A in poly(methyl methacry—
late)® and 150-200 A in melamlne formaldehyde resins®
as well ag in polyacrylonitrile®; and micellar of diameter
200-800 A in poly(methyl methacrylate)*°***, 700- 900 A in
phenol-formaldehyde*? and melamine-formaldehyde **
resins [and in phenolic, dioctyl phthalate, epoxy, leached
2poxy, and silicone resins 54], and 200-840 A in polyacrylo-
nitrile **—but recently the method of replicas from
“prittle” fractures has been severely criticised*™%7. Thus
even at the temperature of liquid nitrogen cleavage is non-
brittle: because of local heating the polymer may undergo
deformation under conditions of either forced elasticity,
rubberlike elasticity, or viscous flow. Furthermore,
experimental facts have been found 58 contradicting the
initial assumption that a cleavage fracture bends the super-
molecular structures. Thus the morphology recorded on
replicas represents the actual process of fracture of the
m.aterial, not the three-dimensional structure of the poly-
mer.

With regard to the spherical particles observed in thin
films mainly the 1ntergretat10n of the results has changed,
Thus Schoon et al., ™ who investigated thin films (~100A)
of polystyrene, poly(methyl methacrylate), butadiene-
styrene copolymers, and also silicone replicas from these
films, using several methods for comparing both films and
replicas, and plasticising the polymers with various sol-
vents, showed that two scales of spherical structures are
actually observed, but no exact correspondence with the
dimensions of individual molecules was established. They
determined particle-size distribution curves from micro-
graphs of narrow fractions of the polymers, and demon-
strated that the first scale of particle diamegters (47-62 A
for M = (1-17) X 10° in polystyrene, 40-60 A for M = (2-
70) X 10° in poly(methyl methacrylate) and 70 A for M =
10° in the copolymer) are substantially smaller than the
dimensions of a molecular coil of a polymer of the same
molecular mass having the given macroscopic density.

The second scale of particle diameters, representing
aggregates of particles of the first range, exceed the cal-
culated diameter of a single molecule by factors of 2-9.
We shall return to the present interpretation of these
results when discussing the third group of publications.

Observation of individual molecules under an electron
microscope requires more complicated and rigorous pro-

cedures. For example, Richardson® ’* used the vacuum
sputtering of very dilute (~ 10~ “%) solutions of polymers—
polystyrene, polyacrylonitrile, poly(methyl methacrylate),
poly(vinyl acetate) etc.—in mixtures of a solvent with a
precipitant in certain proportions. With very high molec-
ular masses (» 10°), when the application of traditional

46-48
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methods is very difficult, electron microscopy is able,
with a correct approach to problems of preparation, to
cope successfully with the measurement of both the molec-
ular mass and its distribution ®

The second and largest group of publications on the
electron-microscopic study of the structure of amorphous
polymers is the product of research workers of Kargin's
school, and has been the subject of several detailed
reviews 'V’®-%,  These studies were directed mainly at
detecting experimentally the spontaneous ordering of
micromolecules even in the case of non-crystallising poly-

mers.

For this purpose a search was originally made for
model substances differing in chain flexibility, and type of
inter- and intra-molecular interaction (sometimes of
exotic character)é such as arsenic polymers (salvarsan)
polyacrylic acid®, fluorinated and silicone rubbers™,
copolymers of the d1ethy1 ether complex of vinylphosphinic
acid with acrylic acid™ , etc. Application to such com-
pounds of the usual preparation techniques (mostly film
formation from dilute solutions) revealed two main types
of organisation—globules, containing more than one coiled
macromolecule, and fibrils (bundles of extended macro-
molecules). In several cases the latter were able to
aggregate further to form regular polyhedra (methyl meth-
acrylate—acrylate copolymer®®) and well developed den-
drites (copolymer of diethyl ether complex of vinylphosphi-
nic acid and acrylic acid”'). The so called “banded
structures” were recognised as the most typical secondary
formation, with such methods of preparation, from bundles
of chains in any amorphous polymer.

The next stage was to study the structure of polymer
solutions¥. This complicated task involved the use or
redevelopment of special techniques, such as one-step
replicas from fractures of vitrified solutions ™, dissolving
the polymer in a solvent at a temperature above its critical
point (propane, colophony, ammonia) and “firing” the
solution in a vacuum on to a support™, thermal attach-
ment’®”®,  Application of these methods to polymers
differing in chain flexibility—e.g. in the sequence polysty-
rene, polyacrylonitrile, acetylcellulose, poly-(y-benzyl
glutamate)—showed that flexible molecules (polystyrene)
do not form fibrils, whereas with rigid chains, as in poly-
(v-benzyl glutamate), the spontaneous aggregation of
macromolecules in solution can be attacked only by special
procedures. In the case of polymers having chains of
intermediate rigidity (polyacrylonitrile and acetylcellulose)
either globular particles (containing several dozen macro-
molecules) or fibrillar formations may appear depending
on the ratio of solvent to precipitant.

It must be admitted that the structural studies of the
Kargin school were treated with reserve by foreign
workers®”"", who remarked that “more detailed photo-
micrographs and electron micrographs of globules and
bundles were absolutely essential” as proof of the results®.
A tendency to reinterpret electron-microscopic data from
several previous studies has recently begun to appear
even in papers by Soviet 1nvest1gators [sic]®. It has been
suggested *®, for example, that the “banded structures”,
which had been considered one of the main structural
forms in amorphous polymers®®, should be regarded as
artefacts of the preparative processes, since no diffrac-
tion data have yet been obtained that would support their
presence in the bulk of a polymer. The appearance of
images of such morphology on photomicrographs is attri-
buted to wrinkling of the preparations under the influence
of surface tension®®, No confirmation has yet been
obtained in other laboratories of the observation of large
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faceted structures in amorphous polyacrylic acid®® and its
copolymers with the ether complex of vinylphosphinic
acid™, as also the detection of spherulites by Utsuo and
Stein in industrial poly(vinyl chloride)™ and by Natov™®

in atactic poly(methyl methacrylate) with 3% of poly(ethyl-
ene adipate). The absence from these papers of diffrac-
tion data casts doubt on the reality of such structures in
amorphous polymers. Cases are known in which the
authors themselves find a simpler explanation for the
observations: thus the coarse crystalline formations in
annealed gels of poly(vinyl chloride) with dioctyl phthalate®
proved to be crystals of phthalic acid, a degradation
product of the plasticiser®.

In order to eliminate the influence of the surface relief
of films, fractures, and cross-sections, which is an
indication of the preparative processes rather than the
structure of the material, several methods were proposed
and have been used to etch the surface layers®®’%27%,
Although application of the “mildest” of them **~® to crys-
talline materials has little effect on the character of the
images obtained *®, a radical change in the pattern is
observed in several cases with amorphous polymers.
Instead of the spherulitic formations often detected on
replicas from fractures in amorphous polymers, e.g.
polyurethane rubber®® or poly(methyl methacrylate)®
(arising, as is now understood, from the mutual intersec-
tion of the propagation fronts of fracture cracks), a glo-
bular morphology is observed in both cases after surface
layers of the cleavage have vaporised in the gas-discharge
plasma®®*® Still more surprising and unexpected is the
transition from the clearly defined fibrillar morphology
of replicas from cleavage planes of highly oriented speci-
mens of poly(methyl methacrylate)® to the globular mor-
phology of replicas from etched surfaces of cleavage
planes in analogous specimens®.

In the search for objective criteria of the correctness
of an interpretation of electron-micrographs obtained from
crystallisable polymers it was proposed that optical dif-
fraction patterns should be compared with small-angle
X-ray patterns %2 or with diffractograms obtained from
block specimens in polarised light 8 The diffuse charac-
ter of small-angle X-ray patterns and optical diffracto-
grams from amorphous polymers makes wide application
of this test to amorphous preparations difficult, although
it may prove useful in several cases. Fig.5 gives elec-
tron-microscopic and optical diffraction results obtained
by various workers for uniaxially oriented specimens of
atactic poly(methyl methacrylate). The replicas of
oriented films after being etched in the gas discharge
exhibit globular formations and their aggregates of dimen-
sions 200~2000 A (e and b) with a somewhat distorted form
when specimens are stretched at temperatures above the
glass point®. The axial ratio of such particles was always
appreciably smaller than the macroscopic degree of
stretch if preparation was undertaken after removal of the
stretching force, but corresponded to it when the load was
maintained. The attempt to compare the Fraunhofer
diffraction from a photomicrograph with the X-ray pattern
of oriented poly(methyl methacrylate) at large scattering
angles® (c¢) contradicts the very idea of the method of
analysis of photomicrographs and is pointless. On the
other hand, the “rhomboid” pattern obtained when polarised
light is scattered by the specimen® (f), analogous to the
scattering pattern for a set of anisotropic cylinders®® (e),
corresponds more closely to the fibrillar morphology found
on replicas of unetched fractures (d). Results obtained*
for isotropic and oriented amorphous films of poly(ethylene
terephthalate) subjected to oxygen etching contrast with
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those for etched oriented poly(methyl methacrylate). An
unoriented preparation reveals only globular formations of
diameter 300-400 A, but oriented specimens (amorphous
texture®’) exhibit elongated structural units 100-200 A wide
and up to 1 um long.

Figure 5. Morphology and diffraction of oriented poly-
(methyl methacrylate): @) electron-micrograph of replica
from cleavage plane of 400% drawn polymer after ionic
etching (magnification X 7000)%°**°; b) as (a) X 70000;

c¢) Fraunhofer diffractogram from micrograph (a)®®;

d) X-rag large-angle diffraction pattern of block speci-
men®®"®; ¢) micrograph of replica from cleavage plane
without etching®'; f) diffractogram obtained with polarised
Hy light for polymer specimen stretched by 700%; g£) theo-
retical intensity distribution of polarised light scattered by
a set of anisotropic cylinders®’*.

Hence the inclusion of ionic etching in the preparation of
electron-microscopic objects eliminated the artefacts of
the “brittle” cleavage method and of film formation from
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dilute solutions, but at the same time introduced new arte-
facts, probably due to uncontrolled heating of the surface
layer and to the inadequately studied mechanism of poly-
mer degradation under ion bombardment®. At the present
time this method shows great promise for mvestigation of
the phase morphology of multicomponent polymer systems,
such as polymer and filler °*°°, mixtures of polymers *"°
cross-linked systems'®', etc.

Granular (nodular, domainal) morphology of

a) bright-field elec-
tron-micrograph of biaxially oriented (2 X 2 X) amorphous
film of poly(ethylene terephthalate) (shadowed with platinum

Figure 6.
films of amorphous linear polymers:

)1 b) dark-field micrograph of film of

plus carbon ;
natural rubber '
yl methacrylate) film (contrast enhancement with U0,)%;

d) as (c¢) (phase contrast)™

We have thus approached the third group of publications,
reported the most complete utilisation of the current arsenal
of aids to electron microscopy on preparations varying
widely in their previous thermophysical history. Chrono-
logicall})g the first paper in this series was that by Frank
et al.,
ture of polycarbonate films. Grains of diameter < 100 A
were observed in films quenched in ice-water from a state
of rubberlike elasticity (160°C); they could be enlarged
reversibly to 200-900 A by annealmg at 110°C (glass point
150°C), and brought back to the previous size by being
quenched again. The reversible character of the changes
during the anneal-quench cycles, and the abrupt change in
mechanical losses for an unannealed specimen in the region
of 100°C, evident on the temperature curve of tan dmech,
indicated the structural nature of this phenomenon.

Efforts by research workers of the Geil school soon
detected granular structures (nodal, nodular, domainal) in
amorphous specimens of poly(ethylene terephthalate) 103-104
(Fig. 6a), polycarbonate'®, polystyrene'®®, and natural
rubber 197'°® Usually the granular structure (grain size
60~100 A) was revealed simply by shadowing the films, so
that artefacts were tested for by such well known proce-

dures as iodination '®, contrast intensification with osmium

¢) bright-field micrograph of poly(meth-

in which ionic etching revealed the granular struc-
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tetroxide ™", various types of heat-treatment , uni-
and bi-axial orientation’°®"*'°® " analysis of crystalline
morphology developed from controlled variation of the
nodular structure '71%%'°¢ and also chemical etching '*°"'°,

The application to amorphous polymers of dark-field
microscopy '°*"'°®"% —a standard method applied to crys-
talline substances**, including crystalhne polymers &7 #%%
1%8__represented a fresh advance in their electron micro-
scopy. By tilting the illuminating system of the micro-
scope to an angle corresponding to the Bragg angle of the
inner amorphous halo of the polymer it is possible to
obtain an image of the object by means of those electrons
that are responsible for the appearance on the electron-
micrograph of the segment of the diffuse ring that has
passed through the aperture diaphragm. But it is known
that inner halos on diffraction patterns of amorphous poly-
mers are due mainly to intermolecular interference of
parallel chain segments. As a consequence we might
expect that bright spots would appear on the dark back-
ground of the micrographs, these representing ordered
regions in which the axes of the macromolecules were
perpendicular to the radius of the chosen segment of the
diffraction maximum'®. Dark-field micrographs of thin
films (< 500 A'®) of poly(ethylene terephthalate)'®, poly-
styrene, and natural rubber '°® (Fig. 6b) exhibit dlscrete
bright spots respectively 75, 27 + 13, and 20 A (30 A‘°9)
in size. Bright-field (unshadowed) mlcrographs of poly-
(ethylene terephthalate) films revealed a nodular structure
of the same dimensions '**"'%, those of polystyrene showed
little contrast, and with f11ms of natural rubber aggregates
of grains of d1ameter 100-150 A were probably observed
after shadowing with platinum '®®. A more definite ten-
dency for grains to aggregate mto superdomains was
traced by another novel method—decoration with gold—in
poly(ethylene terephthalate) during uniaxial and biaxial
orientation’®: the primary grains of 60-100 A were
aggregated into coarser superdomains of minimum size
300-500 A which behaved as individual entities during
orientation. We can now recall the studies by Schoon *°%°
discussed already, in which the application of various
methods for intensifying contrast also revealed in poly-
styrene, poly(methyl methacrylate), and butadiene-styrene
copolymer films grains and their aggregates respectively
40-"70 and 200-900 A in size (Fig. 6¢).

The granular morphology of amorphous films has been
observed many times on bright-field micrographs even
without any intensification of contrast—in the films of
collodion ****°® and polyvinyl formal resin'® used as
supports, in thin films of poly(ethylene terephthalate
and poly(methyl methacrylate)''’, and algo in thin amor-
phous inorganic specimens of silicon dioxide ''?’*'* and
germanium dioxide''. In general it was clear that phase
contrast is not the final factor in establishing such a
morphology on the micrographs, and such effects have
}Jogually been regarded rather as undesirable phenomena*

) 103

4

A recent publication’® traces in greater detail the
influence of phase contrast on formation of the electron-
microscopic image in work with amorphous subjects in
the range of limiting magnifications. The authors con-
sider''® that phase contrast can and must be converted
from an interfering factor into an effective new procedure
in electron microscopy applied to polymeric subjects, as
it was ''® when the structure of inorganic materials was
examined at limiting resolutlons The main conclusion
from the experimental work ''* was that phase contrast is
able to reveal in amorphous poly(methyl methacrylate)
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films (100-150 A thick) grain-like structures of diameter
15-30 A and their linear aggregation with a periodicity of
15-40 A extending for 100-200 A (Fig. 64).

Such an abundance of well founded electron-microscopic
data on nodal structures in amorphous polymers led to the
model of the latter described in detail by Yeh'"", shown
diagrammatically in Fig.4b with his lettering. The actual
grains obseryed on bright-field micrographs are usually
G = 40-100 A in size. The central portion of the grain
OD = 20-40 A comprises more or less parallel and almost
equidistant chain segments, and is revealed in dark-field
electron microgcopy. The boundary regions of the
grains, 10-20 A thick, include folds, chain ends, and
individual bent chains. The intergranular regions, of
size 10-50 A, consist of intermediate portions of chains
of individual molecules (probably oligomeric) and free
space. The refinement of this model by Klement and
Geil'™ involves merely introducing a supergranular struc-
ture (supernodes, superdomains), within which intergran-
ular bonds are assumed to be denser than those between
grains in different superdomaing; however, these authors
do not indicate the reason for such differentiation of inter-
granular bonds. It was assumed '’ that the grains should
have directional properties; polymer chains may enter
and leave the ends of grains, so that the latter should be
linked as in a string of beads. Nevertheless, the possi-
bility that they could be linked into a three-dimensional
lattice is not denied.

The “electron-microscopic” and “diffraction” struc-
tural models of the amorphous state of polymers (sug-
gested independently though not simultaneously) are
clearly very similar (Figs.4b and 4a). Such similarity
is evidently due to the use of essentially the same experi-
mental diffraction evidence of order in the arrangement of
chain segments in the amorphous state. The contribution
of electron microscopy to further development of the
model was to detect boundaries between regions of nematic
order and disorder, and to establish more detailed size
characteristics independently of diffraction estimates.
The authors of the electron-microscopic model could cite
no experimental evidence for the underlying hypothesis
that macromolecules had a predominantly folded confor-
mation in the ordered regions. They considered that the
hypothetical chain folding in grains was supported by the
facts that the crystallisation of poly(ethylene terephthalate)
involves the conversion of grains of size 75 A into iso-
metric crystallites of size 140 A, in which the chains
probably have a folded conformation '™, that polycoumarin
grains of size 60-110 A coalesce during prolonged
annealing at the glass point to form platelike crystals,
chain folding in which has been proved by electron diffrac-
tion’®®, and that the nodal morphology of natural rubber
films of size 100-150 A is transformed on cooling into a
lamellar morphology with plates 55 A thick in the direction
of the chain ',

V. OTHER PHYSICAL METHODS OF INVESTIGATION

The low degree of order in the arrangement of segments
of macromolecules in amorphous polymers and the small
size of the ordered regions make it necessary to use the
widest possible range of physical methods to study struc-
tural details of the amorphous state. Definite progress
has already been made in this direction, and several
interesting facts have been discovered concerning the
supermolecular organisation of amorphous polymers.
Simple density measurements on an amorphous polymer,
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e.g. poly(methyl methacrylate)''””"'®) showing a decrease

on quenching from the rubberlike elastic state and a con-
tinuous increase during annealing below the glass point,
have already indicated the occurrence and the reversibil-
ity of ordering in the amorphous state, while the propor-
tionality of the density of oriented specimens of the same
polymer to the double refraction''® indicates quite clearly
the character of the ordering.

However, this method is not always sufficiently sensi-
tive: in the case of polystyrene, for example, the density
remains constant after it has been stretched 50 times''®,
although the double refraction and the infrared dlchroism
definitely record a certain degree of molecular orienta-
tion'®°, It is noteworthy that oriented amorphous pre-
parations have seldom been chosen as subjects for struc-
tural investigations. The above examples may be
supplemented by the observation of a long period (150-

250 A) on the equator of the small-angle X- ray diffraction
pattern of slightly oriented poly(vinyl acetate)'?'. Further-
more, application of X-ray diffraction and physicomecha-
nical study of oriented amorphous fibres of polyamino-
acids has shown*' that the modulus of elasticity calculated
from the change in the repeat distance along the chain
under the influence of tension is several times larger than
the macroscopic value for the specimen as a whole. By
analogy with the corresponding phenomenon in crystalline
polymers, which has been studied thoroughly, this result
may indicate an alternation along the texture axis of regions
differing in degree of order.

More comprehensive information has been obtained for
isotropic specimens. Thermographic study has shown
that ordering processes, unconnected with crystallisation,
the effects of which appear separately '2*7'#7, occur in the
am:orphous phase of poly(ethylene terephthalate)'’”, poly-
(vinyl chloride), and copolymers of the latter '#27'2
during annealing. Interesting attempts have been made to
apply nuclear magnetic resonance to polyethylene in con-
centrated solutions and in the melt '®®. The distortion of
the form of the resonance line observed in the spectra of
these preparations were interpreted as due to the super-
position of two components, narrow and wide, which they
assigned to disordered and ordered regions respectively.
The amorphous phase of polyethylene was similarly
divided into two components on analys1s of the n.m.r.
spectrum obtained by rotation at the “magic” angle'®,
although the numerical ratios found'? for the two compo-
nents differ from the values obtained by other workers ',
The development of order in amorphous polymers is
apparent in the infrared spectra'®: the splitting of the
carbonyl vibrational band is similar in character when
amorphous poly(methyl methacrylate) is precipitated from
solution or from a polymerisation product and when poly-
e-caprolactone is crystallised from the melt. The type
of splitting indicates the presence of mutually oriented
molecular structures in poly(methyl methacrylate).

The scattering of light has recently been used to
examine the structure of amorphous polymers With
poly(methyl methacrylate)®®, polystyrene'®, and poly-
carbonate®® the observed intensity of vertically polarised
scattering exceeded the calculated value, which may be
due to the presence of scattering centres of 1000-2000 A_3°
The intensity of this scattering increases with rise in
temperature, but the monotonic character of the depen-
dence does not change on passing through the glass poin
as might have been expected from the electron-micro-
scopic observations %%, The horizontally polarised
component of the scattered light was independent both of
temperature and of angle of scattering***'*’, This was
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regarded **"*' ag implying that the internal structure of

the scattering centres is isotropic: i.e. the method of
light scattering reveals no anisotropy in the molecular
packing at-dimensions exceeding 1000 A.

Another approach to solving the problem of the
scattering of light on poly(methyl methacrylate) is to
replace the latter by a model consisting of spheres having
different refractive indices®®. The histograms ulti-
mately obtained (which showed the relative contents of
hypothetical spheres having various refractive indices)
were even sensitive to annealing and quenching of the
specimen. Nevertheless, attempts to confer a real phys-
ical meaning on absolute values of the density calculated
from the refractive indices obtained are hardly soundly
based. Indeed, the values found'**—a content of ~ 40%
of spheres of density pcalc = 1.29 g cm™>—appear very
high in comparison with pamorph = 1.19 and pcryst =
1.22-1.23 g cm™*,% especially in view of results obtained
by application of small-angle X-ray scattering to amor-
phous materials.

Theory indicates'® that the intensity of the scattering
of X-rays at very small angles by a material exhibiting
density fluctuations extending over the range 10-10* A is
directly proportional to the square of the density differ-
ence between “particle” and medium and to the number
of inhomogeneities, and is related exponentially to their
radius of gyration. For a long time, therefore, it was
expected that papers would appear on the application of
such scattering to the study of amorphous polymers, in
order to obtain experimental estimates of the density dif-
ference between domains and interdomainal space. The
very low intensity of small-angle scattering by amorphous
polymers was already emphasised in the first few papers s
134 within the limits of the moderate resolving power of
the apparatus used (20 = 8.5') the experimental curves for
poly(ethylene terephthalate) were well reproduced by
Guinier's approximation '** with a_radius of gyration of the
inhomogeneous regions of 15-20 A.'*"* This was half
the radius of domains found from electron-microscopic
measurements *°'°°, It was noted that annealing at a
temperature below the glass point tends to increase the
product of the number of scattering centres and the square
of the density difference. A study by small-angle X-ray
scattering of the crystallisation of the same polymer has
revealed *® a decrease in density of uncrystallised regions
from 1.337 to 1.31 g ecm™ (by 1.5%) with increase in the
degree of crystallinit7y to its maximum value.

Lin and Kramer'¥” were probably the first to attempt
to estimate the density difference between domains and
interdomainal space directly from absolute measurements
of the intensity of small-angle X-ray scattering: for poly-
carbonate they found the radius of gyration of inhomo-
geneities to be 130 A, and the density difference to be
1.6-1.8% (it is noteworthy that pcryst — Pamorph = 21%).
Polycarbonate was soon examined with small-angle appa-
ratus of ultrahigh resolution '*® (26min = 10’"). The inten-
sity of scattering at moderately small angles (26 > 20')
was almost constant, and consistent with the theoretical
scattering on density fluctuations in a homogeneous liquid.
At angles approaching the smallest possible with the given
apparatus the intensity of scattering increased sharply,
and could not be described in Guinier coordinates by a
single radius of gyration. Hence it is not possible to
calculate both the density difference and the concentration
of scattering centres from the experimental data. If the
density of the domains is taken to be peryst, their dimen-
sions will lie in the range 50-3000 A, while the volume
fraction is ~ 0.04%. This most likely comprises dust
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particles, catalyst residues, etc. If, however, the
volume fraction and the dimensions are taken from elec-
tron-microscopic data (~ 50% and 50-100 A respectively),
the density of the domains should be very close to that of
the matrix. Similar results have been obtained for poly-
(methyl methacrylate)® and for polyglycol ethers '
Thus the results of small-angle X-ray scattering indicate
a very insignificant difference (< 1.5%) in the density of
inhomogeneities in the structure of amorphous polymers.
A new page in research on the structure of amorphous
polymers was opened by Krigbaum and Goodwin '**, who
used small-angle scattering by specially prepared speci-
mens to determine the size of single macromolecules in
the block state. They studied the scattering of X-rays by
a 5% solid solution in ordinary polystyrene of polystyrene
molecules weighted at the ends with silver atoms. The
calculated root mean square distance between the silver
atoms, i.e. between the ends of the chain, was 269 A,
which exceeded by 24% the unperturbed dimensions of
macromolecules of the given molecular mass (217 A for
M = 87000) according to Flory "*°.

s Ry, (bl)~R(8) Ry(bl)

Polymer* | 103My | RyGDA | Ru@l3A Ry® 1

ps 7.1 30142 23.1 21.2 0.33
s 2 40113 39.7 0.8 0.28
ps 57 80143 65.3 22.5 0.34
ps 90 10013 821 21.8 0.30
ps 97 90145 85.1 5.4 0.29
ps 112 115143 91.5 25,7 0.35
ps 325 200143 156 28.2 0.35
ps 390 280145 258 8.5 0.30
pmma 250 116—130140—148 109148 16—19 —

pe 81 1263 123% 24 .4 —

*ps = polystyrene; pmma = poly(methyl methacrylate);
pe = polyethylene.

The small-angle scattering of neutrons by solid solu-
tions comprising a low concentration of deuterated mole-
cules dissolved in the usual substance, or conversely, has
become more widely used during recent years. Most of
the investigations have been made on polystyrene !~
well as on poly(methyl methacrylate) *¢7™*® and molten
polyethylene®. The radius of gyration of the macro-
molecules in the block Rw(bl) was in all cases comparable
with values for solutions in a 6 solvent Rw(f), but never-
theless usually exceeded it on the average by 20%, as is
evident from the Table. The latter shows clearly for
polystyrene the proportionality of the size of macromole-
cules in the block to the square root of the molecular
mass: Rw(bl) = Mw'’2. A similar dependence has been
found also for poly(methyl methacrylate) 8.

The possibility of obtaining quantitative information on
the dimensions of macromolecules in the block, demon-
strated in the above publications, is undoubtedly one of the
greatest achievements of polymer science during recent
years. Nevertheless, the conclusions reached by the
authors and sustained by such authorities as Fischer®® and
Flory 162, on the correspondence of the conformation of
macromolecules in the block and in solution, which were
based merely on the correspondence of their external
dimensions, are too categorical in the Reviewer's opinion.

as
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In the search for ways of resolving the apparent contra-
diction between many facts on the development of order in
the packing of macromolecules and their coiled form
several authors sought to deepen the analogy between
amorphous and crystalline structures: it was suggested
that macromolecules are folded in vitreous polymers.
Thisl; hypothesis was probably first put forward by Robert-
son 49, the immediate occasion being his comparison of
experimental density ratios for several polymers in crys-
talline and amorphous states with those calculated for
various angles between neighbouring chain segments. The
best agreement was observed if divergence of the segments
from parallelism did not exceed 5-15° for different poly-
mers. However, Robertson's calculations on the density
of packing of molecules with skew contacts have recently
been subjected to serious criticism. According to
Fischer et al.*® the density of packing of polyethylene
calculated on the assumption of a random distribution of
angles of contact between neighbouring segments is 0.687,
whereas experimental values for the molten and vitreous
states are respectively 0.625 and 0.645.

Despite the controversial character of the initial pre-
mise, the hypothesis of chain folding in the amorphous
state gained wide popularity. Details were filled in by
Privalko et al., " who suggested a formula for calculating
the length of a fold from experimental values of the
molecular mass, the steric factor of restricted internal
rotation, and the cross-section of the molecules. An
active search is being made for experimental evidence of
the folding of chains in the amorphous state. Thus small-
angle meridional reflections have been observed in several
crystallisable polymers even when, according to large-
angle X-ray diffraction, crystallisation has not yet taken
place's’. Petermann and Gleiter '*? observed that, if a
single crystal of polyethylene in which the axes of folded
chains are parallel to the electron beam is melted directly
in the electron microscope, the diffuse ring of period
2.55 A is absent from the resulting electron-diffraction
pattern. This means that even after fusion the axes of the
macromolecules retain their previous orientation perpen-
dicular to the plane of the specimen, and hence have a
folded conformation as before. 1In the study of polyethyl-
ene it was also observed '® that increase in molecular
mass is accompanied by a sharp increase in diamagnetic
susceptibility in the region of transition from alkane crys-
tals having straightened chains to polyethylene crystals
with a folded conformation, reaching and even somewhat
exceeding the values corresponding to liquid alkanes. It
was then found that in the same region the diamagnetic
susceptibility of molten polyethylene also increases, to a
value typical of gaseous alkanes. Comparison of experi-
mental data on the optical anisotropy of macromolecules,
the root mean square distances between the ends of a
chain, and several other similar characteristics of poly-
ethylene with values calculated for models of chains con-
taining straightened segments of various lengths showed '**
that most satisfactory agreement is obtained with lengths
of 10~20 monomer units. Investigation of the dependence
of the density and the surface tension of narrow polyoxy-
ethylene fractions on molecular mass revealed a minimum
in the range of values of this last factor (~ 3000) at which
chain folding began on crystallisation. Similar types of
relations were obtained with non-crystallising oligomers
of diethylene glycol adipate ***"**°,

In concluding this survey of experimental results of the
application of structural methods to amorphous polymers
we must also remark that the repeatedly noted ambiguity
and sometimes even inconsistency of the direct structural
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information, the very wide range of highly specialised
methods of investigation and the consequent great disper-
sion of literature sources among the pages of several
dozen different periodicals, and several other similar
factors led to the appearance of a number of models of the
amorphous state arising from the need for a logical
explanation of anomalieg in the macroscopic properties

of polymers—the molecular-domain model to describe
rheological phenomena and mechanical breakdown '¥, the
folded-fibrillar model to explain anomalies in the recovery
from forced elastic deformation'®, its cluster modifica-
tion'® | the dislocation model for viscous flow'®, the
associative model to explain dynamic mechanical data'®,
etc. A distinguishing feature of such models is unneces-
sary detail, structural evidence for which is at present
completely lacking.

---000---

Several important characteristics of the structure of
amorphous polymers have been reliably established by the
broad application of the traditional and the most recent
resources of physical experiment to its analysis.

Firstly mention must be made of determination of the
dimensions of individual macromolecules in isotropic
block specimens (root mean square distance between ends
of chain and weight-average radius of gyration) from data
on the small-angle scattering mainly of neutrons. The
principal result of these investigations is that the size of
macromolecules ig proportional to the square root of their
molecular mass, and exceeds the size of a Gaussian coil
by ~ 20%.

The next important conclusion, based on the diffraction
of X-rays and electrons at large scattering angles, is that
segments of chains are folded roughly in parallel in
microregions of dimensions 20-50 A. The scattering of
X-rays at small angles indicates further that the density
of such microregions differs very little from that of por-
tions with skew contacts between chain segments (by 1.5%
or less).

Despite the slight differences in density, these inhomo-
geneities in the packing of macromolecules could be
visualised by the correct application of various procedures
in electron microscopy (contrast enhancement, etching,
dark-field technique, phase contrast effects).

The hypothesis of chain folding in the formation of
ordered microregions in amorphous polymers has gained
great popularity. It is based on certain theoretical argu-
ments and several experimental analogies with the pheno-
mena of chain folding in single crystals of polymers.
Nevertheless, it must be borne in mind that all experi-
mental results relating to chain folding have been obtained
for the amorphous state of crystallisable polymers.

Of the large number of schematic models of the struc-
ture of amorphous polymers in the unoriented state (on the
scale up to ~ 100-200 A) those of Vainshtein and of Yeh
and Geil, which differ merely in whether folding of macro-
molecules is essential, correspond most completely to the
above characteristics.

Structural data at present available for dimensions of
the next scale (200-9000 A) are few and contradictory.
Reliable data on the structure of the oriented state of
amorphous polymers are almost completely lacking, and
it is here that important advances in our knowledge of the
fine structure of amorphous polymers must be expected in
the very near future.
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A survey is madg of the behaviour of polymeric sorbents and the role of the porous structure of polymers in the mechanism
of sorption and in the thermodynamic affinity of solvents for the polymer. The list of references contains 301 items.
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I. INTRODUCTION

The properties of polymeric materials depend not only
on the chemical structure and the dimensions of the macro-
molecules but also on the structure of the material, by
which is usually understood the relative arrangement of
macromolecules in space, their conformations, and also
the internal structure of the units forming the macroscopic
polymeric material and the nature of the interrelationship
between them ', Furthermore, the concept of structure
must include also looseness or emptiness, which are
present in any material owing to the distances both
between molecules and between coarser, supermolecular
structures. In crystal chemistry these voids are indi-
cated quantitatively by the packing coefficient®”; the term
“free volume” is usually applied to liquids®; and for
porous solids various parameters of the porous structure
are calculated®,

A vast literature, summarised in several monographs’
, has been devoted to the structure especially of crys-
talline polymeric materials. These publications do not
pay due attention to problems of the looseness of molecular
packing and the porous structure of polymers, but are
concerned mainly with the degree of ordering of the macro-
molecules and various morphological formations. Yet
many papers have paid gpecial attention to problems of the
density of packing and the porous structure of polymers,
but the regularities reported in them have not hitherto been
summarised. Without knowledge of the porous structure
of polymers and the density of their molecular packing it

is impossible to describe the polymer structure, in par-
ticular of amorphous polymers, to understand the mecha-
nism of the sorption of simple substances on polymers, or
in general to comprehend the mechanism of the interaction
of polymers with solvents.

The problem of the mechanism of sorption on polymers
is of immense practical importance in connection with the
expanding application of polymers as sorbents (ion-
exchange resins and their frameworks, sorbents for gel-
permeation chromatography)® "' and membranes (in par-
ticular for reverse osmosis , as well as in connection
with the sorption of simple substances by fibres, artificial
leather'®"®, etc. Sorption effects play a large part in the
permeability of polymers to gases and vapours'”™”'®, Many
processes in which polymers undergo chemical modification
(e.g. the acetylation of cellulose, etc.) depend on the size
of the pores, which act as transport arteries for penetra-
tion of the modifying agents to the reaction centres'®. 1In

1
7,8

12—14)

this case an insufficiently developed porous structure may
result in a non-uniform fibre of low quality. The mecha-
nical and thermophysical properties of polymers are
governed by their porous structure and the density of
packing of the macromolecules®* !, It is therefore neces-
sary to have a clear idea of the laws of the formation of the
porous structure of polymers, and on the other hand also
those of the production of monolithic polymers. The
Reviewers have now made the first attempt to summarise
all the information that has been published on this subject.

II. POROUS STRUCTURE OF MATERIALS AND ITS
ESTIMATION

The concept of “porosity” and “pore” arose from con-
sideration of the structure of solid mineral sorbents and
catalysts. According to Dubinin's definition “pores are
voids in solids ...”%%; “porosity is a property of solids due
to their structure and apparent in the presence of empty
spaces—pores between individual grains, layers, crystal-
lites, and other units of the coarse structure of a solid”?,
The two definitions emphasise that the concept of porosity
is applicable to solids, and that a pore is a space not
between molecules but between supermolecular structures.

Table 1.

Method Pore sizes, cm

Sorption 107-105
Chromatographic 107105
Mercury porometry 10-7-103
Electron microscopy 106-104
Optical microscopy > 104

X-Ray diffraction 10-8-10-5

The porosity of solvents is usually assessed quantita-
tively by means of several parameters—sgpecific surface
Sgp, total pore volume Wo, pore radius #—and by means of
differential distribution curves of pore volume with res-
pect to radius. Methods of determination developed for
mineral sorbents®™2® are applied also to polymers. Each
method covers a definite range of pore sizes (Table 1).



84

The most direct visual method is electron microscopy,
which makes it possible to assess not only the dimensions
but also the shape of the pores®~®; it is applied also to
polymers® ™2, X-Ray diffraction enables the effective
radii of the finest pores to be determined**®*; in recent
years this method has been widely applied to investigate
ultramicrocracks in polymers® ™, which are essentially
micropores.

The sorption method was historically the first for evalu-
ating the porous structure of sorbents, and has become
classic. It consists essentially in studying the sorption of
various substances from liquid and vapour media on solids
and then using the resulting sorption isotherms to calculate
the specific surface, the total pore volume, the pore radius,
and the differential distribution curves. There exist many
variants of this method and ways of calculating the parame-
ters of the porous structure. The most common are the
Brunauer-Emmett-Teller (BET) method for calculating
specific surface*®”” and the Dubinin-Radushkevich equation
for calculating the total pore volume®®, Despite the wide-
spread use of the sorption method, it has several limita-
tions, as indicated below. .

1. It cannot estimate voids having » <7 A, since the
quantity of substance sorbed by them is below the limits of
sensitivity of the method.

2. Values of Wo, calculated by means of the Dubinin-
Radushekvich equation or directly from the maximum quan-
tity of substance sorbed*®, do not represent the true total
pore volume, but indicate essentially the limiting volume
of adsorption space, which, of course, depends on the size
of the sorbed molecules: the larger the molecules the less
accessible are the fine pores of the sorbent and hence the
smaller the value obtained for Wo. In order to estimate
the dimensions of the finer pores, therefore, use must be
made of the sorption of substances having small molecules
(nitrogen or argon); this is performed at temperatures at
which their vapours condense (low-temperature sorption).
In most cases the “porosity for nitrogen” of mineral sor-
bents exceeds the “porosity for benzene”.* However,
some workers *'?* refer to quite marked changes in pore
volume accompanying the cooling of certain mineral sor-
bents to temperatures (around —200°C) at which the sorp-
tion of nitrogen or argon is conducted, which may lead to
incorrect results.

3. The parameters of the porous structure depend on
the chemical surface structure of the sorbent, which in
turn affects the area, occurring in the BET equation, occu-
pied by a sorbate molecule in the adsorption layer and the
degree of wetting of the surface by the liquid, i.e. the pro-
cess of capillary condensation. Poor surface wetting
hinders this process and leads to underestimates of the
parameters >,

4. Calculations based on the Thomson-Kelvin equation
do not give true pore radii but essentially the radii of con-
cave menisei of liquid condensed in the pores. A correc-
tion for the thickness of the adsorption layer must be made
to obtain true pore radii®’*®,

5. The sorption method does not enable the size of very
large pores to be estimated, in which capillary condensa-
tion is difficult because of the considerabledistance between
the walls.

The porous structure of solids can be investigated over
a wide range of pore sizes by the method of mercury poro-
metry, which enables pore radii to be measured from 30
to some 10° A:2657%8  the larger pores (10°~10° A) are
filled with mercury under pressures of ~ 1 atm; high
pressures reaching 2500-4000 atm are used to fill the
finer pores. The pore radii are calculated by means of

Russian Chemical Reviews, 47 (1), 1978
the equation

___20-cosb (1)

where 0 is the surface tension of mercury at the experi-
mental temperature, 6 the angle of wetting, and p (in kgf
cm?) the pressure. This method has recently begun to
be widely used to examine the porous structure of poly-

meric materials—fibres *”*, network copolymers, and
ion-exchange resins based on them 3*7°°7%,

Difficulties arise also with mercury porometry, con-
nected with the choice of numerical values for o and 6,
which depend on the nature and the purity of the surface,
and may vary with pressure®*?°"®"" Ag a result of
incorrect estimates for o and 6, as well as their possible
variation during an experiment, the error in the determi-
nation of pore size may reach 30-40%.%¢""" Furthermore,
the high pressures applied may disrupt the structure of the
sorbent?®/%'#%76-8%  Therefore this cannot be regarded
as an absolute method for determining pore size™’™.

III. CHARACTERISTICS OF POLYMERIC SORBENTS

A1l that has been stated above concerning the limitations
on the sorption method and mercury porometry are fully
applicable also to polymeric sorbents, which also possess
specific features due to the properties and structure of the
polymers. In the determination of the pore structure of
polymers it must be borne in mind that they exist not only
in the solid but also in the rubberlike-elastic state, so that
the question naturally arises of whether the idea of pores
and porosity is appropriate to such a state, From the
definition of these concepts (Section II) it follows that pores
are voids in a solid that do not change with time®, This
concept is fully applicable to solid polymers (vitreous and
crystalline) but inapplicable to polymers in a state of
rubberlike elasticity. In this last case the “voids” or
“holes” have a fluctuating character (just as in liquids):
i.e. they change their forms and dimensions continuously
under the influence of thermal motion. However, the per-
manent cavities produced in polymeric materials under
special conditions, e.g. in foam rubbers, can be termed
pores, and the articles themselves are porous,

Furthermore, the structure of polymeric sorbents is
considerably more labile and far more sensitive to sor-
bent-sorbate interaction, temperature, and external pres-
sure than is the structure of classic mineral sorbents
(active carbons, silica gels, etc.). This faces the inves-
tigator with the problem of the conditions under which a
particular method can be used to assess porous structure,
and also the conditions of preparation of polymeric sor-
bents.

Any substance of high molecular weight swells on inter-
action with liquids and vapours of low molecular weight.
Swelling is not simply the absorption of these substances
by the pores of the former: it necessarily involves
changes in the volume of the specimen and in its struc-
ture®. Hence the structure of a swollen polymer differs
fundamentally, especially at high relative vapour pres-
sures, from its original structure. Since a swollen poly-
mer is not a solid, the “holes” or free volume it contains
are fluctuating in character and are not pores. Therefore
the terms used in the literature—-“porosity of polymers in
the hydrated state”'®, “pseudoporosity”®, “latent poros-
ity” # 7% —are devoid of physical meaning.



Russian Chemical Reviews, 47 (1), 1978

Structural lability of a polymer develops also when the
temperature is varied, which often leads to incorrect
results in the investigation of the low-temperature sorption
of nitrogen or argon vapour ¥ %, If the coefficient of
thermal expansion of a sorbent is @ =~ 107 deg™, the spe-
cific volume may change by only 0.002-0.003 cm® g~ when
the temperature is lowered from 25 to —-195°C, and this
will hardly be apparent in its overall porosity. In such
cases the porosity with respect to nitrogen, determined at
-195°C, will exceed the porosity with respect to benzene,
determined at 25°C, as was to be expected, and the method
of low-temperature sorption is applicable. With many
polymers, however, the coefficient of expansion is larger
by factors of 10~10°, For example, polystyrene and its
copolymers have @ = (1.8-2.7) X107 deg™, and for
cellulose @ = 4 X 107* deg™; ***** hence the volume of
these compounds should decrease by 0.1 cm® g when they
are cooled by ~ 200 deg. If the pore volume of the poly-
mer is of the same order, the porosity will almost dis-
appear on cooling. In such cases the parameters of the
porous structure determined with respect to nitrogen may
be smaller than those with respect to organic compounds.
This is illustrated by T able 2, which shows that, for
specimens of well developed porosity (No. 4 and 5), such
volume changes are insignificant, and the specific surface
with respect to nitrogen is considerably larger than that
with respect to methanol®, It is obviously for this rea-
son that results obtained by Ruzi¢ka and Kudlaéek®® for the
sorption of argon vapour on viscose tyre cord agreed with
those obtained by Paul and Bartsch®® for high-strength
viscose rayon fibre by mercury porometry. In the case
of polymers having relatively undeveloped porosity, how-
ever, the low-temperature sorption of nitrogen or argon
vapour must be applied with great caution®,

Table 2. Parameters of the porous structure of polymers
determined from the sorption of nitrogen and organic
vapours ™,

Ssp, m2 gl Wo, cm3 g1
No. Polymer

N» CH30H N2 CH30H
1 Polystyrene — — ! 0.001 ’ 0.030
2 |Copolymer of styrene + 4% p-dvb* ~0 5.1 ~0 0.030
3 | Copolymer of styrene + 20% p-dvb ~0 17.2 ~0 0.070
4 | Copolymer of styrene + 60% p-dvb** 278.4 88.4 — 0.460
5 | Polymer based on 100% p-dvb** 423.8 94.2 — 0.440

*dvb = divinylbenzene.
**Synthesised in n-heptane.

The structural lability of polymers and polymeric sor-
bents is evident also in mercury-porometric measure-
ments, since the high pressures used may develop forced
elastic deformations in the specimen, In uniformly
porous polymers, with all the pores filled with mercury
at almost the same pressure, the pore walls may be com-
pressed under multilateral pressure. When pores of
different sizes are present, they are filled with mercury
at different pressures, and the wall between a full pore
and a still unfilled pore may be deformed by unilateral
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pressure, closing the pore. The possibility of the rever-
sible compression of polymers during porometric mea-
surements was mentioned in Ref. 65, but with some poly-
mers no significant change in porosity occurs when they
are tested in a porometer’®,

The peculiarities of polymeric sorbents also lead to
certain demands on their preparation, mainly the need to
remove from the pores various impurities of low molecu-
lar weight. With active carbons and other mineral sor-
bents this is usually achieved by prolonged heating in a
vacuum at 300-400°C, Such heat-treatment is excluded
with polymers because of their possible degradation or
other chemical changes. But the removal of moisture or
organic compounds by drying polymers even at lower tem-
peratures (but above their glass points) is also hardly
applicable because of shrinkage phenomena due to the
plasticising action of low-molecular liquids that are pre-
sent. Thus the vaporisation of water from moistened
cellulose leads to its compaction ',

Polymeric sorbents can be subjected to lyophilic or
freeze drying, first applied to biological materials. This
method consists in the rapid cooling of moistened polymer
specimens to the boiling point of liquid nitrogen, which
leads to the sublimation of liquids present in the specimen.
An advantage of lyophilic drying is the almost complete
elimination of the effect of the capillary forces present in
ordinary drying®" ™%,

The best method for drying a polymer is inclusion,
which consists in successive displacement of the liquid by
treatment with various increasingly volatile miscible
liquids which possess gradually diminishing affinity for the
polymer. The last liquid should have as low a surface
tension as possible. As a result, the polymer passes
into a vitreous state, and its pores contain a readily
vaporisable liquid interatting only slightly with the poly-
mer. After removal of this liquid the polymer has more
or less retained its original structure !9,87,68,%8,99,103-105
The classic example of this method is the inclusion of
moistened cellulose: water is displaced by repeated tréat-
ments with methanol, and then with pentane, which is
evaporated off'°,

Unfortunately, these characteristics of polymeric sor-
bents were ignored in many determinations of the porosity
parameters, so that the results are unreliable® %7087,
For example, the specific surface of cellulose was calcu-
lated from the water-vapour sorption isotherms as 100-
200 m? g™, ®""'% yalues which are far too high, since cellu-
lose swells strongly in water. If the sorbates used cause
a given polymer to swell to different extents, different
values of the specific surface will, of course, be obtained
for the same specimen'?”,

The incorrectness of such results was first pointed out
by the Reviewers '°*"%, who suggested the same approach
as for mineral sorbents, i.e. to maintain the sorbent as
far as possible rigid, retaining its structure unchanged
during sorption. The appropriate sorbates were said to
be “inert”, a not altogether fortunate term, since abso-
lutely inert sorbates and sorbents do not exist, as Hill
showed!°"''2,  Any sorbent—even if mineral—undergoes
some perturbation under the influence of a sorbate, which
is apparent in a change in state of the surface atoms'*?~''*
or even in a slight “subswelling” of the sorbent *711°,
Henceforward, however, we shall employ the term “inert”
to imply sorbates in which a polymer hardly swells at all,

Polymeric sorbents may undergo considerable distur-
bances under the influence of a sorbate. In order to
obtain correct values for the parameters of their porous
structure it is necessary to select for each polymer a
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sorbate that will not cause its bulk swelling (the perturba-
tion of a polymeric sorbent by the sorbate should not
exceed that of a mineral sorbent).

During recent years comprehensive experimental
information has been obtained on the sorption of “inert”
vapours (i.e, those that do not cause swelling) on very many
polymerg*919394:108,109,120-141 * papameters of their porous
structure have been calculated (by generally accepted
methods) from the sorption isotherms. The BET and
Dubinin—-Radushkevich equations are applicable over the
same ranges of relative vapour pressures as for mineral
sorbents 17821292130,

IV. CLASSIFICATION OF POLYMERIC SORBENTS AND
THE POROUS STRUCTURE OF POLYMERS

The first few classifications of mineral and polymeric
sorbents were based on the form of sorption isotherm,
which was related to the type of surface coverage of the
adsorbents by the adsorbate molecules. In particular,
such a classification was proposed by Brunauer, Deming,
Deming, and Teller (the BDDT classification), in which all
published sorption isotherms were divided into five types
differing in the character of the surface coverage®’®, A
similar approach to the classification of polymeric sor-
bents was suggested by Rogers, who separated all known
sorption isotherms on polymers into the four types '*2
illustrated in Fig.1. The first type of isotherms corre-
spond to a linear relation between the concentration of the
sorbed substance and the pressure, which characterises
the absorption of a gas in conformity with Henry's law,
The second type involve systems in which only a mono-
layer is adsorbed on the polymer surface. Isotherms of
the third type are obtained for multimolecular adsorption
when the energy of interaction between sorbent and sorbate
molecules exceeds the intermolecular interaction energy
in the sorbate. The fourth type corresponds to multi-
molecular adsorption when the former interaction energy
is very much smaller.

a a a a
I I m v
k/p; Flef Alp kit
Figure 1. Types of sorption isotherms on polymers

according to Rogers'*?, where 4 is the equilibrium quantlty
sorbed in millimoles per gram of sorbent, and p:/#} the
relative vapour pressure.

Theories relating adsorption processes solely with
surface state?* were accompanied by the development of
ideas on the role of sorbent porosity in adsorption pro-
cesses, and clagsification of mineral sorbents were pro-
posed according to pore size and shape. Thus there exist
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globular, slitlike, cylindrical, and bottle-shaped pores, as
well as pores between round rods ! Pores are divided
into closed, blind, and open pores . the third group
comprises pores, channels, and capillaries that are con-
nected with one another and with the sorbent surface,
serving as transport arteries for mass transfer; closed
pores are mutually isolated and have no outlet to the sur-
face; and blind pores are connected with the surface but
arenotinterconnected. Nounambiguous evidence has been
published of the presence of one kind of pore or another.
In most cases this must be judged from gas-permeability
data**"*® The most fertile classifications of sorbents
are those of Dubinin 622"%¢ and of Kiselev'"", which can be
applied even to polymeric sorbents.

51 9143
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Figure 2. Sorption isotherms for vapours of “inert”
liquids on different classes of polymeric sorbents, where
the solid circles and broken curves denote desorption
results. (2) Non-porous: 1) n-hexane on pol?rvmyl alco-
hol'®; 2) benzene on polyvinylidene chloride 2 ) metha-
nol on polyethylene ' (b) Microporous: 1) mtrogen on a
macroscopically cross -linked isoporous polymeric sorbent
based on polystyrene and p-bischloromethylbenzene;

2) water on polystyrene'*®; 3) n-hexane on celluloge'®

4) nitrogen on activated carbon '3, (c) Sorbents contammg
continuous pores: 1) copolymer of styrene with p-divinyl-
benzene (in n-decane)''; 2) methanol on a polyarylate
(DKh-1 brand)®’. (d) Macroporous: 1) Styroflex film;

2) polystyrene film. (e)Mixed type: 1) copolymer of
styrene with technical divinylbenzene (in n-heptane)'?*;
methanol on a polyarylate (F-1 brand)?¥,
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Analysis of > 200 sorption isotherms for “inert”
vapours on various polymers °9%s108:109:120-1415148 o gyl ag
them to be separated into the four main types illustrated in
Fig.2. The first type—non-porous sorbents (Fig. 2a)—
are characterised by sigmoid isotherms without sorption
hysteresis and with a small quantity of maximally absorbed
sorbate. Such isotherms are observed with several crys-
talline polymers (polyvinyl alcohol, polyvinylidene chloride)
and certain densely packed vitreous polymers (block poly-
(methyl methacrylate) and polystyrene). At low relative
vapour pressures crystalline polyethylene sorbs hardly any
vapour of the “inert” methanol, and insignificant sorption
is observed only at higher relative vapour pressures. Such
polymers are characterised by almost zero total pore
volume W and very small specific surfaces (~ 1-T m? g™*).

The second type comprises mjicroporous polymeric sor-
bents having pore radii up to 16 A, Such fine pores cannot
be penetrated by large sorbate molecules and many small
molecules. Microporous sorbents are characterised by
T'-shaped isotherms (Fig.2b), the plateau on which results
not from surface saturation with sorbate molecules but from
the inaccessibility of the fine pores to the penetration of
many molecules. The concept of specific surface has no
Physical meaning for microporous polymeric sorbents?’
49715 pyut the total pore volume may reach 0.5 ecm® g™,
Fig. 2b indicates that the initial portion of the sorption iso-
therms is considerably less steep on the polgmeric sor-
bents than e.g. on microporous carbons'®"** or zeo-
lites'®®™'®, This is understandable, since a large number
of fine pores in the latter sorbents result from the removal
of hydrogen chloride or water,

Polymeric sorbents of the third type have continuous

pores with radii from 16 to 1000-2000 A. such polymers
are characterised by sigmoid isotherms and large sorp-
tion hysteresis (Fig. 2¢). They are able to absorb large
quantities of a sorbate, their total pore volume reaching
W:ol =~ 0.8 em® g7! and their specific surface ~ 700-900 m®
g

Macroporous polymeric sorbents, having pore radii
exceeding 1000-2000 A constitute the fourth type.
According to Dubinin's hypothesis, sorption takes place on
them in the same way as on non-porous sorbents, since
the internal surface of such large cavities acts as an
axternal surface. Indeed, Fig.2d shows that the sorption
isotherms for methanol on a non-porous Styroflex film and
on a specially prepared macroporous specimen of poly-
styrene are completely identical.

It is often impossible to assign real polymersto a
definite class of sorbents, and in particular it is a com-
plicated task to obtain uniformly fine-pored sorbents,
often termed “isoporous”. The latter are obtained not by
polymerisation or polycondensation but by the cross-linking
of existing polymersms’lso—ms. The large majority of
amorphous polymers are sorbents of structurally mixed
type. They are characterised by slightly sigmoid iso-
therms (Fig. 2e) and possess pores of the most diverse
dimensions, as is evident from Fig.3. Such sorbents
often exhibit no correlation between pore volume and spe-
cific surface. Thus, when large pores predominate, the
pore volume may be large but the specific surface small;
and conversely, in the presence of a large number of small
pores, the sorbent has a large specific surface and a small
pore volume 91292135, .

Pore radii of the order of 10°~10* A indicate that the
large cavities in the polymer are formed not between
molecules but between coarse supermolecular structures,
while the pore walls may be very densely packed. This
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suggests that amorphous polymers are structurally inhomo-
geneous, as is sometimes observed even with crystalline
polymers. In isotactic polystyrene, for example, large
pores are found situated between crystallites'?,
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Figure 3. Differential curve of the distribution of pore
volume with respect to radius for F-1 polyarylate, where
AV is the volume of mercury filling pores of certain radii.

Porosity is not a property of a given substance but
depends on its previous history. It is usually produced
during preparation of the specimen. Several methods are
available for obtaining porous polymers, and are used
during synthesis and the moulding of articles. They
usually involve heat-treatment of the material accompanied
by removal of volatile products'#*”% ™7 with the intro-
duction of special blowing agents 1017 saturation of the
polymers by gases under a high pressure which is subse-
quently released'’?, or the introduction into monomers of
suspensions of organic or inorganic solids which are later
removed "™, One process for obtaining porous poly-
mers is synthesis in the presence of a solvent, whose
removal leaves quite large cavities in the polymer. Very
porous three-dimensional polymers can be synthesised in
so called inert solvents, i.e. substances that are not
involved in the polymerisation. Porous cross-linked
copolymers (e.g. of styrene with divinylbenzene), employed
in chromatography and also used as frameworks for
macroporous ion—exchana%e resins, are produced in this
way 910#31,32,83-86,136,174 180 ghrinkage stresses arising
on removal of the solvent then play an important part.
They lead to shrinkage deformations and to contraction of
the structural framework, i,e. to shrinkage of the whole
material.

This phenomenon was investi%ated in detail by
Rebinder '™, Ostrikov et al.'®™'*°  vVlodavets et al,'®* ™%,
etc. The shrinkage stresses may result in contraction of
the material by factors of 8—-10'%, with the pore walls
coming together and in some cases completely closing the
pores #1819 The magnitude of the shrinkage stresses
depends on the surface tension of the liquid 7981037105185
1947198 " the nature of the sorbent, and the shrinkage capa-
city of the latter'®®, With perfectly rigid materials
(porous silicate glasses, ceramics) shrinkage phenomena
are almost completely absent. Elastic polymers exhibit
the largest shrinkage. Hence the polymer framework
should be as inelastic as possible to obtain a highly porous
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structure during removal of the inert solvent, as has been
demonstrated experimentally for the cross-linked frame-
works of styrene—divinylbenzene copolymers®°, This is
achieved by introducing a large number of cross-links
during synthesis and selecting as inert solvent a “poor”
solvent that does not plasticise the polymers. Cross-
linked copolymers of highly developed porosity are there-
fore obtained in the presence of large quantities of thermo-
dynamically “bad” solvents and with a large quantity of the
cross-linking agent in the reaction mixture®! 9273479710772,
8486124 9125,13179136 5173 y174 y176 51 80 4201 —224

Analogous effects are observed also in the synthesis of
linear polymers, as has been shown for a series of poly-
arylates'**"'%°, Thus polymers of desired porosity can be
obtained by varying the conditions of the synthesis. A
porous structure can be conferred on polymers also by
varying the conditions under which they are moulded, as

has been demonstrated for fibres 77082257228 gp4 filmg'2®’
132,229-237

V. RELATIONS BETWEEN PARAMETERS OF THE POR-
OUS STRUCTURE OF POLYMERS, THEIR FREE VOLUME,
AND THE PACKING COEFFICIENT

As already mentioned, besides the term “porosity”
there exist other concepts connected with “empty” spaces
in materials—the free volume and the packing coefficient—
the problem of whose relationship has been discussed
previously %8,

The term “packing coefficient” was first applied by
Kitaigorodskii to crystals®”, but subsequently began to be
used for amorphous solids and liquids, and also to describe
the molecular packing of polymers®*®™**, This coefficient
is the ratio of the actual volume of the molecules in 1 g or
1 mole of the substance to its specific (or molar) volume
at the given temperature:

VW
K=gr (2)
The intrinsic volume of molecules is calculated from the
intermolecular distances and the lengths of the chemical
bonds between the atoms, obtained by X-ray diffraction*’2*°,
For most low-molecular and polymeric crystals the packing
coefficient lies in the range K = 0.68-0.8,° and for mono-
lithic amorphous polymers it fluctuates between 0.662 and
0.723.2%

The free volume is usually understood to be the volume
not occupied by the mass of the given substance, but
different authors calculated it differently. Thus Frenkel'®
understood by free volume the excess volume of a speci-
men at a given temperature in comparison with its volume
at the absolute zero:

Vr=Vr—V, (3)

Hildebrand and Bondi termed the quantity Vg calculated by
means of Eqn. (3) the expansion volume, and proposed that
the free or empty volume VE should be calculated by means
of the formula?*4243

Ve=Vr—Vy, (4)
in which VT is the volume of the body at the given tempera-
ture and Vyy is the actual volume of its molecules.

The empty volume and the packing coefficient are
related by the simple formula

1—K =VzelVr, (5)
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from which it follows that in crystals, even with the
densest packing of their atoms and molecules, the free or
empty volume constitutes 20-32% of the total volume, Yet
sorption experiments show that typical crystalline solids
are non-porous sorbents. Hence 20-32% of the volume of
crystalline solids represents “ultramicroscopic voids”
inaccessible to even the smallest gas molecules, e.g.
hydrogen®®, Diffusion in the lattice of such crystals as
sodium chloride, etc. is possible only when they contain
defects or at high temperatures?*®,

As already mentioned, crystalline polymers are in most
cases also non-porous solvents, for which calculations
show that Vg fluctuates within the range 0.2~0.3 ¢cm® g™, %"
238 If Eqn. (4) is formally used to calculate VE for a por-
ous polymer, the very high values of 2-4 cm® g™ are
obtained. This empty volume obviously includes the whole
total pore volume. Thus the free or empty volume of a
porous polymer always exceeds its total pore volume.
However, the quantity W, calculated from sorption data
does not represent the total pore volume, since it depends
on the relation between the size of the pores and that of the
sorbate molecules (Section II). This led to introduction of
the concept of the maximum pore volume Wy ax’ repre-
senting the volume of all the pores into which molecules of
any size can penetrate?®®,

A hypothetical case can be imagined in which a polymer
contains pores of various sizes, while the pore walls are
packed as in an ideal crystal, so that

W:)mx =Vr— Vid.cr . (6)

This recalls an equation often used to calculate the total
porosity 2°°2”°° or the so called porosity factor*

P= l/papp - I/PU, (7)

in which papp and ptr are the apparent and true densities
of the material respectively 81 The former density is
determined pyknometrically with a liquid that does not wet
the material and hence does not penetrate its pores (most
often mercury), or is calculated from geometrical con-
siderations?°?*’, The true density is also determined
pyknometrically but with a liquid that wets the polymer and
hence is able to penetrate its pores. For non-porous
materials papp = Ptr. For porous materials, even if
microporous, these quantities may differ markedly.
Therefore the method used to determine the density of a
polymer must always be indicated.

Table 3 lists some typical values for the parameters
VE and WE3X and for the packing coefficients. It includes
apparent polymer densities, which for polyisobutylene,
polyethylene, and poly(vinyl acetate) are identical with the
true densities. For the first four polymers in Table 3 we
see that Wi3X ~ 0 go that the empty volume VE is the
volume of ultramicroscopic cavities, which fluctuates from
0.26 to 0.35 cm® g™'. However, these polymers differ in
their density of packing, which is especially clearly shown
in the values of Vg expressed in cm® mole™" monomer
unit: its value is least for crystalline polyethylene, which
has the highest packing coefficient. A less densely packed
polymer is polyisobutylene, for whichK = 0.678; it is
followed by polystyrene and poly(vinyl acetate). These
data show that polystyrene is a loosely packed polymer, as
follows algo from heats of dissolution®*®’?*°, It is inter-
esting that these last two polymers have almost the same
packing coefficients, and the values for all amorphous
polymers are very closely similar®®, The empty volume
VE calculated in cm® mole™ is probably a more sensitive
measure of density of packing.
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Polyarylates possess very high values of WoraX Vg
(cm® g™'), and VE (cm® mole™), The porosity of these
polymers is a consequence of their synthesis in solvents.
Values of K calculated formally by means of Eqn. (2) for
such polymers are far smaller than for non-porous poly-
mers. Such low packing coefficients indicate not a low
density of molecular packing but a looge packing of super-
molecular structures. Consequently porosity and density
of molecular packing are inadequate concepts.

Table 3. Densities, free volumes, maximum pore
volumes, and packing coefficients of polymers 277238240,
No. Polymer fapp | VE, em3 | Vg, Cflﬂ3 Wy, Kpol
gom gl mole” em3 gl
1 Polyethylene
(100% cryst.) 1.00 0.26 7.2 ~0 0,740
2 | Poly(vinyl acetate) 1.189 0.28 24,1 ~0 0.665
3 |Polystyrene 1.05 0.32 33.3 0.06 0.666
4 Polyisobutylene 0.912 0.35 10.6 0 0.678
5 Polyarylate based on phenol-
phthalein and isophthalic acid—
F-1 (synthesised in chlori-
nated biphenyl) 0.90 0.82 367.3 0.58 0.477
6 Polyarylate based on
phenolphthalein and tere-
phthalic acid—F-2 0.77 0.74 355 0.49 0.426

(in acetone)

VI. MECHANISM OF THE SORPTION OF SIMPLE SUB-
STANCES BY POLYMERS

The absorption of one substance by another, e.g. of a
liquid by another or of gases by liquids, is in general
termed sorption. More often, however, this term implies
the absorption of molecules of gases, vapours, or liquids

or of iong by solids, which can occur by two mechanisms?,

(1) The substance is absorbed only on the surface, whether
external or internal.
It is divided into physical adsorption, when the adsorbate
interacts with the adsorbent by van der Waals forces, and
chemisorption, when chemical reactions occur between
them. (2)Molecules of the sorbate penetrate inside the
solid, entering the force field existing between its atoms,
ions, or molecules throughout. Here, too, two processes
may occur: the gas or vapour can either digsolve in the
solid or form a chemical compound with it. For the most
part adsorption and dissolution occur simultaneously, and
are combined under the general term sorption.

The mechanism of the sorption of low-molecular sub-
stances on polymers is complicated and depends on many
factors, including the phase constitution and the physical
state of the polymer, its porous structure, its chemical
structure, the flexibility of the chains, intermolecular
interaction, and the thermodynamic affinity of the polymer
for the sorbate. Depending on the magnitude of this last
factor the polymer may be perturbed to different extents
and the mechanism of sorption may be different.

1. Mechanism of the Sorption of “Inert” Sorbates on
Polymers

If the polymer does not swell in the sorbate vapour,
the mechanism of sorption does not differ fundamentally
from that on mineral sorbents. Thus physical adsorption

Such a process is termed adsorption.
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takes place on non-porous crystalline or elastic polymers
(we ignore chemical interaction between polymer and
sorbate).

Interacting centres of a microporous sorbent are dis-
tributed throughout its volume. With such sorbents,
therefore, a mechanism of bulk filling of pores can be
regarded as “dissolution” of the gas or “inert” vapour in
the bulk of the specimen 22512507252 The mechanism
operating with sorbents containing continuous pores
involves coverage of the pore walls layer by layer, coales-
cence of the multilayers, and capillary condensation.
Coalescence does not take place in macroporous sorbents
owing to the distance between the pore walls, so that
capillary condensation is absent, and only physical adsorp-
tion is observed,

Information on the mechanism of adsorption will be
given by heats of adsorption, which has been discussed in
detail by Kiselev et al, for hydrocarbons on graphitised
carbon black, a typical non-porous adsorbent®*™%*®, They
showed that at low surface coverage the hydrocarbon
molecules are oriented parallel to the surface. A similar
conclusion has been reached by Ostrovskii et al, 2* ?* in
an investigation of the heats of adsorption of hydrocarbons
on poly-p-divinylbenzene. This work showed that the
BET theory of multimolecular adsorption does not apply to
polymeric sorbents, which was attributed to surface non-
uniformity. Analysis of possible reasons for such inho-
mogeneity indicated that the inconsistency with the BET
theory might be due to swelling of the polymer, which will
be considered in greater detail in the following subsection.

2. Mechanism of the Sorption of Non-inert Vapours on
Polymers

Any substances in which polymers swell will be
regarded as non-inert liquids and their vapours. Sorption
of the vapours is most typical in the case of polymers.
Numerous papers have appeared on the sorption of the
most diverse vapours on various polymers—Long2%~2%
Park?®® 2" Gregor?®'*®"2 Kargin et al.,?*"?® Tager et
al,,2®728 L ipatov et al,,?* Papkov and Fainberg'®, and
others. Inspection of the immense amount of information
existing on the sorption of various substances on different
polymers enables certain generalisations to be made and
several mechanisms of sorption of non-inert substances
typical of polymers to be distinguished. Thus with dense
packing of macromolecules porosity is absent and physical
adsorption is impossible. The sorption of non-inert
vapours on densely packed polymers (elastic or vitreous,
linear and cross-linked) must be regarded as true disso-
lution of the vapour in the polymer “matrix”. However,
dissolution has different mechanisms according as the
temperature is above or below the glass point.

The mechanism of the dissolution of vapours in the
elastomeric polymers (above the glass point) is fluctua-
tional: i.e. the process consists in sorbate molecules and
monomer units or segments of the polymer chain changing
places. Because of the great flexibility of the chain these
interchanges are possible from the very first portions of
gas or vapour absorbed: i.e. disturbance of the sorbent
and essentially mutual dissolution of the components begin
at the lowest values of py. Typical sorption isotherms on
elastic polymers are always concave [ ? convex] to the
abscissae axis throughout the range of relative vapour
pressures (Fig.4a). The worse is the solvent thermo-
dynamically, the lower is the sorption isotherm situated,
and a non-solvent remains almost unabsorbed by the elas-
tomers. The overall process depends on the affinity of the
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solvent for the polymer and on the flexibility of the poly-
mer chain., With the same flexibility the sorption of a
given substance on different elastomers is described by a
single curve?”,

a, mmoles g~} x/m, g g’ a, mmoles g’
8 -
c
6 2
7
4
2
i 1
0 05 7
P/po

Figure 4. Types of sorption isotherms for vapours of
non-inert liquids on polymers, where x/m is the equilib-
rium quantity sorbed expressed in grams: (a) 1) n-hexane
on natural rubber®®; 2) toluene on polggisobutyleneza“;

3) benzene on nitrile rubber (SKN-18)2%; (b) 1) dioxan
on polyurethane?”; 2) ethanol on polyvinyl alcohol #°;

(c) 1) benzene on porous polystyrene®®; chloroform on a
polyarylate ",

At temperatures below the glass point segmental motion
of the chain is almost completely absent, so that inter-
changes between vapour molecules and chain units are
difficult. The mechanism of dissolution of the vapour con-
sists in the penetration of its molecules into existing
cavities, of which there are few in densely packed poly-
mers. The process is facilitated by the mobility of side-
groups, but this effect is apparently insignificant, since at
low pressures p: the quantity of substance dissolved lies
beyond the sensitivity of the sorption method. Sorption
begins to be appreciable at definite values of 1, at which
a fluctuational mechanism of swelling and dissolution of the
polymer becomes possible. The sorption isotherms
therefore have the form illustrated in Fig. 4b2"%2%,

A more complicated mechanism of sorption of non-inert
vapours is observed with porous vitreous polymers. The
sorption isotherms are sigmoid with an initial section
convex towards the ordinate (Fig.4c). This portion corre-
sponds to the vitreous state of the system®®; the point of
inflexion on the curve lies in the range of sorbate concen-
trations in the polymer at which the system passes, at the
experimental temperature (25°C), from the vitreous state
into one of rubberlike elasticity.

At higher relative vapour pressures the shape of the
isotherm resembles that for elastomers: i.e. the mecha-
nism of the absorption of a vapour by a polymer is analo-
gous to the mechanism of sorption on rubberlike polymers.
Sorption isotherms of this tyge have been obtained with
cross-linked copolymers?'*", polyamides®’®, cellulose
nitrate and acetate®°, and polystyrene®, Analysis of
such sigmoid isotherms led to the conclusion '08#1:2:276:201 5262
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that the initial convex portion of the isotherm represents
physical adsorption, and the concave portion corresponds
to dissolution of the polymer, the main argument being
that the former obeys the BET equation, and the latter the
Flory equation.

a, mmoles g™! a, mmole g™!

Q06

Figure 5. Sorption isotherms for the vapours of different
liquids on specimens of polystyrene?®®, (@) Benzene
vapour on polystyrene: 1) porous; 2) non-porous.

(b) Initial portions of sorption isotherms on porous poly-
styrene for the vapours of: 1) methanol; 2) cyclohexane;
3) benzene.

A recent study of the sorption of various vapours on
polymeric sorbents of the same chemical nature but
differing in porosity has shown2®® that the height of the
convex upwards section is greater the greater the porosity
of the polymer, and for the same porosity the greater the
thermodynamic affinity of the sorbate for the polymer
(Fig.5). This indicates the simultaneous occurrence of
the processes—physical adsorption of the sorbate in the
pores of the polymer and swelling of the rest of the poly-
mer, i.e. of the pore “walls” or the polymer “matrix”—
which cannot be separated. However, their simultaneous
occurrence leads to very important conclusions.

Firstly, the specific surface of the polymer itself
cannot be calculated when sorbates in which the polymer
swells are used: i.e. the BET equation is not applicable to
such a case.

Secondly, since physical adsorption is superimposed on
swelling, the parameters of the thermodynamic affinity
of the solvent for the polymer calculated from the sorption
isotherms should depend on the porous structure of the
polymer. In fact, different values of the chemical-poten-
tial difference for the solvent calculated by means of the
equation

Auy = RT Inp,/p%, (8)
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should be obtained for the same degree of absorption of the
sorbate. When the corresponding difference Au, for the
polymer is calculated by means of the Gibbs—-Duhem equa-
tion, different values are also obtained for specimens
differing in porosity.

T/ =1 05 z;=1
~ T A
N~
NS

\\
40 NS ¢
7\
80 ~s

-Ag™, cal mole™!

Figure 6. Dependence of Ag™ on apparent mole fraction
x¥ of the polymer (¥ is the apparent mole fraction of the
solvent) for cyclohexane on polystyrene®®: 1) porous;
2) non-porous.

Fig. 6 illustrates the mean free energies of mixing
calculated by means of the formula

Agm=x,"Aps+ X" Ay,

as a function of the apparent mole fractions of the compo-
nents, It is evident that they also depend on the porosity
of the polymer. The difference between the free energies
of interaction of the sorbate with porous and non-porous
polymers is obviously the work required to form the pores,
which can be calculated from the equations *®®

1 mole of units of non-porous polymer + solvent = soln. I - AGy,
1 mole of units of porous polymer + solvent = soln. Il - AG,, s

where AGpor and Aan are the respective free energies of
mixing of a large quantity of solvent with 1 mole of mono-
mer units. Hence

non-porous polymer — porous polymer + AGpor— AGpp.

The difference AGpor — AGnp represents the change in
free energy accompanying transfer from the non-porous to
the porous sorbent: i.e. it is the work of pore formation
Apor. Values of AGpor and AGnp can be calculated from
the dependence of Agm on x¥.%** In Fig. 6 the intercept

AB = AGpor (in calories per mole of monomer units in the
polymer), while AC = AGnp. The difference between them
is the work of pore formation:

BC = AB—AC = AG poy— AG p, = A

Values of Apor are independent of the nature of the sor-
bate, but increase with the porosity of the specimen 288

The porous structure of a polymer influences also the
magnitude and sign of the parameter X, calculated by
means of the Flory—Huggins equation®**

Inpy/py = In(1 — @) + q>;,+xlcp§, (9)

in which ¢; is the volume fraction of the polymer. The
concentration dependence of X: is different for porous and
non-porous specimens of a polymer (Fig.7). For the
latter the parameter increases with polymer concentra-
tion®*®%  For a porous polymer X: is a decreasing

por *
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function of concentration at small dilutions, and the con-
centration dependence reaches negative values (curve 2).
Similar curves have been observed by Moore®®* for solu-
tions of cellulose ethers, probably as a consequence of the
sigmoid isotherms and the loose packing of these polymers.
The above results indicate that Eqn. (9) holds only for the
second stage of sorption, when the porous structure of

the polymer has broken down and only swelling develops.
If adsorption on the surface and sorption in the mass
(swelling) take place simultaneously, the Flory~Huggins
equation (9) cannot be applied.

Figure 7. Concentration dependence of X: (where ¢; and
@, are the volume fractions of solvent and polymer respec-

tively) for benzene on polystyrene®®: 1) non-porous;
2) porous.

3. Role of the Porous Structure of Polymers in Sorption
from Liquid Media and Vapours

An interesting phenomenon observed in the study of
sorption processes is the Schroeder effect®®, according
to which the quantity of a given substance absorbed by a
polymer from a liquid medium always exceeds the quantity
absorbed from the vapour state. It was first observed
for the gelatin-water system. Analogous results were
later obtained by other investigators®’ 2% for the systems
formed by agar-agar with water, unvulcanised and vulcan-
ised rubber with organic liquids (alcohols, tetrachloro-
methane) and their vapours, and also liquid mixtures of
benzene with alcohol and the mixed vapours sorbed on
vulcanised rubber. The nature of the effect still remains
an open question®®, Schroeder himself?*® and the other
investigators?”™*® attributed it to experimental error—
fluctuations of temperature, the impossibility of achieving
absolute saturation of the vapour, disregard of surface
tension, a slower rate of sorption from liquid and vapour
media, etc.

A more recent paper’” has suggested, in addition to
the above reasons, that the phenomenon may be due also
to the presence of pores, which are filled with a liquid but
not with a vapour. This hypothesis has been tested
experimentally on several porous and non-porous polymers
with both inert and non-inert liquids and their vapours ",
It was found that with non-inert liquids, when the polymer
swells, the Schroeder effect is not observed: 1i.e. the same
equilibrium quantity of a substance is sorbed from liquid
and vapour media. A difference is present only in the
kinetics: liquids are sorbed more rapidly than are vapours
(Fig. 8a,b). In the sorption of “inert” substances on
porous polymers differences are observed not only in the
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kinetics but also in the equilibrium quantities sorbed
(Fig. 8c): liquids are sorbed in far greater quantities than
are their vapours.

1
200 . 150 150
R 72
2 150 100 0
§ 700 50 80
= 40
1 A L 1 1 l
0 2 4 6 0 2 4 ¢ Q
time, days
Figure 8. Rate curves for absorption by polymers from:

1) liquids; 2) vapours®': a) “non-inert” benzene on non-
porous copolymer of styrene with 6% of divinylbenzene;

b) “non-inert” benzene on macroporous copolymer of
styrene with 20% of divinylbenzene; c¢) “inert” methanol
on macroporous copolymer of styrene with 20% of divinyl-
benzene.

This last phenomenon is attributed to different mecha-
nisms by which pores are filled. A liquid fills all the
pores, including large pores, whose dimensions make
them accessible to its molecules. But a vapour is sorbed
by a more complicated mechanism, involving a series of
successive stages—adsorption from the vapour on the
pore walls with formation of multimolecular layers,
coalescence of the latter with appearance of a concave
meniscus, and then condensation of the vapour. Since
the vapour pressure is lower the smaller the radius of
curvature of a concave surface, capillary condensation
occurs preferentially in fine pores (of continuous type).

In coarse pores, as remarked in Section VI, 1, coales-
cence of multilayers and hence capillary condensation do
not occur owing to the distance between the pore walls,
Such pores may therefore remain unfilled by the “liquefied”
vapour.

Thus development of the Schroeder effect depends both
on the porous structure of the polymer and on the thermo-
dynamic affinity of the low-molecular substance for the
polymer. The absorption of substances that cause
swelling involves a redistribution and partial disappear-
ance of pores. Therefore the equilibrium quantity sorbed
does not depend on whether it has been sorbed from the
liquid or from the vapour.
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I. INTRODUCTION

Most of the thermodynamic data for rare-earthtitanates,
zirconates, and hafnates were obtained during the past 20
or 30 years. In this review we shall critically discuss the
data published up to 1976 and we shall make a systematic
choice of recommended values of the thermodynmic cha-
racteristics of these compounds.

In every case the standard entropy and enthalpy at
298.15 K was recalculated from the experimental data by
the method described in Refs. 1 and 2. In these calcula-
tions independent interpolations of the specific heat were
made at 5 K intervals for the range 5-100 K and at 10 K
intervals for the range 100-300 K, Particular attention
was paid to the relationship between thermodynamic
characteristics and crystal structure. Most of the recom-

mended data are compared with the most recent tabula-
tions 3s4,

We have established a relationship between the thermo-
dynamic formation quantities of the perovskites and the
changes in the oxygen co-ordination polyhedron surround-
ing the cations, We have calculated the energy of the
alkaline-earth cations Ca, Sr, Ba in the perovskite oxygen
icosahedron, and also the energy of the transition of the
zirconium and hafnium ions to an octahedral co-ordination
of oxygen ions from the thermodynamically stable modifi-
cations of ZrO, and HfO,. We have shown that the heat of
formation of the perovskites from the simple oxides is
directly proportional to the sum of the energies of the
cation transitions involved in the formation of the perov-
skite structure. We have established a relationship
between the uncritical Goldschmidt factor and the entropy
change during the formation of perovskites from simple
oxides,
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II. LOW-TEMPERATURE SPECIFIC HEAT AND ENTROPY

1. Magnesium Titanates

MgO-.TiQO,. Shomate’ measured the low-temperature
specific heat of a MgTiO, sample containing 0,89 of
MgSiO, in the temperature range 52.6-296.2 K. His values
for the specific heat and the entropy at 298 K are 21.93
and 17.8 + 0.1 cal mole~! K-!, using the Debye and the
Einstein function D(365/7T) + E(383/T) + 3E(711/T) for
extrapolation to 0 K. An independent calculation using the
same data’ gave Sk _,,5 = 17.8230 e,u. The value Sy 208 =
17.82 + 0,10 e,u. (which is also adopted in Refs. 3 and 4) is
therefore recommended. The enthalpy calculated from
these results is Hy,, — H, = 3239.2 cal mole™?, in good
agreement with the tabulated value 34 3240 cal mole-1,
The rounded-off value, with an uncertainty of +20 cal mole-?,
is recommended. The standard specific heat of MgTiO,
at 298 K is taken 3% to be 21.960 cal mole~!: this value
differs somewhat from that given by Shomate$, but no
explanation is given. Extrapolation of high-temperature
enthalpy measurements® gives Cp ,,4 = 21.92 cal mole~2 K™%
Therecommended value is Cp 555 =21.96 + 0.03 cal mole™ K%

MgO0O-:2Ti0O,. The low-temperature specific heat of
MgT1,0, (99.5% purity) was measured by Todd 7 in the
temperature range 52,5-296.4 K. Extrapolation to 0 K
was carried out with the Debye and Einstein functions
D(264/T) + 4E(420/T) + 3E(906/T). The standard entropy
of MgTi,0; was rounded off to Sk 53 = 30.4 + 0.2 e.u.,
although direct calculation gives 30,41 e.u. An independent
calculation from the same results 7 gave Sk ,,, =30.415e€.u.
Ref, 4 gives the value 30,42 e.u,, which agrees even better
with the independent calculatlon The JANAF tables 2 give
a tentative value of Sk ,5, = 32.41 + 1.5 e,u. by allowing
for the cation disorder at 0 K and for congruent melting of
the compound MgTi,0;.

The correction for non-zero entropy at 0 K requires a
detailed consideration of the crystal structure of MgTi,O,
and of the disposition of the cations in the polyhedra,
Magnesium dititanate is stable with respect to MgTiO,
and TiO, only at high temperatures, decomposing into
geikielite and rutile at low temperatures. This effect
arises from the possibility of disorder in the positions of
the Mg?* and Ti*" ions in the crystallographically non-
equivalent sites of MgTi,O;. If we assume that all the
Mg?* and Ti* ions are randomly located we must add
AS =3RIn2 =3.79 e,u. to S = 30.41 e.u. This gives us
the best entropy value Sy o = 34.2 e.u., which we shall
use in the following calculations as well as the JANAF
value 3, If we assume that all the Mg?* ions and one-half
the Tl‘* ions are randomly positioned we obtain S g, =
30.4 + 2,75 = 33.15 e,u, X- Ray diffraction analy81s of
MgTi,0; quenched from 1500°C indicates a distribution
corresponding to the formula (Mg, ¢5,T1s, 316)ac* (MEo. 316

oTi,; 684)stO05, 1.€. a disorder factor x = 0.316 (x = 0 for the
normal cation distribution, ¥ = 2/3 for a fully disordered
distribution, and x = 1 for an inverted cation distribution).

Todd? obtained Cp,2es = 35.15 cal mole~! K~! for the
standard specific heaf of MgTi,0,. This value is adopted

in Ref, 4: it is consistent with htgh -temperature enthalpy
measurements 8 but it differs from the JANAF value 3 of
35,10, We recommend the value Cp 208 = 35.15 + 0,05 cal
mole-! K-1,

Todd d1d not calculate the enthalpy of magnesium
dititanate, A calculation from his results gives Hyg —

H, = 5361 cal mole~*, The values 5363 and 5428 calmole~?
are given in Ref, 3 and 4 respectively: the latter value is

inconsistent with the independent calculation of the entropy.
We recommend the value H,,, — H, = 5360 + 40 cal mole?,
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2Mg-TiO,. The low-temperature specific heat of
Mg,TiO, ([MgTi]MgO, spinel, of 99.5% purity) was mea-
sured by Todd’ in the temperature range 52,38-296.5 K,
The results were extrapolated to 0 K by using the Debye
and Einstein functions D(305/T) + 3E(447/T) + 3E(823/T).
He obtained a standard entropy of Sk s = 24.76 + 0.15e.u,,
which is exactly confirmed by an 1ndependent calculation
using his results. Ref. 4 gives Sk o, = 26.13 e.u., and
Ref, 3 gives 27,51 + 1.5 e,u, The difference arises from
different estimates of the configurational entropy due to
disorder. Magnesium orthotitanate is an inverted spinel,
with the magnesium ions in tetrahedral (A) and in octa-
hedral (B) positions. The cation distribution can be
expressed as Mg[MgTi]O,, where the square bracket
denotes the ions octahedrally surrounded by oxygen ions.
Therefore the entropy obtained from specific heat data
must be corrected by adding the ordering entropy of the
cations in B positions (2R1In2 = 2,75 e.u.), which gives
Sk,aee = 27.51 e.u. This is the value which we recommend.
W€ note that an intermediate value is quoted in Ref, 4,
with an ordering correction of RIn2 = 1.38 e,u.

The standard specific heat quoted by Todd is Cp k205 =
30.76 cal mole~* K™, with a probable error of +0. 0’2 cal
mole~! K-}, This value is consistent with high-tempera-
ture measurements of enthalpy?®, and differs only slightly
from the value (30.75) adopted in Ref, 4,

The enthalpy of the orthotitanate was not computed by
Todd. A calculation based on his results gives Hyyy — Ho =
4502 cal mole™!, which is identical to the value quoted i
Refs, 3 and 4, We recommend the rounded-off value
Hygs — Hy = 4500 £ 30 cal mole™?,

2. Calcium Titanates

CaO*TiO,. The low-temperature specific heat of
CaTiO, (purity better than 999) was measured by Shomate 5
in the range 52.5-296.3 K. Extrapolation to 0 K was made
by using the sum D(256/T) + 2E(375/T) + 2E(768/T).
Shomate calculated Sk o5 = 22.38 e.u. for the standard
entropy of CaTiO,, in very good agreement with an inde-
pendent calculation based on his results and also with the
JANAF value*. We recommend this value, with an
uncertainty of +0.10 e.u,

The standard specific heat of CaTiO, at 298 K was
found? to be 23,34 cal mole™* K™%, The same value is
quoted in Refs. 4 and 9, Extrapolation from high-tempera-
ture measurements of enthalpy® gives 23.35 cal mole-*K"1,
We recommend the value Cp = 23.34 z 0,05 cal mole~1K-!,
the rather wide uncertainty reflecting the absence of
corrections for impurities in the sampleS®,

Shomate did not calculate the standard enthalpy of
CaTiO;. A calculation based on his results gives H,g, —
H, = 3800.7 cal mole~!, We recommend the rounded-off
value 3800 + 20 cal mole~?,

3Ca0°*2TiO,. The low-temperature specific heat of
Ca,Ti,0, was measured by King ! in the range 52.6 to
296.9 K. Chemical analysis of his sample gave 48.61% TiO,
(theoretical value 48.71%). Extrapolation to 0 K was by
the sum of functions D(158/T) + 5E(333/T) + 5E(652/T) +
E(781/T). The standard entropy recommended by King is
Sk .20 = 56.1 + 0.4 e,u,, with which we concur. This value
coincides, after rounding off, with the value (56,057 e.u.)
obtained by an independent calculation from the same
results 1%, It is also adopted in Ref, 4,

King’s measurements *° give Cp 53 = 57,20 cal mole™1K~?
for the standard specific heat of a3T120,, with an uncer-
tainty of +0.05 cal mole™® K~!, The enthalpy of the com-
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pound was not calculated by King, and is not given in
Ref. 4. A calculation based on King's results gives
Hyeg — Hy = 9418.6 cal mole~!. We recommend the
rounded-off value Hyyy, = H, = 9420 + 70 cal mole-t,

3. Strontium Titanates

Sr0°TiO,. SrTiO; undergoes four clearly defined
low-temperature phase transformations of the second kind:
at 0,06, 35, 65, and 107 K.

1) The transition from the high-temperature cubic
structure to a tetragonal structure in the temperature
range 100-110 K has been noted in more than 50 investi-
gations,

The first report of this transition was made in 1956 by
Gréanicher !, who noted anisotropy of the dielectric con-
stant below 100 K, and subsequently by Miiller 2, who
observed tetragonal domains in SrTiO, crystals doped
with Fe3" by ESR measurements below 100 K. According
to the ESR results 272! the low-temperature phase is
tetragonal, with a c¢/a ratio of 1,0003 at 77 K. After a
number of unsuccessful attempts 13,2052 this structural
change was demonstrated directly by X -ray diffraction? 24
However it was pointed out2® that neither the axial ratio
nor its temperature dependence 23 agrees with the ESR
results, It was shown that the main contribution to the
change in the pseudo-cubic structure with ¢/a = 1.00008
is a rotation of neighbouring oxygen octahedra around the
original cubic axis 23, The angle of rotation ¢ is treated
as an ordering parameter for this phase transformation of
the second kind. This conclusion was confirmed by neutron
diffraction work 26~3!, The cubic structure of the SrTiO,
perovskite is assigned Oh symmetry, and the low-tem-
perature tetragonal structure D, symmetry2°,%;33, The
phase transformation is accompanied by marked changes
in elastic constants 353, Rayleigh 3% and Raman spec-
tra 32,3%,54-59  double refraction®,2¢) and by a decrease in
the amplitude of the 8Sré° NMR spectrum, increased
thermal diffusivity and thermal conductivity ¢!, and a slight
broadening of the ESR spectra of crystals containing mag-
netic impurities 12,13,15-2! ' The high-temperature SrTiO,
cubic structure is shown to be imperfect by the anisotropy
of its electrical properties 1196276 gnd of the thermal
stress 67,88, The transition temperature varies with
sample purity, pressure, and degree of reduction 847,

The mechanism of the transformation is discussed in
almost all the above-mentioned papers. The mostdetailed
analysis is given by Reshchikova ?, who assigns this
On = D, phase transition (accompanied by a fourfold
increase in volume of the unit cell) to the displacement
type of transition, arising from the presence of soft
modes of lattice vibration in the cubic phase with a non-
zero wave vector, which become ‘“frozen” during the
phase transition. Another group of papers deals with the
mechanism of the transformation and with the structure
of the equilibrium phases without attempting to specify
the exact temperature of the transition7*-%, Some
workers failed to observe any anomalies in the electri-
cal®,® and optical properties ® in the transition region.
Luthi and Moran 47 have discussed the reasons for this
discrepancy.

The specific heat of SrTiO, has been measured directly
in the transition region8!:%6,69,88,  Garnier % found that the
transition region extends over 2 K, and that Tty is lowered
by almost 1 K if the sample is annealed. The transition
is also more gradual with an annealed sample. These
effects are ascribed to a 0.05% decrease in the concentra-

101

tion of oxygen. Subsequently Salamon and Garnier %
observed a change in specific heat at 110 K on a sample
supplied by Sakudo and Unoki®, and they also noted a 29
change in thermal diffusivity and a 1% change in thermal
conductivity at the same temperature,

In most of these papers the anomalous changes in
property are presented graphically, and the T, values are
obtained by interpolation. Values indicated by the work of
different authors range from 99.5 K 3! to 112 K, 34,%,
Averaging all the data on the temperature of this trans-
formation gives 107.2 K. However we can identify a
group of papers 17,26,30,47,48,61,67,80,88 jn which special
attention is paid to the precise measurements of Tty, by
a variety of methods. Averaging these results gives
Tty = 106,9 K. The difference between the two averages
is less than the width of the transition region (2 K).
Therefore we recommend the rounded-off value Tty = 107 +
3 K. The quoted uncertainty encompasses most of the
experimental data and corresponds to the scatter of results
obtained with different samples.

2) The second low-temperature transition in SrTiO, is
most clearly shown by measurements of the thermal
hysteresis of 1/¢ (62 K #, 65 K %), of double refraction
(50 K 22, 60 K 2%), of X-ray diffraction (50 K 22 55-65 K 23),
and of Raman (67 K %) and ESR spectra (65K 21,%), Below
65 K SrTiO, has a rhombic structure 23:32,%5  of the D,j
type, witha:6:c = 0,9998:1:1,0002. Transition from the
antiferromagnetic to the paramagnetic state has been
demonstrated®! experimentally: this could be due to con-
version of the domain configuration in the sample from
c-plate to a-plate®,

By giving greater weight to the wider-ranging investiga-
tions 21,%5,%0 we select Tty = 65 + 5 K as the recommended
value., It should be noted that the existence of this transi-
tion is still controversial, It is not confirmed by spec-
troscopic measurements 32 or by studies of acoustic
properties 4°,

3) The Curie temperature has been obtained from mea-
surements of the temperature dependence of dielectric
constant 11,88,89,92795 ' of neutron diffraction®, of acous-
tic 3% and i.r. absorption”, and of electrostriction®s%#,
84,82797,  The calculated values of T range from 28 K 9 to
50 K.%2 The transition has been observed experimentally
only in three laboratories: Lytle?23 obtained T = 35 K
from X-ray diffraction measurements, O'Shea and
coworkers 32 observed a change in the Raman spectra at
34 K, and Sorge and Hegenbarth ®8 obtained 7, = 36 K from
measurements of elastic constants, From these results
we recommend the value Tp = 35 + 2 K, in good agreement
with the value (36.3 K) obtained by averaging all the above
calculated and experimental results.

The only work which explicitly denies all phase trans-
formations below 105 K is an acoustic investigation?® at
temperatures in the region 4-130 K. Bogdanov and
coworkers 4 identified three temperature regions in which
the double refraction of SrTiO, obeys different laws:
110-60, 60-20, and 20-4.2 K. The latter region has a
maximum at 10 K, confirming a previous report?3, We
should stress that this observation has been repeated only
once 22, again by measurements of X -ray diffraction and
of double refraction. Hence the information on thermal
characteristics in the region 4-20 K is insufficient for a
recommended value to be selected. The limit of 20 K,
which is only approximate, was taken from Ref. 24, where
the parameter being measured was practically linear in
the region 15-50 K. The results of Kirkpatrick and
Miiller !4 therefore would appear to confirm the existence
of a phase transformation.
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4) The superconductivity of SrTiO, was first observed
by Schooley and coworkers®, In three monocrystalline
samples, reduced in different ways, the temperature of
the superconducting transition was found to be 0,1, 0,25,
and 0.28 K. A subsequent series of investigations 1007104
established that superconductivity is present in SrTiO,
samples doped with Nb as well as in reduced samples.
The Ttr value depends on the concentration of charge
carriers nc in the region 8 X 1018~5 X 102 cm™3, Ttr
increases at first with n¢, reaching a maximum at inter-
mediate values of n¢, and then decreases, The 7 values
were measured by the Hall effect, and Tty from the mag-
netic susceptibility and electrical resistivity of the sam-
ples, With reduced samples the T, maximum was found
at 0.3 K, with Nb-doped samples at 0.4 K. The lowest
value of Tty was 0,06 K, For many samples the width
of the transition region was 0.1 K. The transition to the
superconducting state has been observed also by mea-
surements of low-temperature specific heat 105,106,

We choose as the recommended value of the transition
temperature Tty = 0,06 K, i.e. the value obtained ! for a
SrTiO, sample with the smallest deviation from stoichio-
metry, the smallest degree of reduction, and the lowest
concentration of charge carriers (n¢ = 8 x 108 cm™3),
Allowing for the observed width of the transition region
we estimate the uncertainty as + 0,03 K. We note that the
highest value (T¢y = 0.3 K) was obtained for n¢ = 7 x
10 cm™3,

Todd and Lorenson!®” measured the low-temperature
specific heat of SrTiO, over the widest temperature range
(55-296 K). No anomalies could be detected in their plot
of specific heat against temperature, Below 51 K the
specific heat was determined by using the sum D(182/T) +
2E(319/T) + 2E(7176/T). For 298 K the authors obtained
Cp = 23.51 cal mole K-* and S0 =26,0 + 0.2 e,u, The
Cp value coincides with the extrapolation from measure-
ments of enthalpy at high temperature %8, The good
agreement with Refs. 107 and 108 is pointed out by
Narayanan and Vedam %, who obtained calculated values
of Cy for the region 55-1800 K, Thus we can choose
Cp, k205 = 23.51 + 0.02 cal mole™ K~! as the recom-
mended value,

The specific heat has been measured in the region of
the transition to the superconducting state 105,196,110 with
SrTiO, samples containing different charge carrier
concentrations, The temperature dependence of Cp
obtained in this work over the narrow range 0.5-4.0 K|
and also the value AStr = 0.12 mJ mole~* K1 1% are not
suitable for calculating the entropy and enthalpy of stoi-
chiometric SrTiO,.

Many workers have found 50:61,66,68=70,88 that the change
in specific heat in the region of the phase transition at
107 K is also negligibly small, amounting to 0.5-1.3%
of the lattice contribution, These values are smaller than
the error in the calculation of H,g, — H, and S, introduced
by the extrapolation to the low-temperature region.

From Todd and Lorenson®s results 1°” we calculate
Hagg — Hy = 4120 cal mole~! and S, = 25.98 e.u, The

latter value agrees well with that obtained by the authorsi®?:

the discrepancy is very small, and can be ascribed to
differences in the computational methods, Hence we can
adopt S,,, = 26.0 + 0.2 e,u, as the recommended value. The
quoted uncertainty undoubtedly allows for the entropies of
the low-temperature phase transitions, which are accom-
panied by very small changes in Cp. To the same degree
of confidence we can recommend tﬁe value Hygy — Hy =
4120 + 40 cal mole™ for the enthalpy of SrTiO,, which was
not calculated by Todd and Lorenson %7,
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2S8Sr0O° TiO,. The low-temperature specific heat of
Sr,TiO, was measured by Todd and Lorenson?!! in the
temperature range 53.6-296.7 K on a sample of 99.5%
purity. Extrapolation to 0 K was done by using the sum of
functions D(162/T) + 3E(280/T) and 3E(664/T). The
standard entropy obtained!! (38.01 e.u.) agrees exactly
with an independent calculation based on their experimen-
tal results (38.013 e.u.). We choose Sk, = 38.0:0.3€.u,
as the recommended value: the same value is tabulated
in Ref, 4,

Todd and Lorenson's value 1! for the standard specific
heat of Sr,TiO, is Cp 5 = 34,34 cal mole™* K~!, which
agrees with the extrapolation from high-temperature mea-
surements of enthalpy on the same sample %, and is
tabulated in Ref. 4. We adopt this as the recommended
value, with an uncertainty of +0.03 cal mole-! K71,

The standard enthalpy of Sr,TiO, has not been calculated
before. Using the results of Ref. 111 we calculate Hyy, —
H, = 6060 + 60 cal mole~!, which we proposed as our
recommended value.

ki

4, Barium Titanates

BaO-TiO,. Bariumotitanate hasofive polymorphi(é
modificati%ns: trigonal——>80 Crhombics—gtetragonal—_)m() ¢
cubic 1250¢ hexagonal, all three low-temperature modi-
fications being pseudo-cubic because the differences in the
positions of the ions are not large. We shall discuss these
transitions individually.

1) The ferroelectric BaTiO, transition. Most of the
work on the properties of BaTiO, has been done near
120°C (the temperature of the transition from the non-
ferroelectric to the ferroelectric phase). The thermo-
dynamic theory of this transition was developed by Ginz-
burg 112,113 and elaborated by other workers !14-116, Ginzburg
discusses two variants of the theory, corresponding to
observed facts. According to the first variant the phase
transition near 120°C should be treated as a transition of
the second kind but approaching a transition of the first
kind; according to the second variant it should be treated
as a transition of the first kind but approaching the second
kind, Some workers 114)1177127,278 haye treated it as a
transition of the first kind, others 108,112,115,116,128-136 g g
transition of the second kind. In view of the strong dis-
crepancies between the experimental results of different
workers (for example, on the temperature dependence of
the spontaneous polarisation, the constant in the Curie-—
Weiss law, the discontinuity in specific heat, the tempera-
ture of the transition, and its hysteresis), and in view of
the strong dependence of the results on the method of
preparation and on the purity of the samples, we can con-
clude that different types of transition were observed by
different workers.,

The method most commonly used to determine the
transition temperature was dictated by the most outstand-
ing feature of barium titanate: the temperature dependence
of the dielectric constart, which was studied on ceramict?-
120,122 ’126,129,137’165 and on Single-crystal samples 118,123’126,
127,134,135,1597161,1677173 jn djfferent fields !38, In parallel
with this work, several authors carried out X-ray struc~
tural 124,130,142,146’152’164’166 ,167 ,174"183‘ crystallographic 118,
142,166,184 thermochemical108,122,123,128,133,144,146,151,153,154,
185 -181,279,280,231’“’ differential ther mal 121,125,175,186,188—1909
and dilatometri'c Studies 124,130,144,147,151 ,153,164’174,177’ an
measured the tangent of the loss angle 143,154,173 the
spontaneous polarisability 126,167,191 the refractive index
and the dOuble refraction 118,167’169,176 ,119,182 ,192 ,193,283’ the
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ESR spectra ¢, the acoustic properties 23,185,278  the
ferromagnetic hysteresis 119,156 the thermal diffusivity®s,
and the variation of the electric properties 114,136,166,170 ganq
of the transition temperature 26,196,197 with pressure and
with field, applied in different crystallographic directions.

Many of the reported values !33,138,140,141,148,188,177 of Ty,
are clearly unacceptable and will not be considered further.
This is specially true of values in the region of 80°C,
which are reported as probably too low as a result of the
presence of impurities in the samples. This transition
appears to be particularly sensitive to heat treatment
conditions '8 as well as to the purity of the sample, since
some of the other transitions (e.g. in Ref. 148) agree well
with data obtained elsewhere. The lowest values of Ty
are ascribed 14417 to the impurity effect of the binders
added to improve the sintering properties of the samples.
One paper '° stands alone in suggesting that the ferro-
electric properties of barium titanate are due entirely to
the presence of impurities: unlike every other sample
previously examined in that laboratory 187,188,140,141 = 5
sample of BaTiO, prepared from chemically pure com-
pounds was found to have a dielectric permeability which
was not only constant over a wide temperature range but
also relatively small. Thus the pure sample of BaTiJ,
was a dielectric, but not a ferroelectric. We stress that
this conclusion*® has not been confirmed by the extensive
subsequent work on a wide variety of sample types.

Hysteresis of the transition temperature has been
observed repeatedly 111,119‘121,124,12!,142,151,153,154,189,170,177:
the hysteresis is more marked for the cubic than for the
tetragonal modification!?’®, The existence of a temperature
region of coexistence of two phases, of width (10-11 K)
depending on the thermal history of the sample 1,177 js
well established, but Harwood % points out that this region
extends over 1-2 K for monocrystalline samples and
~10 K for polycrystalline samples. Roi!!? observed an
even wider transition region (104-128°C) for a ceramic
sample. He suggests that a transition region of finite
width should be present only in polycrystalline samples,
in which the simultaneous transition in all the micro-
crystals of the ceramic is prevented by internal stresses.
The widest reported transition region (110~135°C) was
observed in a ceramic sample 153, Meyerhofer *® found
hysteresis (4.3 K) in single-crystal BaTiO,, and pointed
out various possible types of transition kinetics as a func-
tion of the applied field. Cross?!! observed different
transition temperatures in different parts of a polycrystal-
line sample,

The effect of impurities on the transition temperature
has been shown by several workers 171,182,283 = T, decreas-
ing with increase in impurity concentration. Variations
in Tty have also been noted by other workers 126,128;144,
151,155,281 The dependence of Tir on experimental condi-
tions has been clearly demonstrated 144,146,151,154,

No regularity has been observed in the behaviour of the
transition temperature on changing from ceramic to
monocrystalline samples. For example, Shirane and
Takeda 153 obtained Ty = 127 and 115°C for a ceramic
and a monocrystalline sample, whereas Samara '2® obtained
112,5°C for a ceramic sample and 118.0, 120.0, 111.0,
and 122.5°C for a series of four monocrystalline samples.

Many workers }17,134,137,147,180,152, 157,138,160 ~162,170, 151, 14,
185,191,194,196,279,280,283 were not interested in locating the
temperature of the transition, and did not quote its
numerical value. In these cases we have made an esti-
mate of the transition temperature by noting the extremum
of the anomaly presented graphically by each author, The
average of 98 reported values of Ttr and of our estimates,
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but rejecting some unacceptable values, is Ty = 119.2°C.
By taking only the values obtained in special measurements
of Ttr, 108,114,118-130,135,136,138,1389,142-146,181,153 - 158,159,163 ~ 169,
1'11"175,178'180,182,183,183'193,195,197,198 and glV]-ng double statis-
tical weight to the values obtained in investigations involv-
ing two or more methods 18,122,123,148,151,183,164,169  ye
obtain the average value Tir = 119.6°C. This is close to
the transition temperature usually quoted by physicists

(“ in the neighbourhood of 120°C”).

Values of Tiy < 115°C were probably obtained with
relatively impure or imperfect samples, or may have been
due to unsatisfactory measurement methods, We stress
that higher values of Ttr correspond to smaller amounts of

impurity. The mean of the values chosen by this cri-
terion 1085114,118-130,135,136,138,139,142 =146,153 7 155,159,163 ~169,171~174,

178-180,182,183,187—190,192,193,195,191,198 is Ttr — 121'5°C. We

take this as the recommended value for the transition
temperature, with an uncertainty of + 5 K which allows
for the thermal hysteresis of the transition as well as the
error in the measurements,

The heat of the ferroelectric transition has been
obtained by direct calorimetric measure ments?!~123,153,
184,27y DTA, 1%° and from measurements of the tem-
perature dependence of the thermal expansion coefficient
in conjunction with the Clausius-Clapeyron equation!s-127,
162,188,191, The anomalous temperature dependence of the
specific heat in the region of the transition has also been
investigated 133’ 1369140,141,144,146,151 ,181 ,280’ but these WOrkerS
did not attempt to calculate AHty as they considered the
method insufficiently accurate ¥1. An estimate of AH;,. can
nevertheless be made from the published graphs of Cp
against temperature or from the maximum values of ACp.
The mean of 24 values obtained in this way is AH{y =
53.5 cal mole~!, By averaging only the direct thermo-
chemical deter minations of AHy 1217123,153,154,190,279 ye
obtain 48.1 cal mole™!, and by averaging only the values
obtained from the Clausius-— Clapeyron equation we obtain
46,8 cal mole~!, The last two values agree reasonably
well. Estimates of AHtr made from plots of Cp are very
inaccurate (from 15 to 100 cal mole~!) and should be
rejected, We also reject the value given by Roberts 121
(AHtr =15 cal mole~!) as the lower limit of the latent
heat of the transformation, estimated from measurements
of the temperature change which occurs when the transition
is induced by applying an electric field under adiabatic
conditions. Averaging the other 13 values gives AHty =
47.4 cal mole™!, We choose as the recommended value
AHtr = 47,5 + 3 cal mole™!, where the quoted uncertainty
describes the error in the calorimetric measurements,
Using Tir = 394.65 K we obtain AStr = 0.12 e.u. for the
entropy of the transformation.

2) Low-iemperature transitions of BaTiO,. The tem-
peratures of these transitions were determined by mea-~
surements of specific heat 107,122,123,153,15¢ Ly micro-
scopic *%¢, X-ray diffraction !315266,176,178,179,199-201 = 5nd
dilatometric studies 1%,53,177  and by measurements of
dielectric COnStant 123,129,135—131’148,153,155,164,166,167,170,173’
185,2027205  of piezoelectric 196, acoustic 148,159 opticalls!,!?s,
176,179,193,201,203,206,283, and magnetic properties 205,207, as
well as by studies of NMR 1?4 and luminescence spectra2®,
Some workers 153,159,166,176,204,205 yged monocecrystalline
samples. Some 293,208 examined only the low-temperature
transition at ~80°C, others122/129,136,137,184,170,177,18¢ jonoreq
it and studied the transition at a higher temperature in the
region of 10°C. Much of the work is devoted to physical
investigations, with the aim of explaining the anomalies in
the physical properties. Little effort was devoted to
deter mining exactly the temperature of the transition,
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Many workers treat the transition as a phase transforma-
tion of the first kind ! in spite of the x-shaped plot of Cp
against temperature, The lack of a definite latent heat
compels us to treat the thermodynamic characteristics of
these transitions as phase transformations of the second
kind. A review'%® of the anomalous properties of BaTiO,
identifies the low-temperature transition temperature
with the Curie point,

By averaging all the data on the two transition tempera-
tures we obtain Tty = -75.5 and 4.58°C. Some of the
values 153,15¢ were assigned a double statistical weight
because they were obtained by several methods, and two
values 97 (Tty = ~71.55 + 0.2 and 11.75 + 0.2°C) were
given triple weight because this was the only investigation
aimed at absolute measurements of the specific heat of
BaTiO,. Our averaging did not include values which had
not been directly quoted by the authors but estimated by
us from published property -temperature plots 129,136,137,
167,170,185,194,202,204,207,208 We quote that the dilatometric
measurements 177 failed to detect any anomaly between
-10 and 20°C. Averaging the values obtained by calori-
metric measurements 1075123,153,154 gpecjally aimed at
determining the transition temperature gives -72.75 and
11.43°C, whereas averaging all the other values gives
-176.9 and 1,47°C. The discrepancy between the two sets
of data is specially large for the transition at the higher
temperature, Accepting only the calorimetric measure-
ments, we recommend the values Tty = 11,4 + 5°C =
284.55 + 5 K and Ty, = =73 = 5°C = 200.15 + 5 K. The
quoted uncertainty allows for the thermal hysteresis of
the transitions and for the scatter of the physical measure-
ments,

The enthalpies of these transitions have been calcu-
lated 107,123,153,154 from the anomalies in the temperature
dependence of the specific heat. The most careful calori-
metric study of BaTiO,, in the range from 53 to 103 K,
was reported by Todd and Lorenson!®?’, In the range
278-293 K they obtained AHtr = 26 cal mole™!, and in the
range 196-206 K AHtr = 12 cal mole~!. An independent
treatment of their results by the method described in Refs,
1 and 2 gives AHty = 22.635 (278-293 K) and 13.03 cal
mole-! (180-210 K). The former value agrees well with
Ref. 153, less well with Ref. 107, and badly with Refs. 123
and 144, Rejecting the latter two values and averaging the
others we arrive at the recommended value AHty = 23.5 +
4 cal mole~! for the heat of the transition in the region of
278-293 K. The quoted uncertainty corresponds to the
estimate made in Ref. 153. For the region 180-210 K we
recommend AHtr = 13 1 1 cal mole~! by averaging the
values most consistent 1°7,15¢ with our calculation and
rejecting an unacceptable value 153,

Low-temperature measurements *** of Cp show con-
siderable scatter and discontinuities, and they cannot
easily be fitted to a “normal” curve, Results?® for the
range 2-37 K are presented only graphically. Hence we
shall use only the data from Ref. 107 to calculate the
enthalpy and entropy of BaTiO,, together with the sug-
gested "7 sum of functions D(198/T) + 2E(351/T) +
2E(669/T) for extrapolating to the low-temperature
region. Our calculation based on the data of Ref, 107
gives Sk 05 = 25.79 e.u., and therefore we recommend
the value Sk,208 = 25.8 £ 0.2 e.u. obtained in Ref. 107. The
enthalpy of BaTJ.O was not calculated !°’, From the

published results 7 we calculate Hygg —H0 =4230calmole™?,

and we recommend this value with error limits of
+40 cal mole-?,
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The standard specific heat at 298 K was found 17 to be
24.49 cal mole™ K™!, A different set of data 15¢ gives
24,31 cal mole-! K™! by interpolation. Extrapolation from
high-temperature measurements of enthalpy 1°® gives a
value identical to that of Ref, 107, Hence we choose
Cp,k,208 = 24.49 + 0.02 cal mole™ K™* as the recommended

b

value,

Blunt and Love 2%° observed a dielectric loss peak at
70 K with a ceramic sample of BaTiO,;, but no anomaly in
the dielectric constant, A large increase in coercive force
at temperatures below 20 K was reported?!© for a multi-
domain sample, However a special investigation 23 failed
to confirm these observations. Neither the dielectric
constant nor the ferromagnetic hysteresis had any anom-
alies in the region from 4.2 to 180 K. Hence we are unable
to recommend any values for transitions in this tempera-
ture range.

2Ba0O* TiO,. The low-temperature specific heat of
Ba,TiO, has been measured!!! in the temperature range
54-307 K with a sample of 99.2 9 purity. Extrapolation
to 0 K was by the sum of functions D(104/T) + 3E(207/T) +
2E(523/T) + E(858/T). The recommended ! standard
entropy Sk,ses = 47.0 + 0.5 e.u. agrees very well with the
value (46.92 e,u.) obtained by an independent recalculation.

Extrapolation of the high-temperature enthalpy mea-
surements '°8 on the same Ba,TiO, sample gives a standard
specific heat of Cp k s = 35.647 cal mole-! K~!, Unlike
the corresponding results for BaTiO,, SrTiO;, and Sr,TiO,
this value differs significantly from the directly mea-
sured !'! value Cp ,5s = 36.48 cal mcle™ K™', We choose
the latter as the recommended value, with an uncertainty
of 0.1 cal mole~! K™! to allow for thlS discrepancy and for
the inadequate purity of the sample.

The standard enthalpy of Ba,TiO, has not been calculated
previously., We obtain H,,; — H, = 6842.8 cal mole™ by
using the data of Ref, 111, and we propose the rounded-off
value 6840 + 60 cal mole™ as the recommended value,

5. Mixed Barium and Strontium Titanates

BaTiO,—SrTiO,. Todd and Lorenson '’ measured
the specific heat of Bay, 5,357 45,T10; inthe range 53 -298 K.
They obtained Cp k 205 = 23.98, which we accept as the
recommended valué with an uncertamty of +0.02 cal
mole~! K~!, The sum of functions D(192/T) + 2E(399/T) +
2E(676/T) was used to extrapolate the results below 51 K.
The entropy value obtained 7, Sy .o, = 27.4 = 0.2 e.u., is
recommended. This value 1ncludes an enthalpy of m1xmg
of 1.37 e,u. An independent calculation based on the same
data 1°7 gave good agreement when the C,values at 45, 50,
and 51 K were obtained by graphical interpolation, but not
when they were computed using the functional sum. The
authors 1°7 did not calculate the standard enthalpy. Our
calculation, using their experimental data, gave H,g —

Hy, = 4210 cal mole™!: we recommend this value, with an
uncertainty of +40 cal mole-?,

Calculation by a linear combination of the enthalpies of
BaTiO, and SrTiO, gives H,,; — H, = 4180 cal mole™?,
which agrees with the recommended value within the error
limits, The temperature plot of the specific heat of
Bag, 54357, 45,1105 does not show the two transition effects
observed in BaTiO, in this temperature region. Measure-
ments of dielectric constant?!! on various mixed titanates
suggest the possibility of a transition at 248 K, the dielec-
tric constant peak observed in BaTiO, at 393 K shifting
gradually towards lower temperatures as the mole fraction
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of strontium titanate in solid solution increases., A
special series of measurements °7 in the region 232-262 K
failed to reveal any anomaly in Cp. The authors 7 point
out that the temperature coefficient of the specific heat for
the solid solution above 248 K is lower than expected, and
this could be interpreted as anomalous behaviour. A very
small anomaly was noted 2™ in the plot of Cp against tem-
perature for a sample of Ba, .Sr, ;TiO, in the region
100-400 K. However no numerical values are quoted ®™®,
and we are unable to make an estimate of the transition
temperature,

BaSrTiO,. The low-temperature specific heat of the
BaSrTiO, solid solution was measured by Todd and
Lorenson !t in the range 53-296.5 K. The results were
extrapolatedto OK by using the sumD(116/T) + 3 E(239/T) +
3E(646/T). The calculated!!! value S,5; = 45.79 e.u.
coincides with our independent calculation based on the
same data (45.795 e.u.). We therefore recommend the
value Si 5,0, = 45.8 + 0.4 e,u., which includes the term
S, = 2.75 e.u. calculated 't on the assumption of a fully
disordered distribution of Ba and Sr cations in the crystal
lattice of the solid solution of their titanates,

For the standard specific heat we recommend the
reported ! value Cp k,208 = 34.95 with an uncertainty of
+0.1 cal mole~! K-! (corresponding to the uncertainty
previously suggested for Ba,TiO,).

From the published data !!! we calculate a standard
enthalpy of 6477.9 cal mole™!, and we recommend the
rounded-off value H,,, — Hy = 6480 + 60 cal mole~!., By
assuming linearly additive enthalpies for these solid solu-
tions we obtain H,y, — H, = 6450 cal mole-! for BaSrTiO,,
which agrees with the adopted value within the error limits.

6. Calcium, Strontium, and Barium Zirconates

CaO- Zr0,. King and Weller 212 measured the specific
heat of CaZrO; in the range 52.81-296,10 K. The extra-
polation to 0 K was done by using the sum of functions
D(233/T) + 2E(355/T) + 2E(722/T). The reported?'? value
Cp k205 = 23.88 is recommended, with an uncertainty of
i&oi cal mole~!, The calculated®? Sy ,.. value was
23.92 e.u. (the value tabulated in Ref. 4). An independent
calculation, using the same data?!2?, gave 23.915 e.u. The
value recommended by the authors®!? is 23.9 + 0.2 e.u.

A calculation of the standard enthalpy of CaZrO; from
King and Weller's results **? gives 3991.5 cal mole™!: we
recommend the rounded-off value H,5, — Hy = 3990 1

40 cal mole-?,

SrQ- ZrO,. The same authors ?'?2 measured the
specific heat of SrZrO, in the range 53.4-295.8 K, extra-
polating their results to 0 K by the sum of functions
D(177/T) + 2E(308/T) + 2E(678/T). We recommend their
value®? Cp i 9 = 24.71, with an uncertainty of
+0.02 cal mole™* K™!, This value is adopted in Ref. 4.
The reported ?'* value of Sic 50 15 27.52 e.u.: our inde-
pendent recalculation gives 27.533 e.u., The recommended
value 2 is Sk ,o5 = 27.5 + 0.2 e,u. (the value quoted in
Ref. 4). The standard enthalpy calculated from the same
results ?!? is 4362.2 cal mole™!: we recommend the
rounded-off value Hyq — H, = 4360 + 40 cal mole™!,

BaO-2ZrO0,. King and Weller ?!? also measured the
specific heat of BaZrQ, in the range 53.6-296.1 K, extra-
polating their results to 0 K by using the sum of functions
D(144/T) + 2E(213/T) + 2E(692/T). They obtained 22
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Cp,k 208 = 24.31 cal mole™ K=, which we recommend
(with an uncertainty of +0.02), Their calculated value

of Sk 50q is 29.83 e.u,, which agrees well with our inde-
pendent recalculation (29,835 e.u.)., We recommend the
value Sk 55 = 29.8 £ 0.2 e,u. The same values of specific
heat and entropy are adopted in Ref. 4. For the enthalpy

of BaZrO, we recommend the value H,og — H, = 4515 +

40 cal mole~?!, calculated from King and Weller's results?!?

s

III. HIGH-TEMPERATURE SPECIFIC HEAT AND PHASE
TRANSFOR MATIONS

1, Magnesium Titanates

The high-temperature enthalpies of MgTiO, have been
measured by drop calorimetry (“ method of mixtures”) in
the range 298-1720 K, ® those of MgTi,0, and Mg,TiO, in
the range 298-1800 K.® The results are described by the
equations

Compound Equation (cal molel) Precision
MgTiO, Hp — Hygs = 28.20 T 4 1.64 - 107372 + 6.530 - 10%/T —10 771 0.4%
MgTi,0¢ Hp— Hogg = 40,687 + 4.60 - 107372 -+ 7.35 - 105/T —15 003 0.3%
Mg,TiO, Hp— Hyg =35.96 T +4.27 - 107372 + 6.89 - 105/T —13 412 0.3%

No solid-state transformation have been detected in the
magnesium titanates.

Table 1. Melting points of magnesium titanates.
| |
2 MgO-Ti0, i MgO-TiO, MgO.2TiO, | Reference
! I !
1840 — 1680 | 20
— — | 1645 | 203
173210 1630:210 | 165210 2
1740 £20* 1680+ 20* 1690+20 5217
1756* 1630* ’ 1862 218
1750+10* 168010 | 1690:-10 219, 220

*Incongruent melting.

Melting -point data for the magnesium titanates, obtained
in studies of the MgO-TiO, phase diagram, are given in
Table 1 in chronological order. The incongruent melting of
2MgO-TiO, and MgQ-TiO, was recognised in all the work
after 1956,

For Mg,TiO, we reject the result of Ref, 250, which is
clearly too high, and that of Ref. 214, which assumes
congruent melting: unsatisfactory methods were used in
these investigations, especially in the MgO-rich region.

In both cases the phase diagram was constructed from
measurements with an optical pyrometer, relying on visual
observation of melting, The difficulty of visually deter-
mining the melting point further complicated the problem
(common to all these investigations) caused by the partial
reduction of TiO, in spite of the presence of an oxidising
atmosphere. The precision of these measurements
depends on the viscosity of the melt (which is very high

in the presence of an excess of MgO), on the composition
of the melt, on the presence of a eutectic or a compound,
and also on the skiil of the experimenter, We note that the
melting of MgTiO, was not even detected in Ref,250. The
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mean of the other three values given in Table 1, obtained
by a quenching method and with a hot-stage microscope,
is Tf = 1750°C, which can be taken as the recommended
value (with an uncertainty of +15 K) for the incongruent
melting point of Mg,TiO, (equilibrium solid phase MgO).
We note that Circular 500, ° quoting Ref. 250, gives 1835°C
as the recommended value.

For MgTiO, we can average all the data in Table 1
(rejecting Ref.214) and we obtain Tt = 1660°C, which we
propose as the recommended value of the incongruent
melting point with error limits of +20 K. Simple averaging
is used because there is no reason to assign greater
statistical weight to any of the results. The composition
of the liquid phase is not specified—the equilibrium solid
phase is 2MgO-Ti0,. The JANAF tables?® give T¢ = 1953
20 K, but the value obtained in Ref. 214 is also mentioned.
Because of the subsequent, careful work by the quenching
method we cannot agree with the JANAF recommendation?,

By averaging all the values in Table 1 for MgO-TiO, we
obtain Tf = 1670°C which we propose as the recommended
value, with an uncertainty of +20 K, which includes almost
all the experimental values. Circular 500,° quoting
Ref. 250, gives Tf = 1680°C, and the JANAF tables?,
quoting Refs.215-217, give Ty = 1690 + 20°C. We prefer
to average all the experimental results, for the reasons
given above under MgTiO,.

The enthalpies of melting of MgTiO; and MgTi,0; are
given3 as 21.6 and 35 kcal mole~! by analogy with data
on sodium titanates and calcium titanate silicates. In the
absence of direct experimental determinations we cannot
accept these as recommended values. We note that pre-
melting effects, arising from disordering of the solid
phase at temperatures below the melting point, could have
a significant influence on the true enthalpy of melting.

2, Calcium Titanates

Naylor and Cook® measured the high-temperature
enthalpy of CaTiO, in a drop calorimeter for the tempera-
ture range 298-1794 K. A phase transformation, with a
heat of 550 cal mole™, was detected at 1530 K. The
following enthalpy values were obtained for «- and
B-CaTiO, respectively: HT — Hgygg = 30.47T + 0.68 X
107372 + 6,690 x 105/T - 11389 cal mole™ (298- 1530 K,
0.6%) and HT — H,ys = 32.03T - 11197 cal mole™ (1530 to
1800 K, 0.2%). We can accept the quotedS values
Tir = 1530 K and AHyr = 0,550 kcal mole™ as recom-
mended values, with error limits of +5 K and +0.010kcal
respectively., The entropy of the transformations, accord-
ing to these data, is 0.36 e.u. These characteristics of
the CaTiO, transition are quoted in Ref.9, whereas Ref, 3
does not list any phase transformation in calcium titanates.

The results of the most important thermal investiga-
tions of the CaO-TiO, system are compared in Table 2;
the dashes denote absence of data from certain laboratories
on certain compositions. Explicit statements concerning
the presence or absence of a particular compound are
also listed in Table 2,

Work prior to 1954 was largely fragmentary, and aimed
mainly at establishing the presence of various compounds
and their formation during heat treatment?227223,2257228 = o
at estimating the melting points of various titanates??!,224,225
by visual observations of drop formation during melting.
Work reported since 1954 is more complex, including
critical analyses of previously published data and attempts
to explain or eliminate inconsistencies.
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The first X -ray structural study of the whole of the
Ca0-TiO, system2?® was reported in 1954, Other mea-
surement techniques used in that work included the
quenching method, visual observation of the melting of
specially prepared pellets in an oxy-hydrogen flame, and
differential thermal analysis (up to 1720°C) coupled with
microstructural analysis of the samples. Only two com-
pounds were identified: their melting points are given in
Table 2, Similar results were obtained?* by the cone
softening method, the compositions being identified by
X-ray diffraction. It was noted that the compound
3Ca0-2TiO, does not readily form below 1500°C, which
explains the failure to detect this compound in some
investigations (e.g. Ref. 225). Some workers ?*° interpreted
the diffraction patterns of intermediate compositions by
assuming dissolution of CaO in the solid titanates. Oth-
ers 2% deny this hypothesis, and assign more complex
diffraction patterns to the stoichiometric titanate.

Table 2. Reported compound formation and thermal data
for the CaO-TiO, system (m.p., °C).

Zoo Q1% |8
i) ) : . ' ' ) 01 % | B
2 F (5 |Ca:TisO4 | CaTiOy Ca;Ti;Oy | CasTi,0; | Ca,TiO, CasTiO, Ca,TiO, §_5 = 5
2 A5 2 | 2
1400 | no 1740 — — — — — 1620 § 1 221
— yes yes -— yes no no no —_ 2 222
1437 no yes -— - — — — — 3 223
1410 1 po 1970 — — 1800 1870 no - 4 224
— i no 1725 — yes no — no — (2,5 225
— no yes — no no no no — 2 226
— — yes — yes no no — — 2 227
— — _ — yes - — — —_ 6,7 228
1460 | no 1954 — 1750 no no no — 11,3,6] 229
1475 ! no 1915 — 1750* no no no . | 1725]1,6 230
— — 4755 1740* — — — — 14,6 231
— — yes no yes -_ — — — 6 232
1460 i no 1989 1870 — no no no 1740 | 8  |233, 234

*Incongruent melting, equilibrium solid phase CaTiO,.
**The numbers denote: 1) visual observation, 2) heat
treatment, 3) quenching method, 4) visual observation
of drop formation, 5) observation of drop formation in
a H,-0, flame, 6) X-ray diffraction analysis, T) petro-
logical study, 8) hot stage microscopy.

More recently Roth 23! extended previous work ?® by
analysing the diffraction patterns of mixtures 2?° in this
system and comparing them with data for the SrO-TiO,
system., He concluded that an additional compound is
formed, of composition 4Ca0-3TiO,, rather than solid
solutions. Roth demonstrated the ther modynamic stability
of this compound by special X-ray studies of samples
annealed at, or quenched from, 1550-1745°C, Relative
measurements of the melting points of 3Ca0-2TiO, and
4Ca0-°3Ti0, gave incongruent melting points of 1740 and
1755°C respectively. These results were confirmed by
visual observations of melting in different atmospheres
and by the quenching method. Roth used these results to
correct previously published phase diagrams 229,23,

Imlach and Glasser 2%, in their study of the CaO-TiO,~
Al,0, phase diagram, re-checked the work of Roth?3!
and concluded that the compound 4Ca0-3TiO, does not
exist. Their X-ray work showed that slightly different
diffraction patterns are obtained by varying the heat treat-
ment procedure, suggesting a definite homogeneity region
for the compound 3Ca0-2TiO,. Their ternary phase dia-
gram?*® yses values identical to those of Ref. 229 for the
binary CaO-TiO, system. ’
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Jongejan and Wilkins 233 published a critical analysis of
the phase diagrams and the experimental methods pre-
viously reported ??2-232  and they pointed out that liquidus
temperatures cannot be accurately determined by the
visual method because of the difficulty of discerning the
disappearance of the last crystals, particularly since the
dendritic CaO crystals tend to float in the melt, They
constructed a phase diagram 23% from observations in a
hot-stage microscope. In addition to the congruently
melting CaTiO; they detected 4Ca0-3Ti0O,, which melts
incongruently at 1870°C (equilibrium solid phase CaTiO,).
The possibility that this temperature could apply merely
to a solid-state transformation of CaTiO, is admitted 233,
but a specially detailed study of the liquidus line in the
TiO,-rich region confirmed the existence of the compound
4Ca0-3Ti0,. Theincongruently melting compound 3CaO-

* 2Ti0, was alsoassumed tobe present, but the solidus line
was not accurately studied in this regionand abreak in the
liquidus line was not detected, The composition ordinate
for this compound and the liquidus line in the same region
are shown as broken lines in the phase diagram. These
results 23 were confirmed in a later paper 234,

The existence of the compound CaO-TiO, is indicated by
all the data on the CaO-TiO, system listed in Table 2,
Among the melting-point data for this compound those
from Refs, 221 and 225 are clearly unacceptable; this is
not surprising in view of the inaccurate methods used.

By averaging the remaining values we obtain Tt = 1957°C,
Our recommended value is rounded off to T¢ = 1960 +30°C,
the suggested uncertainty including most of the experi-
mental data and reflecting the low precision of work at
these very high temperatures,

The reported 222 existence of the compound 2Ca0-3TiO,
should be treated as unconfirmed.

Information on the CaO-rich part of the CaO~TiO, phase
diagram is even more complex and contradictory.

The compound 4Ca0O-TiO, was not detected in any of the
investigations which included this composition, The
titanates 2Ca0-TiO, and 3Ca0O-TiO, are indicated in one
phase diagram?*  but melting points are not quoted, and
the values in Table 2 were simply read off the diagram.
All the other workers (see Table 2) deny the existence of
these titanates. We must conclude that it would be pre-
mature to attempt a recommendation on their melting
points.

Most of the structural studies which have been reported
point to the existence of the compound 3Ca0-2TiO,, melting
incongruently at a well defined temperature 2227231, The
temperature reg)orted 233 35 the melting point of the eutectic
with CaO (1740°C) may have been a misinterpretation of
the incongruent melting of 3Ca0-2Ti0O,. Basing our choice
on the work of Roth?¥!, who made a special comparative
study of the melting points of the neighbouring composi-
tions 4Ca0-3Ti0, and 3Ca0-2TiO, by several methods, we
propose Tf = 1740 + 15°C as the recommended value for
the incongruent melting point of 3Ca0-2Ti0O,. The sug-
gested error limits include the other reportedvalues??°,2%°,
The equilibrium solid phase is taken to be CaTiO,, as
shown by the following arguments.

The existence of the compound 4Ca0-3Ti0,, discussed
in three publications, is more controversial. Some deny
it 2%2 on the basis of a special X-ray study and of the
results 2?° of De Vries and coworkers. On the other hand
Roth?3 convincingly proves its existence by combining the
same results 22° with those of his own investigations. How-
ever the break in the liquidus line 23 cannot be ascribed
unequivocally to incongruent melting of a compound of the
same composition. Furthermore the incongruent melting
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point of 4Ca0-3TiO, quoted in Ref, 233 differs by more

than 100 K from that quoted in Ref. 231, even though the
latter phase diagram?3! agrees in other respects with those
of other workers. We should add that the liquidus line of
Ref. 233 does not show a break for the compound 3CaO-
-2Ti0,, in direct contradiction to other reports 2297232, The
authors 233 also cannot explain the serious discrepancy in
their melting point for the eutectic composition rich in
Ca0. Because of all these inconsistencies we must con-
clude that the proof 23 of the existence of the compound
4Ca0-3TiO, is not entirely convincing. Equally, there

are no grounds for accepting the results of Ref, 231 in
preference to the more recent results of Ref, 232, We
must therefore await more definite confirmation of the
existence of the compound 4Ca0-3TiO,, and more precise
measurements of its phase characteristics.

Borisenko and Shirokova?% observed a polymorphic
transition at 765°C in their study of the compound
3Ca0:2TiO, by a complex thermal analysis method. The
thermal effect was small, and no volume change was
detected. A structural study by X-ray ionisation analysis
at 700 and 800°C revealed only a small change in the
degree of tetragonal distortion of the lattice in this tem-
perature range, An alternative explanation of the reported
effect is possible, based on kinetic arguments. For
example, a slight dependence of crystal structure on heat
treatment conditions has been noted 232, This transition
is not confirmed by any of the other investigations by
X -ray diffraction or thermal anslysis, and therefore we
cannot include the transition temperature quoted inRef.235
in our list of recommended values,

3. Strontium Titanates

Sr0-TiO,. No solid-state transformations have been
observed in the measurement *°® of the enthalpy change
HT — H,gg for SrTiO,. In the region 298-1800 K the
results are deserlbed by the expression!°® g1 ~ FH,g
28.237 + 0.88 X 107372 + 4,66 X 105/T ~ 10058 (cal mole 1)
The melting point of SrTiO, has been measured only in
one laboratory 236,237 using a combination of thermal,

X -ray diffraction, and microscopic methods 2%  andfound
to be T¢ = 2040 + 20°C. This must be taken as the recom-
mended value in preference to the estimated values

2100°C 100 and 1910°C, 238

Sr,TiO,. The high-temperature specific heat of
Sr,TiO, also was measured °® in the range 384-1831 K,
Between 298 and 1800 K the experimental results are
described with 0.4% precision by the expression
HT — Hpgg = 38.45T + 1,92 X 107372 + 4,67 X 105/T ~
13201 (cal mole?),

An earlier 2% phase diagram for the SrO-TiO, system
shows a maximum in the liquidus curve corresponding to
the composition Sr,TiO, (7t = 1800 + 20°C). A more
detailed investigation by the same authors 2% produced a
revised phase diagram for the SrO-TiO, system in the
composition range 33-100 mole 9, TiO,. The left-hand
boundary of this diagram corresponds to Sr,TiO,, with
T¢ = 1860 + 20°C, but the authors 2% do not discuss the
type of melting or the discrepancy with their previous
result. A polymorphic a-f transformation with
Ttr = 1600 + 10°C is also reported?3? for Sr,TiO,,

A microstructural study 23 of the SrO-TiO, system
has confirmed the stab111ty of 8r,TiO, up to T¢. A sample
quenched from 1860°C showed signs of melting and traces
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of SrO. A polymorphic transformation was observed
between 1500 and 1550°C. The structure of the samples
was studied after a first anneal at 1600°C and a second
anneal at 1500°C for 75 h or at 1550°C for 10 h. The first
sample had the low-temperature structure, the second had
the high-temperature structure, This work achieved a
closer approach to equilibrium than that of Ref. 237, in
spite of the large temperature step. Hence we take

Ttr = 1525 + 20°C as the recommended value. We note

a slight discrepancy with the high-temperature enthalpy
measurements of Coughlin and Orr!%, who did not attempt
to detect polymorphic transformations. Since our adopted
Ttr value lies at the boundary of the temperature range
covered in Ref, 108 it is not surprising that equilibrium was
not achieved in that work, Alternatively, the transition
could have been masked by the interpolation procedure used
in the drop calorimeter technique.

The results of Refs. 237 and 238 for the melting point of
Sr,TiO, are satisfactorily consistent, but those of Ref. 236
are unconfirmed. Therefore we take Tf = 1860 + 20°C
as the recommended value.

SryTi,0,. Drys and Trzebiatowski?¥ detected, in
addition to strontium meta- and orthotitanate, the com-
pound Sr,Ti,0,, which decomposes into solid strontium
meta- and orthotitanate at 1640 + 10°C. The decomposition
temperature was determined by X -ray diffraction analysis
of samples annealed at 1630, 1640, 1650, and 1660°C. The
first two samples consisted of Sr;Ti,0,, the last two of a
two-phase mixture of SrTiO, + Sr,TiO,. The existence of
SryTi,0, was confirmed by microstructural studies 3, but
the decomposition temperature was found in the range
1550~1600°C. A sample heat treated at 1600°C and again
annealed for 10 h at 1550°C contained only Sr,Ti,0,,
whereas a sample annealed at 1600°C showed the presence
of metatitanate and of the high-temperature form of
Sr,TiO,. The work of Ref. 238 was done under conditions
more closely approaching equilibrium, We therefore
accept these results, and we give Tty = 1580 + 20°C as
the recommended value for the decomposition temperature
of SryTi,0, into SrTiO,; and 8-Sr,TiO,.

Sr,TiO,. Cocco and Massazza?*® found yet another
compound in this system: 3SrO-TiO,, stable in the region
of 1560-1760°C. Thus, a sample annealed at 1550°C
contained Sr,TiO, and SrO, a sample annealed at 1600 or
1750°C contained only the phase Sr,TiO;, and a sample
annealed at 1770°C again consisted of SrO and Sr,TiO,.
The transformation temperatures quoted by the authors23®,
T¢r = 1560 and 1760°C, are recommended with an uncer-
tainty of +20 K. We note that this region of compositions
was not examined in Ref, 237,

4, Barium Titanates

BaTiO,. The high-temperature enthalpy of BaTiO,
was measured !¢ in the range 400-1800 K: HT - H,py =
29,037 + 1,02 x 107372 + 4,58 X 108/T — 10282 cal mole™!
(0,39 precision).

The melting point of BaTi0, is generally agreed!8,183,2397243
to lie in the range 1610-1620°C. There is only one sub-
stantially different value: T¢ = 1700°C, reported inRef.244
and quoted in Refs, 108 and 135, The shortcomings of the
method 244 are discussed in Ref.241. By averaging all the
values except that of Ref, 244 we obtain the recommended
value T¢ = 1616 + 5°C.
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The high-temperature transition of BaTiO; from the
perovskite to the hexagonal structure has been studied by
microscopic 180,183,239, thermal 180,183,239,240,243, x_ray
diffraction 183,240,243 and kinetic methods 24, The depen-
dence of the transition temperature on impurity concentra-
tion and on heat-treatment atmosphere was investigated by
Glaister and Kay?%#, With two exceptions 2%*,2%  giving a
transition temperature of 1450°C, all the other workers
give Ty, = 1460°C. The discrepancy arises from the
different temperature intervals chosen for the heat treat-
ment experiments (50 K in Ref. 239). We recommend the
value Ty = 1460 + 5°C. It should be noted that a series of
enthalpy measurements up to 1800 K 8 failed to reveal
any thermal effect in the neighbourhood of Tyyp.

BaTi,0,, BaTi,O,, BaTi, O, The liquidus
diagram of the BaO-TiO, system was first reported in
1951 by Statton?44, who used an optical pyrometer to study
the melting of various compositions on a molybdenum strip
in a vacuum. The diagram shows clear peaks for BaTi,O,
(1675°C), BaTiO, (1640°C), and also for BaTiO, and
Ba,TiO,, but the graphical presentation is not accompanied
by numerical tabulations. Corrections had to be applied
for the interaction of BaO with Mo, which affected the
results, All the compounds were identified by X-ray
diffraction,

Trzebiatowski and coworkers 2* constructed the phase
diagram of this system in the composition region 33 to
100 mole % TiO,. They used visual and differential
thermal analysis methods, combined with microscopic
and X-ray studies of the quenched samples. They quote
1315 and 1465°C respectively for the congruent melting
points of BaTi,0, and BaTi,O,, but congruent melting is
not clearly shown in their diagram. Furthermore the
presence of the compound BaTi,0, is suggested both by
the liquidus curve in the region of ~75 mole 9, TiO, and by
the diffraction pattern of this composition.

Rase and Roy?% made a careful study of the phase
composition of the BaO-TiO, system at high temperatures,
and analysed the results of previous work in great detail,
From their study of quenched samples, and their visual
and thermographic observations of melting on a platinum
strip, they obtained the phase diagram of the system and
they established methods of preparing the compounds in
polycrystalline or monocrystalline forms, as well as their
stability conditions. The existence of BaTi,04 and BaTi,0,
was confirmed, but these compounds were found to melt
incongruently at 1322 and 1428°C respectively. The equi-
librium solid phases are reported to be BaTiO, and TiO,
respectively, The same workers 24 also convincingly
identified the compound BaTi,0,, with Tt = 1357°C (equi-
librium solid phase BaTi,0,). We take this as the recom-
mended value, with error limits of +10 K.

Shchepochkina #4! critically discussed the experimental
shortcomings of Statton's work24 and obtained more
precise values of the phase transition temperatures in
the BaO~TiO, system by a method relying on the softening
of rod tips. For BaTiO, she obtained Tf = 1615°C, which
is very close to our recommended value of 1616°C, and
for the congruent melting of BaTi,0, and BaTiO, she
obtained 1385 and 1445°C respectively,

Judging by the general standard of the work, both in
quality and in quantity, we accept the result of Rase and
Roy?#, and we conclude that the melting of barium
dititanate and tetratitanate is incongruent, Statton's
results ¥ are clearly inconsistent with later work,
probably because of the serious compositional changes
aggravated by the use of a vacuum and by the incongruent
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melting of the samples. Comparison of the Ty values for
BaTiO,, given as 1610°C in Ref. 239 and 1618°C in Ref.240,
with the recommended value of 1616°C suggest the possi-
bility of a large systematic error in Ref. 239. We note
that Statton obtained an unacceptable value (7 = 1700°C)
even for BaTiO,. By averaging the results of Refs. 239,
241, and 240, but giving the latter a doubtful statistical
weight, we arrive at the rounded-off temperatures

1340 + 20 and 1440 + 15°C for the incongruent melting of
BaTi,0; and BaTi,O,, which are recommended. The
different uncertainty limits reflect the reproducibility of
the two sets of results.

Ba,TiO,. The incongruent melting point of the ortho-

t1tanate in Statton's liquidus d1agram2‘“ is 1692°C. Ty
values of 1820, 1860, and 1880°C are obtained in Refs. 239,

240, and 241 respectively. The experimental details of the
procedures used are discussed above, Rase and Roy 2%
consider Ba,TiO, to be too reactive towards platinum at its
melting point for a reliable identification of the type of
melting. The increase in the Tt value from Ref. 244 to
Ref. 241 does not line up with the results of those same
workers for BaTiO, and other titanates, and it is difficult
to select any particular value as the preferred one, espec-
ially in view of the experimental difficulties and of the very
high value of Tf. However Statton's value?# is probably
unacceptable, By averaging the other values, giving
double weight to Rase and Roy's 24, we arrive at the
~~commended value T = 1855 + 20°C,

The high-temperature enthalpy of Ba,TiO, has been

:asured 1°8 in the range 398-1831 K by a drop calori-

ter method. No solid-phase transitions were noted.
The experimental results are described with a precision
of 0.6% by the expression HT — H,gy = 43.007 + 0.80 %
107372 + 6,96 X 105/T —15226 (cal mole-?),

5. Magnesium Zirconate

The existence of the compounds MgO:ZrQ, and 2MgO*
*3Zr0O, has been suggested by a structural study 2¢? of the
MgO-Zr0O, system. The liquidus line of the MgO-Z2rO,
system given in Ref, 254 on the basis of a visual thermal
study differs from that of Ref.263: the compound
2MgO-2Zr0, is not found on the liquidus line, and the
compound MgZrO, has a congruent melting point. The
melting point is not quoted, but it can be estimated from
the published diagram as Tg = 2130°C, Circular 500,°
quoting Ref. 254, gives T§ = 2120°C. Von Wartenberg 25,
referring to his previous work®%26¢  oives Ty = 2150°C.
We note that the melting of magnesium zirconate was
not studied in Ref, 264,

All these values originate from the same laboratory.
Our recommended value is obtained by averaging them:
T¢ = 2130 + 20°C. The suggested uncertainty allows for
the likely error in the various estimates.

6. Calcium Zirconates

CaZrO,. The values reported by different authors for
the congruent melting point of CaZrO, are in good agree-
ment: 2350°C, 246,247 2325°C, 4% and 2370 C.2% We take
their mean as the recommended value: T¢ = 2350 + 20°C.

The high-temperature enthalpy of CaZrO;, measured251
in a drop calorimeter, was found to be HT — Hy,

30.417 + 0.62 x 10~ 3T2 - 3.46 x 105/T -~ 10290 cal mole 1
(0.8%) for the range 491-1066 K. No phase transforma-
tions were observed in this temperature region.
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X -ray structural analysis 252 revealed two modifications
of CaZrO;: a low-temperature form, stable below 1200°C,
and a high-temperature form, stable above 1250°C. The
transition was found to be gradual®?2, occurring in the
range 1100-1250°C on heating and in the range 1100-900°C
on cooling the sample. The authors conclude %2 from
published data that the lattice parameter of this compound
depends on the temperature at which the sample was syn-
thesised., These results are semi-quantitative and cannot
be used as a basis for a recommendation on this phase
transformation.

CaZr O, Garvie?®3 carried out an X-ray structural
analysis of the CaO-ZrO, system along the 1305, 1400,
1500, 1600, 1700, and 1765°C isotherms in the region rich
in CaO. The variation of lattice parameter with composi-
tion revealed a sharp boundary to the formation of cubic
solid solutions of CaO in ZrO, at 20 mole 9 CaO, corre-
sponding to the compound CaZr,O,. The change in lattice
parameter of this composition at ~1650°C is interpreted
by Garvie as a phase transition giving a different defect
structure. The existence region of CaZr,Q, in the phase
diagram lies above 1270°C: below this temperature the
co-existing phases are ZrO, and CaZrO;, The recom-
mended temperatures for the equilibrium formation and
for the phase transformation of CaZr,0, are 1270 + 30 and
1650 + 30°C respectively.

T. Strontium Zirconates

SrZrO,;. The congruence of the melting of SrZrO,
was shown in Ref. 254, but the authors found the melting
point inaccessible and estimated it as above 2600°C,

Berezhnoi and Belik 25® quote Ty = 2750°C for SrZrO,
without disclosing the method of measurement., The same
value was obtained by Travers and Foex 2%, who used a
solar furnace to study the SrO-ZrO, phase diagram.
Noguchi and coworkers 256 also used a solar furnace in
their work on the liquidus curve of the SrO-ZrO, system,
and obtained T¢ = 2646 + 20°C for SrZrO,.

Both these phase diagrams 24,25¢ indicate congruent
melting of the compound SrZr0O,. However the melting
point given in Ref. 256 is inconsistent with those of Ref.255
and with the independent measurements of Ref. 249, and
therefore we take as our recommended value T¢ = 2750 + 20°C.
We note that Carlsson's review 25° gives the melting point of
SrZrO, as approximately 2800°C.

Berezhnoi and coworkers ?° calculated the enthalpy and
entropy of melting of SrZrO, from the phase diagram of
the SrO-Zr0O, system: 16.7 kcal mole~! and 5.5.e.u. We
recommend their AHj value with an uncertainty of
+2 kcal mole™!, The corresponding value of the entropy
of melting is AS¢ = 5.52 e,u.

Carlsson?? investigated the high-temperature solid-
phase transitions of SrZrO,. Differential thermal analysis
at 550-950°C gave two endotherms corresponding to
transitions at 730 and 860°C. These measurements are
found to be poorly reproducible, The transition tempera-
ture is assumed to be the point at which the heating curve
begins to deviate from its normal shape. The presence of
different crystal structures at 600, 820, 1000, and 1200°C
was confirmed by high-temperature X-ray diffraction. A
rhombic modification was found to exist from room tem-
perature up to 700°C, when it converts into a pseudo-
tetragonal form with ¢/a < 1. Above 830°C another
pseudo-tetragonal modification is formed, with c/a <1,
and at 1170°C the structure becomes cubic. Carlsson
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quotes the temperatures of the first two transitions, from
DTA results, as 730 + 25 and 860 + 25°C, stressing the
satisfactory agreement with the X-ray results, The tem-
perature dependence of the lattice parameters was studied
for the high-temperature transition with Tty = 1170°C.
The plot of dielectric constant against temperature has a
peak at ~700 and 850°C. The transformation at 1170°C is
thought to be either ferroelectric—paraelectric or anti-
ferroelectric—paraelectric, the latter being the more
likely, The temperature dependence of electrical resis-
tance of SrZr0Q, has no anomaly at 1170°C, though the
compound behaves as a semiconductor above 1000°C,

Peaks at 762, 846, and 1095°C have been reported 26!
on the DTA curve of SrZrQ, (the quoted temperatures
corresponding to the peak maxima, unlike those of
Carlsson??), The same reference shows breaks at 745,
1060 (very weak), and 1480°C in the temperature depen-
dence of electrical resistance.

The Ttr value of the low-temperature transition 26!
agrees well with Carlsson®s value ® in view of the differ-
ent methods of identifying the transition point on the DTA
curve, Therefore we choose Tip = 730 + 25°C as the
recommended value, The two sets of data for the second
transition are also in very good agreement: we choose
Tty = 860 + 25°C, For the last transition we average the
DTA value ?®! and the value obtained ?*® from the tempera-
ture dependence of the lattice parameters, and we obtain
Tir = 1135 1+ 35°C as the recommended value.

Further confirmation is needed of the possible transi-
tion at 1480°C 26! suggested by the electrical resistance
curve, because it occurs at the very limit of the tem-
perature range of the experiment, and it has not so far
been detected by any other method.

The high-temperature enthalpy of SrZrO, has been
measured by drop calorimetry28* at temperatures in the
range 562--2318 K. The results are described with 0,39
precision by the expression HT ~ Hpeg = 147.072T — 2.077X
107372 + 4,148 x 108/T - 57277 (J mole™*). Other work-
ers 28 used the same method in the range 298-1620 K
and obtained the following expression (1% precision):

HT = Hpgg = 29.79T + 0,70 X 107372 + 4.89 X 105/T -

10584 (cal mole~'), Neither of these investigations
detected the polymorphic transformations of SrZrQs,
obviously because of the rather large temperature step
between the measurements (80-120°C), Furthermore

the accuracy of these results is in doubt, the former 284
being higher than the latter 2% by 5.7-7.19 in the range
700-1600 K. We should also note that existing infor mation
on the polymorphic transformations of SrZrO, is com-
pletely ignored in both these publications 284285,

Sr,Zr0O,, Sr,Zr,0,, Sr,Zr;0,,. Noguchiand
coworkers 256 studied the liquidus diagram of the SrO-ZrO,
system with a solar furnace. The phase composition of
the samples was checked by chemical analysis and by
X -ray diffraction after quenching. The evaporation rate
of some of the samples was also measured. Three com-
pounds were found in the system in addition to SrZrO,:
Sr,Zr0,, SryZr,0,, and Sr,Zr;0,,. The congruent melting
points of Sr,ZrO, and Sr,Zr;0,, are given as 2325 and
2674°C respectively. We take the latter value as the
recommended T¢ for Sr,Zr;0,,, with an uncertainty of
+20 K,

Travers and Foex?2# also studied the SrO-ZrO, phase
diagram by differential thermal analysis, using a solar
furnace. Special attention was paid to the compound
SrZrO,. The compound Sr,Zr;0,, is not shown on their
phase diagram, and Sr,ZrO, and Sr Zr,0, are stated to
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melt incongruently. Tf = 2250°C is quoted for Sr,Zr,0,,
and the melting of Sr,ZrO, is shown as a broken line on
the diagram, from which we estimate Tt = 2220°C. 1t is
stressed 2% that all the compounds were identified by
X-ray diffraction.

Evidence on the type of melting of Sr,ZrO, is contra-
dictory24%,2%6  and therefore we cannot give a ruling on this
problem., However the direct experimental determina-
tion 25 should be the more reliable. We therefore recom-
mend, after rounding off, Tt = 2300 + 30°C for the melting
point of Sr,Zr0O,.

The compound Sr,Zr,0, was first identified 2? after
heating the corresponding mixture at 1700°C, Noguchi
and coworkers 256 obtained the same diffraction pattern
after a similar preparation. However a 2 hour anneal at
1800 and 1900°C followed by air quenching gave only the
diffraction lines of Sr,Zr,0,,, with small amounts of
SrZrO, and SrO. The stability region of Sr;Z2r,0, there-
fore appears to extend only up to 1700°C.2% This region
is shown as a broken line in the phase diagram?, Sr,Zr,0,
decomposing into Sr,ZrO, and Sr,Zr;0,, at 1700°C. We
note that this decomposition is not inconsistent with the
incongruent melting of the composition SrZr,0,
observed 24 at 2250°C (equilibrium solid phase SrZr0,),
since those workers 24° did not observe the compound
Sr,Zr;0,,. The stability of Sr;Zr,0, is not discussed?*,
but it is pointed out that the diffraction pattern of a sample
quenched from a melt of this composition does not contain
lines of the compound Sr,Zr,0,.

Since the tentative result of Ref, 256 appears to recon-
cile the inconsistency of the other data we take T =1700 +
50°C as the recommended temperature for the decomposi-
tion of Sry2r,0, into SrZrO, and Sr,Zr,0,,.

8. Barium Zirconate

BaZrO,. The congruent melting of BaZrO, has been
demonstrated in a study 24 of the BaO-ZrO, system,
From the published phase diagram?¢ the melting point of
BaZrO, is estimated as Tt = 2860°C. Circular 500,°
referring to this work ¢, gives Tf = 2700°C. By averag-
ing these two estimates we arrive at the recommended
value T3 = 2690 + 20°C.

In 1976 Levitskii and coworkers 28 measured the high-
temperature enthalpy of BaZrO, in the range 298-1606 K
using a drop calorimeter, The normal temperature step
of 80—-120 K was decreased to 10-30 K in the region of the
Cpanomaly. Temperatures of 758 + 1 K and 1175 + 1 K
were obtained for the @ — 8 and 8 — y-BaZrO, polymor-
phic transformations. The experimental results are
described by the expressions

Compound Equation (cal molel) Temperature, K
@-BaZrOy Hp— Hyyq = 25.63 T + 312 - 10772 4 2.82 - 105/T — 8865 298—758
B-BaZrOy Hp— Hygg = 27.77T + 0.09 . 107372 — 8272 758—1175
y-BaZrOy  Hp— Hygg = 25.75T -+ 2.21 - 107372 — 7576 1175—1606 .

Tentative values of the heats of these phase transitions,
defined as the difference between the enthalpies of the two
forms at T = Tyr, are quoted as AH (o — B) = 0 and
AH,y35(B — v) = 330 cal mole~!, The authors conclude 28
that the @ — B transformation is a phase transition of the
second kind. We take the published?® characteristics of
these transitions as recommended values. The entropy of
the B —y transition is AS = 0.28 cal mole™! K~1,
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9. Strontium Hafnate

SrHfO,; Berezhnoi and Belik 2°5 state that SrHfO,
melts at 3163 K without mentioning the method of mea-
surement. We take this as the recommended value, with
an uncertainty of +30 K.

Berezhnoi and coworkers 26° studied solid solutions of
SrZrO, and SrHfO,, and they calculated the heat and
entropy of melting of SrZrO, from the phase diagram of
the SrO-ZrO, system. They took ASy = 5.5 e,u, for
the fusion of SrHfO, (equal to the value for SrZrO,). Using
their previous value %% of Ty they calculatedAH¢=17.5kcal
mole~ for SrHfO,, Assuming an error of +1 e,u. in the
estimate of ASf we obtain an uncertainty of +3 kcal mole™!
for AHf. We propose these as the recommended values
for AHt, and 5.53 e.u. for the entropy of melting.

The high-temperature enthalpy of SrHfO, in the tem-
perature range 675-2337 K was measured by Fomichev
and coworkers 28 at 100 K intervals by the drop calori-
metric method. Their results are described by the
expression HT ~ H,gg = 109.5097 + 13.266 X 107372 ~
1.260 x 10%/T - 27516 (J mole~!)., No polymorphic trans-
formations were observed in this work.

IV. ENTHALPY AND FREE ENERGY OF FORMATION

Kelley and coworkers 255 measured the enthalpy of
formation of these compounds in a solution calorimeter
(713.7°C, mixture of hydrochloric and hydrofluoric acid).
Samples of mechanical mixtures of the oxides and of the
compounds, contained in gelatin capsules, were intro-
duced into the calorimeter at an initial temperature of
25°C. The heat of formation of the compound from its
oxides at 25°C was obtained from the difference between
the thermal effects accompanying the dissolution of the
two samples. The thermochemical cycle for the hypo-
thetical compound MO-TiO,, where M is an alkaline earth
metal, is illustrated by the scheme

7)+2H0 (soly 73,7°)

F21H,0 (sol; 73,7°) (AH.)
37°) +Titt  (sob; 73,7°) +3H,0

Al
MO (cr., 25°)+2H* (sol; 73,7°) =M+ (sol.; 73,7°) (arh
MO TiO; (cr., 25°)+6H+ (sol; 73,7°)—>M2+ (sol,;

(sol.; 73,7°) (AH3). ~

TiO2 (er;. 26°)44 Ht (sol.; 73,7°)—Tis+ (sol; 73,
7

The heat of formation of MO-TiO, from the oxides at 25°C
is AH = AH, + AH, - AH,. The composition of the acid
mixture was 10,05 wt.9 HCl + 10.05 wt.% HF. The
experimental results were corrected for the heat of
dissolution of the capsule in the acid. The error of the
measurement of the heat of formation of the compound
from the oxides was 0.3-0.5 kcal mole™.

Feodos'ev and coworkers used the method of combus-
tion in a bomb calorimeter under standard conditions. A
mixture of the alkaline earth carbonate MCO, and of the
dioxide M,0, (where M, = Ti, Zr, Hf) was pelleted with
powdered graphite, used as an initiator in the proportion
of 1:5. The reaction was

MCO; + M0, = MM,0, 4 CO,,

The heat of formation of MM, 0, from the elements was
calculated by using the known heats of formation of the
carbonates and of the oxides, The experimental results
were corrected for the heat of formation of the nitric acid
found among the combustion products, which were tested
for completeness of the reaction and examined by X-ray
diffraction. The unburned graphite was determined calori-
metrically. The results for the titanates were in good

1

agreement with those of Kelley and coworkers, The error
of the measurements of heat of combustion was 0.3 to
0.8 kcal,

The original calorimetric results have been recalculated
in this review by using the heats of formation of the oxides,
carbonates, and CO, previously chosen during the com-
pilation of Ref. 2.

1. Magnesium Titanates

MgTiO,. Kelley and coworkers 2% obtained AH =
-6.35 + 0,25 kecal by solution calorimetry for the heat of
formation of MgTiO,; from MgO and TiO,. Panfilov and
Feodos'ev %% measured in a bomb calorimeter the heat of
combustion of air-dry MgO and TiO, mixed with graphite:

MgO - x HyO - ¢ CO, - - TiOy == MgTiO, - ¥ FLO + y CO,

and also the heat of combustion of MgO mixed withgraphite:
MgO - x HO - y COp =MgO - x HLO + y CO,.

Chemical and phase analyses of the combustion products
were carried out2%%; the TiO, was determined as the
insoluble residue after two extractions in boiling hydro-
chloric acid (1 h), The molar amounts of MgO and TiO,
entering into the reaction were equal. AH = -5.5+0.1kcal
was found > for the heat of formation of MgTiO, from the
oxides, The discrepancy between the two results 265,266
exceeds the quoted experimental errors. In our choice of
a recommended value we gave preference to Kelley's
results *6° because they were obtained with a very pure
sample of MgO (99.8%) containing small amounts of CaO,
Si0,, Fe,0,, and alkaline earths. The composition of the
magnesium oxide used in Ref. 266 is more indeterminate.
Using AHf(MgO) = -143.76 and A H¢(TiO,, rutile) =
-225.59 kcal mole™ we obtain AH(MgTiO,) = -375.7 kcal
mole~! from Kelley's result2°, By combining this value
with recommended entropy data we arrive at AGy =
-354.6 kcal mole™!. The error in AHf and AGs is less
than 0.3 keal mole~?,

Mg,TiO,. The heat of formation of magnesium
orthotitanate (spinel) from the oxides is given?%® as
AH = -4.1 1 0.25 kcal mole™?, Using the heats of forma-
tion of the oxides assumed above we obtain AHf=-517.2
and AGf = ~493.8 kcal mole~! for Mg,TiO,, with an
uncertainty not exceeding 0.5 kcal mole~?,

MgTi,O,. Kelley®® obtained AH = ~4.45 +0.25 kcal
mole~! for the formation of the dititanate from the oxides.
From this value we calculate AHf = -599.2 and AGy =
—-566.2 kcal mole~! for MgTi,O, by using the value
S(MgTi,0,) = 34.19 e.u., or AGf = -565.7 kcal mole™ by
using the value S(MgTi,O,) = 32.4 e.u, (see Chapter II).
The uncertainty in AHf and AG¢ is less than 0.7kcalmole™}

2, Calcium Titanates

CaTiO;, Kelleyand coworkers?®® obtained AH =
-19.35 + 0.25 kcal for the reaction CaO +TiO,(rutile) =
CaTiO,(perovskite). Panfilov and Feodos'ev 2% found
AH = 22,5 1 0.2 kcal for CaCO, + TiO,(rutile) = CaTiO, +
CO,. The extent of the combustion reaction was 999,
Calculation from Kelley's result gives AH¢(CaTiO,, perov-
skite) = —396,7 kcal mole™, whereas from Ref. 266 we
obtain AHf = -397.6 kcal mole~!, The uncertainty of
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both values is ~0.5 kcal mole~!, The value obtained by
solution calorimetry is the more reliable because the
reaction was quantitative, and we choose it as the
recommended value, By combining this with entropy data
we obtain AGf = —376.3 kcal mole~!,

AG§(CaTiO,) data have been obtained by the e.m.f.
method with a solid electrolyte. The e.m.f. of the cell
0,, Pt|CaOll CaF,ll CaTiO,,TiO,| Pt, O, has been mea-
sured®7 at 873 K. From the result we calculate
AGygg = -19.11 keal for the potential-deter mining reaction
Ca0 + TiO, = CaTiO,, and AH = -18.86 kcal, which gives
AHf 208 = -396 2 kcal mole~l. E.m.f, measurements are
reported also26® for the galvanic cell Pt,CaTiO,, CaO,
TiO, !l ThO, + La,0,1 M, MO, Pt, where M = Fe or Nb in
the range 1180—1290 K. From the results the authors
calculated AH¢(CaTiO,) = —398 kcal mole~! for the reaction
0.667Ca0 + 0.667TiC, .4 + MO = 0.667CaTiC, + M by using
published values of the thermodynamic functions. This
value is probably inaccurate because many data, covering
a wide range of temperature, were used in the calculation.

Ca,TiO,. The functions AHf and S(Ca,TiO,) have been
evaluated by the comparative calculation method?®. The
data used for the calculation are mutually inconsistent,
and the work is of doubtful value,

Ca,Ti,0,. Measurements?® of the heat of dissolution
of a mixture of oxides and of Ca,Ti,0, have given AHf(Ca,.
.Ti,0,) = -943.8 kcal mole™’. By using the chosen value
of Sm(Caaleo ) we obtain AGf 55 = —896.1 kcal mole™.
The error in AH and AG is les5 than 1 kcal.

3. Strontium Titanates

We have previously reviewed 27 the thermodynamic
properties of SrTiO;, and chosen the values AHf 54 =
-402.2 kcal mole~" and AGf 5, = —382.3 kcal mole?, with
an uncertainty not greater than 0.5 kcal mole™.

Sr,TiO,. Kelley?s obtained -37.85 + 0.25 kcal for
AH{(Sr,TiO,) from the oxides, which gives AHf ,o(ST,.
.TiO,) = -552.2 kcal mole™. Using S,,; = 38.0 e.u. we
arrive at AGf 5, = —524.6 kcal mole™. The error in AH
and AG is less than 2 kcal mole-!,

4. Barium Titanates

The thermodynamic properties of BaTiO, have already
been reviewed 2™, The values AHf 5q3 = —395.2 kcal mole™
and AGf 54 = —374.3 kcal mole™ were recommended, with
an error of less than 0.5 kcal mole™,

Ba,TiO,. Kelley's value ?®5 of the heat of formation
from the oxides is AH = -45.7 = 0.3 kcal. Using the
accepted values of AHf for BaO and TiO, gives AHf 298(Ba2
.Ti0,) = ~533.3 kcal mole~* and AGF 44, = —507.0 keal
mole™, The error is less than 2 kcal mole™,

0.543BaTi0;:0.457SrTiO, The same refer-
ence 265 gives AHf 05 = ~397.9 kcal mole~! for this solid
solution. Using the S,95 Value recommended here leads to
AGf 39 = =371.7 kcal mole™; the error of AH and AG is
less than 2 kcal mole™,
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The value ~540.2 kcal mole~™ is recom-
With

BaSrTiO,.
mended % for AHf ,,(BaSrTiO,) from the elements.
the S,y value recommended here we obtain AGf 298 =
-514.2 kcal mole~!, with an error not greater than 2 kcal
mole~!,

5. Calcium Zirconate

The function AHf(CaZrO,) has been deter mined®” from
the heat of combustion of a pelleted mixture of CaCOj,
Zr0O,, and graphite. An enthalpy change of AH = 35.2 =
0.2 kcal was obtained for the reaction CaCO; + ZrO, =
CaZrO, + CO,, which took place in 85% yield. By com-
bining this result with AH{(CaCO,) = -288.46 kcal mole™,
AH$(CO,) =-94.05kcal mole~?, and AH#(Zr0,) = ~263.04 kcal
mole~! the value AH{(CaZr0,) = -422.3 kcal mole~! was
obtained. The uncertainty, due mainly to the failure of the
calorimetric reaction to go to completion, is less than
2 keal mole™,

The heat of combustion of a mixture of CaO + Zr in a
bomb under an oxygen pressure of 25 atm has been mea-
sured®®”, The value AHf(CaZrO;) = —400,3 kcal mole™!
was obtained?®7, and good agreement with the result of
Ref. 270 (~398 kcal mole™') was claimed. However the
value ~ 398 kcal mole™! quoted in Ref. 270 is not AHf but
AG§(CaZr0O;), and therefore the claim is groundless.

6. Strontium Zirconate

The function AH§(SrZrO,) has been deter mined*™ from
the combustion of a mixture of SrCO,, ZrO,, and graphite
(95% yield). The heat of this reaction was found to be
AH = 38.2 1 0.2 kcal. Using the value AHf ,5,(SrCO;) =
—-294.5 kcal mole~!, the standard enthalpy AHf zga(SrZroa)—
-425.3 kcal mole-! was calculated. Khekifov and
coworkers 2™ measured the e.m.f. of the galvanic cell
0,, Pt| Sr0,SrF, | CaF,lSrZr0,, Zr0,,SrF,| Pt,0,, in
which the potential-determing reaction is SrO + ZrO, =
SrZrO;, in the temperature range 1180-1370 K, The heat
of formation of SrZr0Q, from the oxides was calculated
as AH = -18.6 ¢+ 1.5 kcal, corresponding to AHf(SrZrQ,) =
—-426 kcal mole™! (from the elements), in good agreement
with the thermochemical value. However the thermo-
dynamic functions of SrZrQ; used in this calcula-
tion?" were not the experimental values but esti-
mated values, taken to be equal to the corresponding
functions for SrTiO,. Hence we shall ignore this result in
choosing the recommended value of AHf (SrZrOa) and we give
AHf pgg = - 425.3 kcal mole ™ and AGf o5 = —405.0kcal mole ™!
for érZrOs, with an uncertainty of less than 1 keal.

7. Barium Zirconate

The heat of the reaction BaCO, + ZrO, = BaZrO, + CO,
has been measured?’® under the same condmons as the
heat of combustion of SrCO,. The result, combined with
the accepted AHfand entropy values of the oxides, leads to
AHf 595 = —425.3 & 2 kcal mole™ and AGf 505 = -405.0 4
2 kcal mole™!, The heats of the reactions Ba,Al,0, +
2Zr0, = BaAl,0, + 2BaZrO, and ZrO, + BaF, + Ca0 =
BaZrO + CaF, have been measured 288 py the e.m.f. method
at 980—1120 K with a fluoride ion electrolyte. The calcu-
lated value ?%® AHf(BaZrOQ,) = -423.4 + 2.6 kcal mole™!
agrees very well with the thermochemical value.
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The heats of formation of CaHfO, and SrHfO, have not
been measured. Estimated values 28 of AHt for the haf-
nates, calculated by the equation AH{(MHfO,) = 1,001
AH¢(MSi0,) - 34.2 (kcal mole-?), agree within 1% with the
experimental value 272 in the case of BaHfO,.

8. Barium Hafnate

The measured?™ heat of combustion of a mixture of
BaCO,, HfO,, and graphite gave AH = 32.3 1 0.8 kcal for
the reaction BaCO, + HfO, = BaHfO, + CO, (97% yield).

BaO was not detected among the reaction products, showing
that BaCO, is stable under the conditions of the calori-
metric experiment. The enthalpy AHf ,o,(BaHIO,) =

-431.5 keal mole™ is calculated from the result?™, Taking
AS¢(BaZrO,) ~ ASf(BaHfO,;) = —-68 e.u. for the formation
from the elements we calculate AGf ,o5(BaHfO;) =~411kcal
mole-!, The uncertainty of AH and AG is less

than 2 kcal mole™,

The thermodynamic constants chosen in this review are
summarised in Table 3.

Table 3. Recommended values of AHf ,o5, AGI 54,

Hygg — Hoy Sagg, and Cp o4 for the alkaline-earth titanates,
zirconates; and hafna és.
Compound AHE, 208 AGF, 208 Heve—Ho. Saes, E.U. Cp, 208"
cal mole-1 cal mole’l cal mole’! cat mole! K-1
MgTio, —375.7+0.3 | —354.6+0.3 | 324020 [17.82++10 | 21.96+0.03
MgTi.0; —599.2%0.7 | —366.2%0.7 | 5360+40 3%.2 35.15+0.05
MgTi,0 - —567.5 =
Mg, TiO, —517.2--0.5 | —493.84+0.5 | 4500430 +0.0,
CaTiO, —396.740.5 | —376.3%0.5 | 3800420 + 0.0
CasTihOs +1 —896.1+1 9420+70 0. .
SrTi0, 4F0.5 | —382.3%0.5 | 4120440 0%0.2
S5, Ti0, e —524.6%2 606060 0703
BaTiO, —374.3%0.5 | 4230440 B40.2 | 24494002
Ba,TiO, -—507.0%F2 684060 0F0.5 | 36.4840.10
BaSrTiO, —514.2F2 6480160 0.4 135.9570.
CaZrO, —401.7%2 3990140 +0.2
SrZrO, + —405.0F1 436040 2 | 24.7150.02
BaZrQ, —425.3%2 —405.02 451540 0.2 | 24.31%0.02
CaHiO, = = = 9 =
SrHIO, — — —_— 6% —_—
BaHTOa —431.5+2 12 -
8y 54550 457 T10s| —397.972 —377.7%2 | 4210240 | 27.420.2 %002
*Estimated.

V. DISCUSSION OF THE THERMODYNAMIC CHARAC-
TERISTICS OF PEROVSKITES

The great majority of the compounds discussed here
have the perovskite ABO, structure, where A is an alka-
line earth element, and B is an element of the titanium
subgroup. MgTiO, aione belongs to another structure
type: ilmenite. All the other metatitanates arg perov-
skites. According to Goldschmidt the transition from one
structure to the other is determined by the tolerance
factor ¢t = [R(A) + R(O)]V2[R{E} + R(O}], where R(A),
R(B), and R(O) are the ionic radii of the elements and of
oxygen. Within the perovskite structure two tvpes of
co-ordination of the oxygen polyhedra are possibic. the
icosahedron, with a co-ordination number (c.n.} of 12, and
the octahedron, with a c.n. of 6. The large ion of ihe
alkaline earth element is surrounded by an icosahedron,
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the B* ion by an octahedron. The perovskite structure

is stable for 0.8 < ¢ < 1.0, and for ¢ = 1 it becomes ideal,
with the closest contact between the A and B ions and the
oxygen ions. For other values of ¢ the ideal structure
becomes distorted. The ilmenite structure, stable for

t < 0.8, is characterised by an octahedral co-ordination
of the 02~ ions around the cations. The case of { <1
corresponds to free permutation of the type A cations in
the co-ordination polyhedron, and the case of £ >> 1 corre-~
sponds to free permutation of the type B cations 2?7,

We shall examine the thermodynamics of the formation
of an icosahedron (c.n. 12) around a large cation. There
are compounds of the ABO, type which can exist in both
polymorphic modifications (ilmenite and perovskite): for
example, CdTiO,. The energy relationships which deter-
mine the metal-oxygen bond in the octahedron and the
icosahedron can be formulated. According to both
theoretical and experimental crystal chemistry, com-
pounds of a given type tend to have a definite metal-oxygen
distance which is constant for a given c.n. It may be
possible to calculate the energetics of the co-ordination
polyhedra by using the heat of atomisation Axy of the
oxides (MOj)c for the cases c.n. = 6 and c.n. = 12.

By definition, AH,[(MOi)c] = AHa(M) +i/2D(0,) ~
AHf[(MOj)c], where AHz(M) is the heat of sublimation of
the metal, D(0,) is the dissociation energy of O,, and
AHf[(MOj)c] is the heat of formation of the oxide MOj with
a co-ordination number of 6 or 12, Consider the ratio
Ec = AHa[(MOj)cl/k, where k is the co-ordination number,
which characterises the energy of a single bond in the
co-ordination polyhedron, and the quantity A¢ = E¢/Re,
where R is the characteristic M~O distance in this poly-
hedron, It is convenient to express the thermochemical
quantities in kcal, and the distances in A. Characteristic
distances are systematxca lly reviewed in Ref, 275, and the
thermochemical quantities are given in this review and
in Ref. 2, In the oxides MgO, CaO, SrO, BaO, and CdO
the cations under standard conditions are in an octahedral
co-ordination of O?- ions, with a c.n, of 6, In TiO,(rutile)
the Ti?* ion also has a co-~crdination number of 6, but Zr*
and Hf*" in their MO, compounds ’® have the very rare
c.n. 7. When metatitanates are formed from the oxides the
c.n. of M?* can change, but the co-ordination polyhedron
of Ti remains the same, When metazirconates and meta-
hafnates are formed the oxygen polyhedra of both cations
can change.

According to the publizhed thermochemical data for Mg,
Mn Fe, Co, Ni, and Cd titauates the heat of formation of
‘he ilmenites from their oxides is almost constant: AT =
-6 + 0.8 keal. In the case of CdTiQ, we know AHy for both

the pernvskite and the ilmenite modification: perovskite

is the less stable by 3.6 kcal. The following thermochemi-
cai cycle can ¥ 3t emiugu the preference energy of
the ion for the icosahedral co-ordination:

11

Wity + 707 = Cdrg 7503 6.5 keal (imenite)

< Tily = (',d! RS

(OO 51 TiGy = 48

I‘o this ap;.roxnm.{vm tm ffer nce en
the icosahedral co-or mrtau.on iz .
The preference energy of the other icns can bz esti-
mated by assuming a AHf of -6 keal mole™* for the forma-
tion of the hyuothetical ilmenite ATiO, trom the oxides
without change in the c.n. of the A ion, i.e. by taking the
average of the heats of tormation of the known ilmenites,
With this assumpticn the preierence energy of the ions
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for the icosahedral co-ordination of the perovskites is
given by the expression € = AH¢ + 6 (kcal), where AHs is
the heat of formation from the oxides in the standard state.
By using the AHs values for the oxides and the titanates we
obtain the following preference energies € for some doubly
charged cations:

Ba?+ Cde+
—32.6 +3.6

Cation Ca%* Sr2t+
¢, keaf g-on-1 —13.3 — 2.4

From these € values we can calculate AH3(MO),, in the
hypothetical co-ordination with a c.n. of 12, and hence we
can evaluate the quantity E,, which characterises the
energy of a single M-O bond in the icosahedron and com-
pare it with Eg for the oxide in the standard state (Table 4),

Table 4. Heats of atomisation and energies of a single
M~O bond in the octahedron and the icosahedron.

att; MOy, | £,

Cation in | AH, (MO), .. AdA Ru/R
MTiO3 | keal mole] | keal mote-l | keal mole! | Keal mole'] o e
ca 253.9 267.2 42.32 22.27 2.477 1.146
Srz+ 243.0 289.4 4050 22.45 1997 1.107
Bat+ 2343 266.9 39.05 2224 1.909 1.087

The transition of the alkaline-earth ion to the icosa-
hedral configuration produces a remarkable levelling of
the single-bond energy: the mean value is 22.32 + 0.09 kcal
per bond, i.e. within +0.4%, as compared with a spread of
89 in the Eg values.

The formation of Ca, Sr, and Ba metazirconates and
metahafnates produces a change in the c.n. of both
cations, and the heats of formation from the oxides are
much lower than those for the corresponding titanates.
This is evidently due to the expenditure of energy in
transferring the Zr4" and Hf*" ions from polyhedra with
a c.n, of 7 in the oxides to octahedra in the perovskites.,
Assuming a constant preference energy for the Ca?*, Sr?’,
and Ba?® ions to the icosahedral co-ordination from the
original octahedra we can determine the energy of the
transition of Zr+* and Hf*" to the octahedral co-ordination
from the configuration with a ¢.n. of 7, which is charac-
teristic of their dioxides. We assume that the heats of
formation of the zirconates and hafnates from AO and the
hypothetical oxide MO, with a c.n. of 6 are equal to the
AHg value of the corresponding titanates, which are
formed without change in the c.n. of the B ion. For
CaZrO, (for example) we arrive at the following thermo-
chemical cycle:

Ca0 + (2102)[6] = C"Z"[G]O?’ -19.3 kcal
Ca0 + (ZrOp)(7) = CaZr[6}03 -7.5 keal
(Z102)[7] = (Zt02)16) +11.8 keal

A similar calculation gives the energies of the transitions
of the Zr+" and Hf* ions in other compounds:

Cation in perovskite CaZ* sr2t BaZt
&(Z1*), keal gionl 1.8 148 7.3
e(HfY), keal gion'L 1.7 13.7 5.2

In spite of the significant difference between the €(B*)
values, which is not surprising in view of the approxima-
tions made in the calculation, we think it legitimate to
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average these values, which gives €(Zr+") = 11 kealg-ion™
and €(Hf**) = 10 kcal g-ion™! with a possible error of
+3 kcal g-ion~%,

AH;, kcal mole™!

-40

—30

-20}

=10

CdTiﬁ%
1 L

5 0 -10

| i

—20

i

6H, kcal

-30

Figure 1. Heat of formation of perovskites from the
oxides (AHf) against energy of cation transitions (6H).

Table 5. Thermochemical and crystal chemical properties
of perovskites,

AHy, AS §. e, AHy, 4S§, e
Perovskite| kcal mole-l t Perovskite | kcal mole] t
from the oxides from the oxides
-CaTiO, —19.3 1.25 0.968 SrHfQ, —18.7 — 0.938
CaZrO, —17.5 2.76 0.917 BaTiO, —38.6 —3.47 1.056
CaHfO, —1.7 — 0.922 BaZrO, —31.3 0.52 1.001
SrTiO, —32.4 0.72 | 0.985 BaHfO, —33.4 — 1.006
SrZrOy —17.6 2.2 0.934 CdTiO, 3.6 1.75 0.954

Thus we may conclude that the heat of formation of the
perovskite ABO, from the oxides depends onthe energy of
the cation transitions resulting from the change in the
co-ordination of the oxygen ions surrounding the metal
cation. The linear variation of AHg with the quantity &
(the sum of the energies of the cation transitions accom-
panying the formation of the perovskite) is illustrated in
Fig. 1.

In addition to the enthalpy of formation from the oxides,
the entropy change is another important thermodynamic
parameter of perovskites. AHg, ASf, and f values for a
number of compounds are listed in Table 5. In most cases
t < 1, denoting free ordering of the large cations in the
icosahedra. The titanates should be treated separately
from the zirconates, because there is no change in the
c.n. of Ti (see Fig.2). On going from CaTiO, (f < 1)
to BaTiO; (£ < 1) the A S¢ value for the formation from the
oxides changes sign and becomes negative. The tendency
for the entropy of formation from the oxides to fall is
found also in the zirconate group from CaZrO, to BaZrO,.
The stiffness of the M~O bond in the icosahedra increases
as we approach the £ > 1 region. This leads to greater
ordering and to limited freedom of motion of large cation
in the icosahedron, i.e, to a smaller entropy of formation
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from the oxides. In Ca, Sr, and Ba zirconates the free-
dom of the large cation increases from Ba to Ca, and the
ASf value increases in the same order. Although the
entropy of the metahafnates of these elements has not
been determined experimentally we can expect a similar
behaviour. We should stress that the value of the toler-
ance factor ¢ is strongly dependent on the choice of the
system of ionic radii. We have chosen the system of
Shannon and Prewitt?, which is the most detailed and
takes into account the spin state of the ion as well as the
state of oxidation and the co-ordination number.

BaTi0,

Il L S

030 095 100 105 ¢t

Figure 2. Entropy of formation of perovskites from the
oxides (A St) against tolerance factor for (1) titanates and
(2) zirconates,
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Molecular-kinetic Aspects of the Chemical Physics of the Condensed State

A.l.Burshtein

Modern ideas on the elementary chemical step in condensed media are described in relation to reactions involving the transfer
of energy, charge, a proton, and valence. It is emphasised that the rates of the above processes in solids and liquids are as a

rule limited by the deficiency of free space and not of energy. Local fluctuations in entropy (the packing of the species),
enabling the reactants to come into contact with one another in the correct coordination, assume particufar importance because
of this. The process is controlled either by the equilibrium density of such fluctuations or by the frequency of their generation,

which is limited by molecular mobility.
The bibliography includes 81 references.
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I. INTRODUCTION

The theory of the elementary chemical transformation
in liquid and solid media is in an incomparably less satis-
factory state than the theory of the elementary step in the
gas phase. This is associated primarily with the fact that
the mutual approach of the reacting species in the gas
phase is described by the laws of mechanics, while in a
dense medium their encounters take place in the course of
random migrations in the solvent, i.e. are stochastic.
However, the difference is not restricted to a difference
in the kinematics of the encounters. Contact with the
medium during the elementary step eliminates the energe-
tic limitations which exist in the gas phase, but gives rise
to steric hindrance in the reaction pathway associated with
a deficiency of the free space required for the organisation
of the reaction. Reaction rates in the condensed phase
are frequently limited precisely by the amount of space
liberated as a result of packing (entropy) fluctuations in the
buffer environment surrounding the reacting species, and
not in any way by the necessity to overcome energy
barriers; the latter are known a p7iori to be not unduly
high at a low temperature. Furthermore, when the ideas
of gas-phase kinetics are formally applied to the condensed
phase, the experimental activation energies are as a rule
associated with definite energy barriers, even when they
reach 3-4 eV, despite its being quite evident that barriers
with this height are quite impossible to overcome. The
causes of the very marked temperature dependence of the
reactionrate constant should be sought not in the energetics
of the elementary step, but in the type of molecular motion
in the low-temperature condensed phase (diffusion, rota-
tional mobility, viscous flow).

We shall consider initially the kinematic aspect of the
problem and then the entropy-energetic aspect.

II. THEORY OF ENCOUNTERS

The rate constant for a bimolecular reaction occurring
when the reacting species moving in a dense viscous medi-
um encounter one another is defined by the expression

k= 4ﬂRe D, (1 )

where Re = Re(D) is the effective radius of the encounter
and D the diffusion coefficient. The gas-phase analogue
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120
123
129

of Eqn. (1) is the formula k = ov, where 0 = 0(v) is the
effective reaction cross-section and v the relative velocity
of the colliding species. In a dense medium the diffusion
coefficient is a measure of the rate of mutual approach and
separation of the reacting species before the reaction (i.e.
is an analogue of v). Accordingly, the Re(D) relation is
the fundamental characteristic of the process mechanism.
However, in contrast to o(v), this relation has been
scarcely investigated owing to lack of an experimental
method for the measurement of the diffusion coefficient.

Furthermore, the expected Re(D) relation is the same
throughout according to the generally accepted point of
view and is given by the formula'

_ ky ,4 ky
Re =R k, -+ 4nRD =R Byt hp (2)

Both phenomenological parameters, namely the rate of
reaction kp during contact between the species and the
distance R for which contact is established, are assumed
to be constant and independent of the diffusion coefficient.
The two-parameter Eqn. (2) constitutes the basis of the
clagsification of reactions into kinetically and diffusion
controlled. It is derived rigorously within the framework
of the phenomenological “grey sphere” model, contact with
which results in partial occurrence of the reaction 2. The
constancy of kp and R is a consequence of the fact that the
model rules out interaction at a distance and ignores its
anisotropy and the role of motion at the instant of contact.

Furthermore, it became clear in the 1950s that this
model is inapplicable to the description of reactions
occurring over a considerable distance between the reac-
tants. This happens, in particular, in the resonance
transfer of electronic excitation in the long-range (dipole-
dipole) interaction between the energy donor and acceptor.
The interaction takes place over a distance amounting to
several tens of Angstroms with the probability

W = ajrs,

even if the distance 7 between the species remains
unchanged during the reaction. However, the diffusion
of species towards one another, which promotes their
mutual approach, intensifies the energy transfer process,
which is faster the smaller the value of . 1In order to
take into account this factor, Tunitskii and Bagdasar'yan*
and a number of other workers®’® developed the theory of
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transfer at a distance accelerated by diffusion, and estab-
lished that the flux of excited donors, directed towards the
acceptor, is usually dissipated long before they come into
direct contact (Fig.1a). In this case Eqn. (1) includes the
radius of the sphere within which all the donor excitations
are quenched before the donors move away from their sites
owing to diffusion and where all the excitations arising
from outside are therefore destroyed. The more mobile
the species, the closer they are able to approach one
another before the energy transfer mechanism operates.
For this reason, the effective radius of the quenching
sphere

. 2n a
Re = Stosmmm ( D) (3)

decreases with increase of the rate of diffusion, although
the reaction rate constant increases [see Eqn.(1)].

The picture of the process described above remains
qualitatively valid also for any other interaction between
the reactants, even in a short-range process such as the
“exchange” interaction

W = W, e-2ur=Ra)

where k7" is the extent of the region of overlapping of the
wave functions. In particular, such interaction is involved
in the triplet—triplet energy transfer, which is forbidden
by dipole factors’. However, it ensures electron transfer
in glasses and frozen media over distances amounting to
several molecular diameters®™°. In the absence of dif-
fusion, these reactions are non-exponential, like the
dipole-dipole energy transfer'' "2 Only species present
within the quenching zone, i.e. when » < Rg, react at this
(static) stage. At a low concentration of the reactants,
the fraction of such species is low, but the remaining
reactive species are nevertheless destroyed owing to dif-
fusion at a rate described by Eqn. (1), in which

1

— 2 g W
Re=Ry+ - [m e

+1‘15J, (4)
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as established by Fabrikant and Kotomin'? and Doktorov
and Burshtein'®,

The rates of both transport reactions described are
limited by diffusion. However, Eqns. (3) and (4) contrast
sharply with the constancy of Re = R = const., which
follows from Eqn. (2) and corresponds to the usual hypothe-
sis of diffusional control. A special investigation!®
showed that the “grey sphere” model is valid only when an
extended interaction between the reactants can be replaced
by a step with the equivalent thickness R — Ro (Fig.1d) and
the latter must be small compared with the radius of
closest approach Ro. Such a thin quenching layer is
possible only in exchange quenching'®*®, but in this case
too the step approximation W(7) is possible only for a
sufficiently high rate of diffusion: when Re(D) decreases to
R =R+ %K, Eqn. (4) is replaced by Eqn. (2), obtained for
the “grey sphere” model'*. On the other hand, if the
reaction zone is insufficiently thin, agreement between the
results of the distance and contact theories is achieved
only at the kinetic stage (for a still higher rate of diffusion),
and the phenomenological parameter

kpz4nr\1’/(r)r2dr (5)
Ry

acquires the significance of the total rate of reaction in the
vicinity of the reaction centre.

Thus the distance theory not only includes the pheno-
menological contact model, but also imparts to it a micro-
scopic significance. Furthermore, it describes the pro-
cess algso outside the limits of applicability of the contact
model, when the rate of diffusion is very low. Despite
these undoubted advantages, it is still very much inferior
when compared with the theory of transfer reactions in the
gas phase. The very fact that one begins with the locally
defined probapility W(r) and not with the interaction
Hamiltonian H(7) and a specific process mechanism demon-
strates its inadequate microscopic significance. On the
other hand, the very idea of transfer probability at any

<

7D

Figure 1.

Dependence of the probability of quenching at a distance in dipole-dipole () and
exchange (b) interactions on the distance between the reactants.

The dash-dot line demon-

strates how the stream of excited particles towards the sphere is dissipated in the presence of

a strong long-range interaction.
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point in space is specific to a condensed medium alone.
In the gas phase one can only consider the results of the
collision as a whole, but it is impossible to divide it into
stages in an additive manner. The use of probabilities
which are intrinsically additive becomes possible in con-
densed media, because any energy level Ei acquires a
certain width I'j owing to the interaction with the solvent
(Fig.2). This restricts the free dynamic development of
the transfer process to very short periods of the order of
(Ty + T',)™ =T, after which the process begins to
resemble to some extent @-decomposition occurring with
the probability

2 3 -

= Bt =) = e,

where < 1/ is the donor state, |2 > is the acceptor state,
and E, = E,. It is clear from this that the description of
the transfer process throughout its extent in terms of
probability is legitimate only when the encounters between
the species during which the process takes place have a
duration much longer than I'™*., Otherwise it is absolutely
essential to generalise the theory in such a way that it
permits afree dynamic development of the transfer process
during the encounter.

Figure 2. An energy scheme for the resonance transfer
reaction. The dashed arrows indicate the excitation and
deactivation of quasi-resonance levels.

Evidently the “encounter theory”, which must satisfy
this requirement, is not only kinematically more complex
than the collision theory, but involves a greater number of
parameters taking into account the interaction with the
medium. The difficulties in devising this theory were
overcome quite recently!*"®"”, Formally, the apparatus
of the theory describes resonance reactions in the liquid
just as logically as in the gas. All the results of the
distance theory were reproduced, and the limits of its
applicability were established'*. It was found that devia-
tions from the “contact” formula (2) occur not only for
slow diffusion, when it is overtaken by transfer at a dis-
tance, but also for extremely fast diffusion, which is able
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to switch the interaction on and off at a rate faster than
the rate of relaxation'*. 1In the latter case the interacting
species can be regarded as just as free from interaction
with the medium during the encounter as during the colli-
sion in the gas phase. The only difference is that the
initiation and arrest of the interaction during the collision
are predetermined in the course of free migration, while
during the encounters between reactants in the liquid phase
the occurrence of interaction is just as random as diffusion
itself.

A general consequence of quantum mechanics is quadra-
tic propagation in time of the resonance transfer process.
At the dynamic stage, for very rapid diffusion, the proba-
bility of the reaction therefore depends quadratically on its
duration Te, namely as 4b872/%%, where Te = Ro/2kD.
After multiplying by the frequency of encounters (47RoD),
we obtain

4nR3b2
= Tamap

(6)

This expression is the liquid-phase analogue of the Born
approximation in the scattering theory. It follows from
this that Re diminishes quadratically as diffusion is
accelerated:

RSy

R = AhaD? (7)
k
k=
0 \\\
I T Tm wr 1D
Figure 3. Dependence of the rate constant for a bimo-

lecular reaction on the mutual diffusion coefficient:

1) dynamic stage; II) kinetic stage; III) diffusion-con-
trolled stage; IV) transfer over a long distance. The
dashed curve illustrates the analogous relation obtained
within the framework of the “grey sphere” model.

The qualitative deviations of the Re(D) or B(D) relations
(Fig. 3) from the generally accepted relations might
become the subject of a special investigation if, together
with the reaction rates, it was possible to measure molec-
ular mobility. It is clear from the above formulae that
this would make it possible to infer not only the type of
interaction, but also its parameters, mechanism, and the
“narrow” reaction stage. Unfortunately, the general
Kinetic standard procedure involves the measurement of
the rate constant and at best its temperature dependence
but never its dependence on D, This places liquid-phase
kinetics in the same situation as that of its gas-phase ana-
logue before the appearance of the molecular beam tech-
nique. No definite conclusions can be drawn about the
intimate mechanism of the chemical reaction solely from
the rate constant, while the choice of interaction parame-
ters remains appreciably arbitrary.
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Because of this, the theory continues to be extremely
general. No other factors, apart from the charged state
of the species*®*”®"° which hinders or promotes their
mutual approach, are taken into account. Nevertheless,
the interaction is almost always anisotropic. As a rule,
the reaction centres occupy only a small section of the
sphere associated with the molecule and rotational motion
is an important factor, promoting contact between the
reactants 2°’*',  For example, this is the situation in spin
exchange #27%% and certain slow radical substitution reac-
tions ®*, Furthermore, the reaction centre may be
shielded by the solvation or hydration shell, the penetra-
tion of which (or residence in the latter) should limit the
rate of the process in many instances. Finally, the pres-
ence of ligands in the reaction complex can both promote
and hinder contact depending on the conformation, which
should result in a direct dependence of the kinetically con-
trolled reaction on the frequency of conformational transi-
tions. It may be that, apart from the deviations from the
contact model described above, caused by the unduly slow
or unduly fast diffusion, there should be others associated
with the fact that the molecule is not a sphere with a radius
R and that contact with it is not simply of any type but must
involve “adhesion” at the required site and in a convenient
configuration. Although these claims are qualitatively
evident, they have not been formulated in a strictly quan-
titative form, mainly because there is no possibility of
comparing such a detailed theory with adequate experimen-
tal data.

III. REACTIONS CONTROLLED BY MOLECULAR
MOBILITY

The transfer of an electron, proton, and valence in non-
polar matrices does not as a rule require the overcoming
of high potential barriers, and yet frequently shows an
anomalously marked temperature dependence. We believe
that this is evidence that the rate of diffusion of charge
and valence is not limited by the height and extent of
energy barriers but by the mobility of the matrix.

Because of this, the observed rates of physicochemical
processes are simply none other than the frequencies of
molecular motions— vibrations, librations, and rotations,
which have been the subject of acoustic and dielectric
studies. Many specific examples discussed below sup-
port this claim.

Electron Transfer

In 1960 Tal'roze and Blyumenfel'd ?° observed a dark
electrical conductivity o(T) in a large class of polymers
with conjugated bonds. The anomaly was that activation
energy for conduction in these substances varied from 0.2
to 4 eV, but the associated change in the pre-exponential
factor (over the range of 60 orders of magnitude) fully
compensated the changes in energy. In other words,

0 == g,exp(— E/kgT),

but
Ingy =a -+ BE, (8)

where @ and $8 are invariant in the given series of com-
pounds (Fig. 4). .
This phenomenon, called the compensation effect (CE),
has been known in the physics of semiconductors since
1937 as the Meyer—Neidel effect 2’27 but it had been
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observed even earlier in chemical studies: in 1926 Con-
stable 2 established that CE is characteristic of catalytic
oxidation reactions and Roginskii and Rozenkevich found it
in homogeneous unimolecular reactions *°, After some
controversy, Hinshelwood®® recognised CE in 1947 as
“one of the fundamental although incomprehensible rela-
tions of chemical kinetics”, and subsequently Kobeko, who
observed the effect in the most direct manner in styrene
polymerisation reactions®, concluded that “CE is a
general law of chemical kinetics”. In the 1960s CE was
observed in the decomposition reactions of aliphatic azo-
compounds and many hydroperoxides®?, Furthermore,

it was established that, in the reactions associated with
alkaline hydrolysis®, the compensation effect is to a large
extent limited to an analogous compensation expressed by
the temperature dependence of the solvent viscosity >,

00
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Figure 4. The compensation effect in the conductivities
of a number of polymers according to Tal'roze and Blyu-
menfel'd 25,

The last observation might serve as the starting point
for the interpretation of the effect in all its manifestations.
However, there always remains the possibility that CE is
associated with the very formulation of the experiment,
the scope of which is frequently limited by the narrowness
of the available temperature range. By a tendentious
selection of specimens®® or by postulating competition
between two simultaneous reactions®®, it is easy to account
for the compensation of the energy factor by the entropy
factor if both are within reasonable limits. However,
the CE observed in the electrical conductivity of organic
structures ?° cannot for this reason be accounted for in a
trivial manner, which gives rise to the problem of the
origin of the exceptionally high activation energies
appearing in the compensation series. Their occurrence
in conduction in high-molecular-weight compounds was
later confirmed for a large class of highly unsaturated
polymers® ™, 1t is striking that the activation energy
varies from specimen to specimen in a2 random manner,
reaching 5 eV in certain cases. This phenomenon has
been included as an experimental fact in monographs on
organic semiconductors®® and biopolymers*, but a likely
explanation for it has not so far been found.

The existence of activation energies exceeding all
reasonable limits has been observed not only in electrical
conduction, and not necessarily in the solid state. The
activation energies for many catalytic processes*? and a
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large class of liquid-phase enzymatic reactions, where CE
is a universal phenomenon ’“, are just as large. How-
ever, even if one admits that the phenomenon is non-
trivial in a compensation series where the energies vary
from several kcal mole™ to 120 kcal mole™ and more,
one must treat with much caution many “simple” explana-
tions of CE in series where the energy varies within rea-
sonable limits. The widespread nature of the phenomenon
makes it necessary to assume that its cause is extremely
general and only its manifestations are not always anoma-
lous (involving unduly large activation energies).

The appearance of activation energies of 4-5 eV is most
paradoxical in electrical conduction, where the elementary
step is particularly simple. The conductivity of the sub-
stance 0 = eun, where 7 is the concentration of current
carriers and U their mobility, is known to be linked to the
diffusion coefficient by the Einstein relation:

eD
W= —k;'l—‘ , (9)
where ¢ is the charge and T the temperature. In inorganic
semiconductors the temperature relation o(T) is deter-
mined by the excitation of charges in the conductivity band,
i.e. by the equilibrium current carrier density #n(T). How-
ever, a simple estimate shows that, when E = 2 eV, the
forbidden gap is so wide (2F), that at room temperature
there is not even one free carrier per specimen. In other
words, in organic semiconductors with large values of E
precisely the opposite situation should obtain: #n =~ const.,
as in metals, and the temperature relation o(T) should
originate mainly from the temperature dependence of the
mobility of current carriers. The constancy of # can be
explained by the fact that high-molecular-weight semicon-
ductors contain a multiplicity of impurities, which need
not necessarily be extraneous inclusions, consisting of low-
molecular-weight oligomers with enhanced electron-
donating or electron-accepting capacity, which ionise the
main molecules. The current carriers thus generated
move freely via the system of conjugated bonds within the
molecule, experiencing difficulties only in the transfer
from one molecule to another. If such transitions take
place W times per second, their sum amounts to diffusion
with the coefficient

a!
D= <V (10)
where a is the scale of the spatial displacement of the
current carrier in each elementary step of the intermo-
lecular transfer (an analogue of the lattice period).

Taking into account Eqns. (9) and (10), it is reasonable
to expect that the anomalous temperature relation o(T) is
caused by the fact that the transition probability W(T) is
based on an activated process. However, until recently,
it has been assumed that the electron independently tra-
verses very large intermolecular distances, but not always
“successfully” (g <<17), repeating its attempts v times per
second from each end of the molecule. 1If this were so,
it would be difficult to postulate any marked temperature
dependence of the transition probability

(11)

In fact v, the frequency of the intramolecular vibrations of
the electron is constant, while the intermolecular transi-
tion is activated only when it takes place over a barrier.

W = wvq.

tHere ¢ is the fraction of successful attempts.
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However, it is impossible to relate the observed activation
energy to the height of this barrier. Even, for an attack
frequency ¥ =~ 10'° Hz, the transition through a 2 eV
barrier would take place at a frequency of 107" Hz, i.e.
only a few times per year.

The solution, pointed out by Gutmann as late as 1969,*°
is to abandon the usual treatment of charge migration as
if the latter occurred in a frozen medium with a fixed
geometry and positions of the molecules. In this approach,
which is generally accepted in the theory of the solid state,
the current carrier indeed has no choice but to overcome
the barriers encountered in its path. 1In fact, there is
always an alternative: either to pass through the barrier
despite its considerable extent or to wait until it is lowered
as a result of the mutual migration of molecules to such an
extent that it becomes virtually “transparent”. On the
other hand, if the intermolecular distances are such that
the barriers are on average insurmountable, only the
latter possibility remains.

This is apparently the situation in organic semiconduc-
tors. The frequency of attempts v in Eqn. (11) has the
significance of the frequency of intermolecular contacts
arising during thermal motion and not of the frequency of
attacks (which is known to be high).

Table 1. Comparison of the activation energies for com-
bustion and dielectric losses (measured in electron-volts).
Substance Econd.» eV E\gsss eV

Chlorpromazine 1.5 1.4

Promethazine 1.5 1.37

Trifluoropyrazine 1.4 1.4

Poly(ethylene terephthalate) 1.65 0.66—0.87

Albumin 1.4 0.8

Polyacrylonitrile 0.85 0.61

Gelatin 1.5 1.14—1.3

Collagen 1.36 1.1

The probability of tunnelling at these instants ¢ < % can
be very close to its limit () and the temperature depen-
dence of conductivity, mobility, and the diffusion coeffi-
cient is then determined mainly by the temperature depen-
dence of the frequency ¥(T), which limits the rate of the
process. Using these considerations, Gutmann decided
to compare the measured activation energies for conduc-
tion and the dielectric losses, which constitute a direct
means of measuring V(T). The author notes that the
“data compared proved to be very scanty because the
objects investigated as dielectrics were as a rule not
studied from the standpoint of their conductivity, and con-
versely”.*® Nevertheless he was able to make such a
comparison (Table 1), partly on the basis of his own
observations and partly on the basis of literature data,
demonstrating the striking agreement of the results. The
author explains the observed slightly higher activation
energy for conduction (by 0.2 eV) by the necessary prelimi-
nary separation of the paired spins, which ensures the
resonance mechanism of electron transfer. However, the
main part of the activation energy and sometimes the
entire activation energy is required solely for the creation
of a “sterically convenient orientation of two molecules
relative to one another, inwhich the energy barrier separating
them is temporarily lowered”.*® 1In order to achieve this
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fayourable configuration, the molecules must bend, twist,
or execute librations within narrow confines, and this
stage actually limits the rate of the process. Electron
transfer is merely an example of the reactions which may
be controlled by molecular mobility, ensuring that the
reactants come into contact in the required coordination.

“Unfortunately, we have no data permitting a comparison
of the activation energies for conduction and dielectric
relaxation in the series of polymers where CE is observed.
However, there is no doubt that such comparison would
reveal their identity. The enormous activation energies
and their consequent compensation by anomalously large
pre-exponential factors in the expression for the rate of
relaxation of dielectric losses in polymeric media are
encountered extremely frequently *¢.

Naturally, by reducing CE in electrical conduction to
CE in molecular mobility, we do not as yet explain this
phenomenon. However, the demonstration of the very
fact that the reaction is controlled by molecular motion is
important for chemical kinetics. Whether or not CE con-
stitutes an unambiguous indication of such control can be
elucidated only by a wide-scale comparison of the results
of acoustic, dielectric, and molecular-kinetic investiga-
tions of condensed media with the rates of the elementary
chemical reactions which occur in the latter. To what
extent such a comparison can succeed is seen most clearly
in relation to a simpler system, which we shall now ana-
lyse.

Proton Transfer

The anomalously high intrinsic conductivity of ammo-
nium salt crystals, which is higher by 5-6 orders of
magnitude than that of the corresponding alkali metal salts,
constitutes an important reason for giving preference to
the proton mechanism of charge transfer rather than to the
usual vacancy mechanism associated with the motion of
heavy masses. However, this hypothesis became con-
crete only recently as a result of a multistage experimen-
tal study of the formation and migration of a free proton
in a crystal lattice*”™®, In order to identify the mecha-
nism, the proton-donating NH4HSO, admixture was intro-
duced by cocrystallisation from aqueous solution into
(NH4)2S804 (AS), and NH,H>PO, (ADP) crystals; the con-
centration of the admixture was followed by titrating the
solution after dissolving the given single crystal in water.
Ag expected, the conductivity increased linearly with
increasing concentration of the electron-donating mole-
cules.

By following the concentrations in specimens with admix-
tures (), it is possible to determine in the simplest way
the proton mobility #(T) = o(T)/ene and to compare its
temperature variation

B (T) = poexp(—Emk ) (12)
with the temperature variation of the intrinsic conductivity
o(T) =en(T) - n(T) = 0oexp(— E/kpT),

where

&
n(T) = ]/k—‘ [NH{] & exp (—Zki",,

is the equilibrium density of the protons generated as a
result of thermal dissociation

) (13)

kg
NH{+50{” 2 NH,+ HSO;

r
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(d and By are the dissociation and recombination rate con-
stants respectively). This comparison makeg it possible
to separate the contributions to the activation energy E by
the dissociation energy Eo and by the activation energy for
motion Em: E = Ey/2 + Em. The values of E; and Em
proved to be virtually identical for protons in AS crystals:
Em =049 eV and E; = 0.5 eV (E = 0.76 eV). However,
although the origin of E, is evident, the nature of Em still
needs to be analysed.

Oi.z °J

Figure 5. Schematic illustration of the multistage migra-
tion of a proton within and between the cells of the anionic
sublattice: 1) oxygen atom; 2) sulphur atom; 3) proton.
The arrows indicate the intraionic migrations of the proton
and the circles illustrate the interionic migrations.

The migration of an intrinsic or impurity proton in the
crystal lattice consists of elementary steps each of which
is none other than a resonance transfer reaction of the
type

w
HSO; -+ S03" 2= SO” 4 HSOj. (14)

The experimental mobility p = (ea®y/kBT)W, wherey is
the geometrical factor (instead of 1/6) taking into account
the possibility of proton transfer to any of the anions
forming part of the first coordination sphere, can be
expressed in terms of the probability of this process W in
accordance with Eqns. (9) and (10). Having measured {,
it is easy to calculate

ukyT
ea?y

W =

=vq. (15)
Evidently we encounter in Eqgn. (15) the same alternative as
in Eqn. (11). Although the probability W can be found
readily, it is in no way clear to what the temperature
dependence should be attributed: the probability of over-
coming the barrier q(T') separating the two anions or to the
frequency of the approaches to the barrier ¥(T). The
latter is determined either by the rotation of the HSO¢ ion
or by proton transfer within the latter from one side to the
other (Fig.5). Rotation (a change in coordination) is a
necessary condition for the translational motion of the
charge carrier and it can be no less difficult than proton
transfer along the line of the hydrogen bond between neigh-
bouring lattice sites. In fact the distance between the
siteg in the tetragonal structure of the ADP crystal is

4.2 A, while the distance traversed by the proton on moving
from an oxygen atom of its {own” anion to a “foreign”
anion does not exceed 0.35 A, In this situation it is
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natural to suppose that the intramolecular transition may
be the rate-limiting stage for the process as a whole.

Experimental proof of this was obtained by studying the
temperature and frequency dependence of the complex
dielectric constants of AS and ADP crystals. Direct
measurements demonstrated the identity not only of the
activation energies for conduction and dielectric relaxa-
tion, but also of the absolute values of the relaxation time
7d and the rotation time 7¢ = v~ (Table 2) subject to the
condition that ¢ = 3. The latter implies that whenever a
favourable coordination is established the proton has
sufficient time, while the coordination persists, to be
equally distributed between neighbouring anions. The
only difficulty is the creation of such a favourable situation
and not the transfer step itself, which, judgin% from cer-
tain data*®, takes place at a frequency v = 10'° s, while
the reorientation takes place, according to Table 2, at a
frequency not greater than 10° times a second.

Table 2. Comparison of the activation energies and
relaxation times for conduction and dielectric losses.

Am::lc:nium Ep, eV Egq, eV 1057, s 10574, s
(NH,).S0, 0.49+0.03 | 0.51-£0.04 3.3 5.5
NH,H.PO, 0.54+0.03 | 0.50+0.04 8.3 4.6

Thus the seemingly elementary reaction (14) can be
arbitrarily subdivided into two stages: the reorientation
of the carrier anion

v
HSO] > SOH-
v

and the intrinsic transfer (tunnelling) of a proton from one
carrier to another:

q
SO,H~ + SO~ 2 SO;~ + HSO7,
q

the former being rate-limiting. This constitutes an
example of a reaction controlled by molecular mobility in
a pure form.

The ideas described apparently make it possible to con-
sider the problem of the specific regulation of the rates
of certain solid-phase protolytic reactions in a different
way. Thus, on thermal decomposition, ammonium per-
chlorate (AP) initially dissociates:

NH,CIO, — NH,+HCIO,,

while the proton, having moved in the manner described
above in the anionic AP sublattice, enters an unstable
anion (ClOs in the defective section of the lattice or as an
impurity ClOs anion) and destabilises it further, which
leads to the initiation of the autocatalytic decomposition
process. Consequently, by introducing additional protons
into the AP lattice (from proton-donating additives) or by
reducing the concentration of the conductivity protons
present in the lattice (by introducing proton acceptors such
as ammonia, HPO{~, CO3§", etc.), it is possible to
decrease or increase correspondingly the thermal stability
of this widely used solid-phase oxidant, which was recently
demonstrated by direct experiments*.
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Recombination of Radicals

The thermal annealing of the radicals arising in a solid
matrix under the influence of penetrating radiation has been
the subject of chemical research in the course of two
decades. After the discovery of the electron spin reso-
nance method, these studies became particularly vigorous.
However, despite the possibility of identifying radicals and
of following their transformations, unambiguous and
generally accepted explanations of the known anomalies in
the kinetics of their recombination (pronounced departure
from steady-state conditions, “shelves”, etc.) have not so
far been proposed. Virtually nothing is known about the
mechanism of the spatial migration of radicals via molecu-
lar crystals, let alone glasses and polymers, and even
diffusion coefficients have been measured only in excep-
tional instances. Nevertheless the mutual approach of
radicals (or valences) in space constitutes a necessary
preliminary stage before their recombination, which itself
requires almost no activation energy. It is therefore
natural to suppose that the rate of the process as a whole
is as a rule limited by diffusion and that its temperature
dependence and the CE frequently encountered in the pro-
cess simply exhibit features characteristic of the tempera-
ture variation of the diffusion coefficient D(T).

c \/t, min*

oo 725°" ©
1 1 1

0 5 10 15
\/t, min
Figure 6. “Square root” plots designed to express in a
linear form the kinetic curves for the unimolecular and

bimolecular recombination of radicals in crystals of suc-
cinic (a) and 3,3-pentamethyleneglutaric (b) acids.

%
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The present author and Tsvetkov™ recently found direct
evidence for this by observing that the kinetic curve for the
unimolecular and bimolecular recombination reactions can
be expressed in a linear form by plotting InC and C™*
respectively against V#, whereas usually the variable
plotted along the abscissa axis is ¢ and not vt (C is the con-
centration of radicals). The recombination in irradiated
crystals of succinic and 3,3-pentamethyleneglutaric acids
proceeds in this way at temperatures close to the melting
point or the polymorphic transition temperature® (Fig. 6).
Analogous “square root” kinetics had also been observed
previously in vitreous matrices*2”* and had been inter-
preted in the same spirit.

The decrease of concentration with increasing V¢ always
precedes the steady-state stage of the reaction, where it
is controlled by diffusion (kp > kD) [see Eqn. (2)]. 1If
after irradiation radicals are scattered throughout the bulk
of the specimen randomly and uniformly and their motion
in any direction takes place identically, then, according
to the generally accepted theory 2, the rate constant for the
diffusion-controlled reaction is

kp(t) = 4nRD [1 +—}%] :
As in Eqn. (2), here R is the radius of the sphere which in
this instance is “black”. At the beginning of the annealing
process the second term on the right-hand side of Eqn. (16)
always predominates over the first and at this stage the
recombination kinetics are therefore defined by the
following equations:

)

@2—1=FVT o (b)lﬂC—Co:AEV?, an

Indeed the C(f) relation can be expressed in a linear form
by means of the above “square root” plots and the effec-

tive reaction rate constant'E is
(@) E =8R*C,YnD or (b)%k =8R‘MY D, (18)

where M is the concentration of the reactants involved in
the first-order reaction. However, the non-steady stage,
associated with the “square root” destruction of the species
in direct proximity to the “black sphere”, lasts only for an
instant { < R?/1D, i.e. for a very short time if R has
molecular dimensions. During this period, only those
few radicals which were generated along side one another
or at a distance of one—two “steps” from one another can
be destroyed. In fact a considerable proportion if not all
the radical centres detected by ESR are destroyed in the
non-steady stage of the reaction. Because of this, inter-
pretation of the experimental data in terms of the above
formulae yields for R a value many times greater than the
size of the mglecule or of the monomeric unit of the poly-
mer: 40-80 A, Such enormous capture radii can be
accounted for solely by heterophase fluctuations in the
prefusion region®: the appearance of unstable micro-
scopic nuclei of the liquid phase within which the mobility
of the species is very high. Two radicals which have
entered such a “cauldron” have a greater chance of
meeting and recombining, while a single radical simply
moves in space, but over a considerable distance, of the
order of magnitude of the fluctuation radius ™.
Unfortunately the situation remains paradoxical even
if a hypothesis of this kind is adopted. When the radius
of the black sphere, whose penetration leads to the inevi-
table destruction of radicals, is compared with the aver-
age distance between them at the beginning of annealing,
the binary approximation within the framework of which
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Eqn. (16) was obtained ceases to be legitimate. Further-
more, certain kinetic curves indicate directly the internal
inconsistency of their description in terms of this formula.
This is clearly seen if the experimental results are
expressed by a plot of (C™ - Cg')/t against 1/V¢; in this
case Eqn. (16), describing the kinetics of bimolecular
recombination, leads to a straight line*, because

(C*—C;")t = 4aRD 4 8R? 1/ i‘tﬂ (19)
The intercept which the line makes on the ordinate axis is
none other than the steady-state rate of reaction (1).
However, among the results quoted by Butyagin 55, there
are also instances where the intercept is zero (Fig. 1,
right-hand column); this involves the destruction of radi-
cals in thermovulcanised rubber, where one can either
assume that R = © and D = 0, or that there is no steady-
state stage in the reaction at all.
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Figure 7. Kinetics of the destruction of radicals in the

presence of a steady-state stage in the reaction (@) and in
its absence (b) according to Butyagin >,

The possibility of a non-steady-state course of the
reaction from beginning to end merits special investiga-
tion. Such a possibility exists if diffusion takes place as
a one-dimensional or two-dimensional process, but
“square root” kinetics are obtained only in the one-dimen-
sional case. The latter naturally arises if one of the
radicals is always stabilised on the surface and the other
in the bulk phase, or if both are formed at an edge dislo-
cation consisting of a narrow (with a thickness of the order
of magnitude of several atomic dimensions) tunnel in the
crystal lattice. In order to ensure a markedly non-
steady-state process, it is necessary to assume in addi-
tion that the initial distribution of radicals is very non-
uniform. They must be generated close to one another
compared with the distance by which they can be separated
during diffusion. When the initial distribution is Gaussian
with a width /, the destruction takes place in accordance

with the law ™
_c_2 2/ Dt
p= c p arctan(l I/ - ) s (20\
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if the radicals are assumed to be “black” and to recombine
already in the first encounter.

The fundamental difference between Eqns. (20) and (19)
is due to rejection of both fundamental assumptions of
Waite's theory leading to Eqn. (16): the homogeneity of
three-dimensional diffusion and the uniformity of the initial
distribution of species. The process described by Eqn.
(20) also consists of two stages; approximately half of the
initial number of radicals are destroyed at each stage.
However, the last stage is non-steady-state to the end and
the recombination kinetics are close to the “square root”
type whatever variables are used (Fig.8). For any initial
distribution ¢(x) (provided that it is narrow!), they can be
represented in the following form:

C

<

1 2
Vani® t>5, c<C, (21)

0
where [ = [x@(x)dx is the first moment of the distribution.
[4]

Comparison of this destruction law with Eqn. (17a) readily
shows that
5D

; (22)

and 'Etherefore depends on the diffusion coefficient in
exactly the same way as in Eqn. (18), although the values
and significance of the spatial characteristics in the two
formulae are different.

The above explanation of the profoundly non-steady-
state nature of the process shows that at least the func-
tional relation between the effective rate constants defined
by Eqn. (18) and the diffusion coefficient can be accepted
with confidencef. This makes their comparison legiti-
mate and their temperature dependence can be regarded
as corresponding exclusively to the D(T') relation. Although
the constants for the two reactions investigated fit on the
Arrhenius temperature_relation 2 = ko exp (-E/kBT) and
have similar values of 2, the activation energies and the
pre-exponential factors (Bo = 3 X 10'® s™'2 and E = 36.4
kcal mole™ for 3,3-pentamethyleneglutaric acid, and 2, =
3x10° s"2and E = 18.4 kcal mole™" for succinic acid)
differ from one another very markedly. Furthermore,

a typical compensation effect due to diffusion is present.
According to Eqn. (18), the activation energy for diffusion
Eq is twice as large as the activation energy corresponding

i Experimental evidence has become available quite
recently, showing that the non-steady-state (“square root”)
kinetics are also characteristic of disproportionation
reactions in the cage which do not require diffusion ®®*®,

In particular®, the reaction of the methyl radical with the
matrix, CH; + RH = CHy + R", is markedly non-steady-
state and proceeds in accordance with the law C =

Coexp (-Vkt). The difference between the rates of trans-
formation of different radicals, which is the reason why
the reaction is non-steady-state, may be attributed in this
instance solely to the local inhomogeneity of the matrix,
energetic or structural. The phenomenon has been inter-
preted®® on the agsumption that the transfer of H- has a
tunnel and quasi-resonance mechanism and that the distri-
bution of the resonance deficiency is Gaussian. The fea-
sibility of this explanation of the “square root” decomposi-
tion shows that diffusion may not be the only cause of such
behaviour and special proof is therefore required that it
controls the process.
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to the effective rate constant and reaches 3 eV for 3,3-
pentamethyleneglutaric acid.

| !
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Figure 8. Kinetics of the non-steady-state recombination
under the conditions of one-dimensional diffusion repre-
sented by plots in terms of the coordinates of Burshtein
and Tsvetkov™ (a) and Butyagin® (b); p(t) = C/Co, 6 =
(2/1)VDi/m,

The compensation effect in the recombination of radi-
cals had also been observed previously. It was inter-
preted phenomenologically as a result of the S-shaped
pronounced E(T) dependence, close to linearity *:

E(T) = E, (1 —BkgT).

The steep decrease of the activation energy, which can
explain the compensation effect in a narrow temperature
range, was attributed to the unfreezing of the rotational
mobility of the polymeric chain, i.e. not in any way “to the
structure and properties of the radicals but to the struc-
ture of the polymer as a whole”®®. Direct measurements
performed on pure amorphous glycerol showed that the
activation energies for the rotation (dielectric losses) and
recombination of radicals are identical®. On the other
hand, the non-Arrhenius S-shape of the relation between
Ink and 1/T was later confirmed by a special study of
recombination in irradiated frozen benzene® and was
regarded by the authors as evidence in support of the
hypothesis that the activation barrier to self diffusion (or
the migration of valence) decreases with increase of tem-
perature. Finally, direct experimental confirmation has
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been obtained quite recently that the activation energies
for recombination and diffusion in crystals are very
close®™ 2, i.e. that the nature of both phenomena is indeed
the same.

IV. THE VACANCY MECHANISM OF MOBILITY

In view of the foregoing, it is natural to seek an expla-
nation of the compensation effect outside the limits of
chemical kinetics: in the mechanisms of the organisation
of diffusion. However, the existence of a compensation
effect is known reliably only for the diffusion of a number
of metals into fused copper and for the self-diffusion of
iron in its melts® (Fig.9). Unfortunately the activation
energies and pre-exponential factors in such cases vary
outside the normal limits. On the other hand, in those
instances where anomalies were encountered and were
interpreted very successfully, the compensation effect had
not been the subject of the investigation. We are dealing
with extremely high (compared with potential barriers)
activation energies and the correspondingly unduly high
(by several orders of magnitude) pre-exponential factors
in the expressions for the self-diffusion coefficients for
atomic® and ionic crystals®’*®. Despite the small scale
of the effect, its explanation, which has withstood an
experimental test, is the only reliable basis for consider-
ing the causes of the anomalously high activation energies
and their compensation,

13D,
, 2
-1.0 +
2.0
-3.0
=40
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Figure 9. The compensation effect in the diffusion of
metals in liquid copper (line 1) and the self-diffusion of
iron in Fe-C according to Shurygin and Shantarin ®®
(curve 2).

The migration of an atom (or ion) from its lattice site
to a neighbouring site takes place most readily when the
latter is vacant. Such a situation arises each time when
the vacancy (Schottky defect) migrating in the crystal
appears in the first coordination sphere. By treating such
events as “encounters” between the vacancy and the ion,
it is possible to determine their frequency by Eqn. (1),
putting R = a (a is the lattice constant), i.e. W = 4naDvyny,
where ny is the equilibrium density of the vacancies and
Dy is their diffusion coefficient. By migrating into a
vacancy, the given species migrates over a distance ~ a,
and the sequence of such migrations constitutes diffusion
with the coefficient described by Eqn. (10), which in the
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given instance assumes the following form:
D =va*W = Dy P,

where Py = &®ny is the fraction of vacant sites in the
crystal lattice. Inthis very familiar expression® Dy is
a kinetic parameter and Py a strictly equilibrium parame-
ter. In principle, both depend on temperature, since the
compensation effect in diffusion can originate both from
kinetic and equilibrium causes.

Initially it was believed that the observed anomaly in
the D(T) relation is associated exclusively with the tem-
perature relation Ey(T) due to the barrier which the ion
must overcome on being displaced into the nearest vacant
site. The barrier between the sites is generated by the
repulsion potential between neighbouring molecules and the
ion must cross this barrier in order to enter the vacant
site. The height of the barrier naturally depends on the
distances between the sites. When the neighbouring raole-
cules move apart as the crystal expands, liberating a
pathway, the height of the barrier should decrease with
temperature and the decrease should be linear:

(23)

(24)

E, ~E, +dEu(i

—(= ),T = E,[1 —ArT],

where E, is the height of the barrier at T=9 =0, » =
(1/v)(3v/8T)p the isobaric coefficient of thermal expansion,
¥ = -d InEvy/d Inv a numerical parameter, which can be
readily estimated provided that the repulsion potential is
known (the specific volume v =~ @®),  For example, we
have ¥ = 4 for Ey = 1/a*2=~ 1/v*. The linear decrease of
E(T), pointed out for the first time by Frenkel'®, consti-
tutes an excellent imitation of the Arrhenius relation and,
by causing an unduly high activation energy, necessitates
the compensation of such increase by the pre-exponential
factor:

-E - Bkl
D, = D, 50/*8T . p, EMKB, oERBT _ [ o=FolkBT

(25)

However, when the compensation effect originates in this
way, the activation energies can only be a little higher
than the usual values [(E — Eo)/Eo = AT =~ 1] and the pre-
exponential factor should not differ unduly from the true
value. Even for ionic crystals, where the pre-exponen-
tial factor is too high by only four orders of magnitude,
the kinetic compensation effect can account for only two
orders of magnitude, i.e. for half of the observed effect.
In this connection, Mott and Gurney 85 pointed out that the
remaining half of the effect is evidently associated with
the analogous effect as a function of Py(T). The increase
of the density of vacancies with temperature is determined
by the thermodynamics of the crystals and can be very
marked near the melting point or the polymorphic transi-
tion temperature. A completely analogous situation
occurs in pure metals and solid substitutional solutions
where atoms diffuse via the vacancy mechanism®. The
latter is regarded as involving local fusion due to a ran-
dom aggregation of vacancies 7,

The kinetic and equilibrium compensation effects make
equal contributions to the observed undue increase of the
pre-exponential factor for ionic crystals, but whereas the
former is interpreted at a microscopic level, the latter
is introduced exclusively to make the theory consistent
with experiment. The formula for the effect found empiri-
cally by Bugakov®

D = D yef/#BTm o ~ElkpT

is identical with Eqn. (8) and identifies (8¢B)~" with the
melting point Ty. As the melting point is approached,
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the density of vacancies increases sharply and the proba-
bility of their binary, ternary, and higher-order collisions,
leading to aggregation and microfusion, increases still
more steeply, providing the driving force for diffusion and
the reactions which it controls.

100 |
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Figure 10. Dependence of the effective activation energy
E% for the viscous flow of the B,O; glass over a wide
temperature range.

In comparing the kinetic and equilibrium compensation
effects as the possible causes of the appearance of anoma-
lies of still greater magnitude, characteristic of molecular
crystals and glasses, it is natural to give preference to
the equilibrium effect. The fact that the temperature
dependence of viscous flow and self-diffusion in such media
has been attributed for a long time to the probability of the
appearance of vacancies of molecular size v* can be
regarded as independent evidence in support of this choice.
According to the free-volume theory ™™, this probability
1s

P, = exp (—- (26)

U
v—= "o) ’
where v is the specific volume and v, is assumed equal to
the intrinsic molecular volume (or the specific volume
when T = p = 0). In the free volume theory the appear-
ance of vacancies is attributed exclusively to entropy
fluctuations; solely owing to the ordering of the structure
and without an energy expenditure, such fluctuations lead
to the accumulation of the free volume due to many mole-
cules in one place, in the form of a cavity of specified size.
Naturally, the greater the volume of this cavity v*, the
smaller the probability of its formation. On the other
hand, the greater the average free volume per molecule
v — o, the greater the frequency of cavities whose size is
sufficient for spatial migration of the diffusing species in
the latter. Consequently the isobaric temperature rela-

tion Py(T) is associated exclusively with thermal expansion.

In vitreous matrices over a range of approximately 50°C
near the glass point Tg the change in free volume is such
that it converts Eqn. (26) into the so-called WLF formula™’
72 or Falcher's law:

(27)

Py = axp[—~ T“’"ST‘ ] , To< T,
—dg

Despite its approximate nature, this law shows that the
effective activation energy (alnpv/aT“)p increases rapidly
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with decrease of temperature and may be much greater
than any potential barriers, as happens in the presence of
the compensation effect.

Direct and precise measurements of the activation
energy for low-temperature viscous flow and rotational
relaxation in a reference glass such B,Os; showed ™ that the
activation energy reaches 96 kcal mole™ at low tempera-
tures (Fig.10). In the light of this finding, the appearance
of an anomalous compensation effect in diffusion-controlled
reactions such as recombination is quite natural.

Furthermore, since high activation energies and their
compensation are characteristic of the rotational mobility
of glasses, there is reason to expect that the compensation
effect may be characteristic also of certain kinetically
controlled reactions in glasses and liquids, which require
contact between the reactants in the correct coordination.
The stereospecificity of the reaction is expressed by the
fact that its rate on contact between the reactants depends
on the position of the point of contact on the reaction
sphere of radius R:

kp = ky (0, 9),

where 6 and ¢ are the angular coordinates of the point. In
terms of the terminology of the model, this implies that
the sphere is non-uniformly grey and, although there is a
possibility of contact at any point with equal probabilities,
owing to its different effectiveness, there is a multiplicity
of different values of kp, occurring with the probability

dW =f(k)dk,.

Generally speaking, this distribution is diffuse com-
pared with the model of a uniformly grey sphere, to which
corresponds the distribution f(kI')) = 5(k[’) - kp) or the

model of a white sphere with grey spots, for which f =
1- 4)(k£,) +q6(ky - kp), where g is the steric factor
equal to the relative area of the reactive surface. The
relative rotation of the reactant simulates the rate of
reaction during contact, and by virtue of this is capable of
accelerating the process to some extent as a function of
the form of f(k}’)). This implies that at the kinetic stage

the process is controlled by rotational migration, the fre-
quency v of which may exhibit the same temperature
dependence as the coefficient of translational diffusion,
Griva and Denisov justly noted * that the proportionality

2 = kp « v (Fig.11) “is a new phenomenon and is not pre-
dicted either by the theory of collisions in a liquid or by
the activated complex theory”. The authors explained this
correlation on the hypothesis that, when it rotates, the
molecule must overcome potential barriers generated by
the environment. Orientation favourable for the reaction
obtains in the vicinity of the maximum of one of the
barriers. It is therefore reached only by molecules with
sufficient rotational energy, the number of which is greater
the faster the rotation. This view constitutes a modifica-
tion of the activated complex theory in which an angular
variable is the reaction coordinate *°.

However, the position favourable for reaction is not
necessarily energetically unfavourable. If all the orien-
tations are energetically equivalent, the rate of reaction is
determined solely by its stereospecificity and by the
mechanism of the reorientations and not in any way by the
activation energy. This situation has been the subject of
a special study for different models of chemical asymmetry
under the conditions of jump reorientations by large and
small angles in the cage. The rate of reaction over long
periods, where it follows an exponential law, may depend
on the frequency of the reorientations both linearly and in
terms of the “square root” law (<Vy), ™

(28)
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The dependence of the rate constant for the rotational
or translational mobility of the reactant is a general fea-
ture of reactions controlled by molecular mobility,
including those with kinetic limitations.

102k, litre mole™! s7?

Figure 11. Direct proportionality between the rate con-
stant for a liquid-phase reaction and the frequency of
rotation of the reactant (a nitroxy-radical) at 22°C accord-
ing to Griva and Denisov 2*: 1)-4) various solvents.
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Figure 12. Curves for the annealing of radicals in crys-
talline adipic acid at different pressures: 1) 1 bar;
2) 2.8 kbar; 3) 4.15 kbar.

There exists a simple possibility of testing whether the
process is activated and suffers from insufficient energy
for its occurrence or from a deficiency of free space
necessary for the organisation of the elementary migration
step. The point is that v = const. during isochoric
heating and the probability defined by Eon. (26) does not
change as the temperature rises. This fact, namely the
independence of the isochoric viscosity of simple liquids
of temperature, has been used by Bachinskii as the basis
of the free volume theory of viscosity™. Like Jost,
having carried out isochoric measurements of diffusion
coefficients in ionic crystals, he demonstrated very ele-
gantly that the marked isobaric temperature relation D(T),
which is a consequence of thermal expansion, is abolished
when the volume is fixed®. Assuming that the main factor
in the recombination of radicals is the appearance of
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vacancies, which loosen the structure and facilitate the
diffusion of species toward one another, the present author
carried out an experiment involving the annealing of radi-
cals in a high-pressure bomb, which makes it possible to
prevent or hinder the expansion of the crystalline specimen
during heating™. As expected, the recombination at the
usual annealing temperatures did not occur at all, and the
greater was the applied pressure, the higher was the rise
in the heat treatment temperature necessary to achieve an
appreciable transformation for a specified duration of heat
treatment (Fig.12).

Thus the only definite claim that can be made is that the
compensation effect is associated with the steric difficul-
ties in the organisation of the elementary step in a continu-
ous medium. The liberation of space as a result of the
aggregation of vacancies is more important than the accu-
mulation of energy, which in any case cannot be used to
achieve migration through a dense screen of molecules.
Having been uniformly distributed in the first coordination
sphere, the nearest neighbours create an impenetrable
potential barrier and only fluctuations in their packing can
create a breach in this wall. It is therefore not surprising
that all investigators, whatever their concern (diffusion
into metals®, recombination of radicals ®~%, or solvation
phenomena’™), inevitably concluded that the compensation
effect has a cooperative mechanism. The difficulties
associated with the differentiation of the assembly of mole-
cules involved in the elementary step, out of the total
number present, constitute a problem which has not been
solved theoretically and which is relatively unsusceptible
to experimental investigation. However, progress in this
field is necessary, since it is potentially capable not only
of explaining the elementary step but also of leading to the
discovery of means of controlling it.

---000---

Even a simple change of emphasis, involving a change
of attention from the energy to the entropy (packing) factor,
is methodologically important for the chemical physics of
the condensed state. The present author recently
re-examined from this point of view the entire set of facts
associated with the destruction of radicals generated by
penetrating radiation in solid matrices™. It was found
that the heterophase fluctuations associated with the trans-
ient local softening of the structure should lead in the first
place (long before the unfreezing of diffusion) to the des-
truction of radical pairs and, increasing in scale with
increasing temperature, should successfully “anneal”
radicals increasingly remote from one other, which has
been indicated by experimental data. When the fluctua-
tions reach an extent sufficient not only for the establish-
ment of contact but also for the spatial migration of the
molecules, the static annealing of radical pairs gives way
to diffusion-controlled destruction of randomly scattered
radicals. Concepts of this kind might change from quali-
tative or semiquantitative ideas to rigorous constructions
if the nature of molecular mobility did not have to be
guessed at from indirect chemical data and could be
inferred fairly definitely from direct physical measure-
ments.

Unfortunately the chemical physics of condensed media
has greatly outstripped molecular physics, and the lagging
behind of the latter makes it virtually pointless to accumu-
late further uninterpreted data on the rate constants for
elementary reactions in solid and liquid molecular media.
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Nevertheless information about the structure of catalyti-
cally active centres, the complex, solvation, and hydra-
tion shells, the defective structures of crystals, and the
short-range order in liquids, and especially the extension
of the extremely scanty available information about molec-
ular mobility in all such systems might sharply reduce the
arbitrary features in the interpretation of chemical pro-
cesses and permit a critical choice between the physical
models of the elementary step.
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The Mechanism of the §-Elimination Reaction

M.A Aleskerov, S.S.Yufit, and V.F.Kucherov

The latest studies on the mechanisms of the f-elimination reaction are considered and described systematically. The use of
stereochemical and isotope effect data for the recognition of different types of reaction mechanisms is discussed.

The bibliography includes 232 references.
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I. INTRODUCTION

Systematic research on the g-elimination mechanism
began in 1927 when Ingold ' attempted to investigate reac-
tions of this type. Subsequently numerous studies
devoted to the elucidation of the details of the mechanism
were carried out®™*?. All the mechanisms of the elimin-
ation reactions were divided into three classes'™®: E1,
E2, and ElcB, in which the C—H bond is dissociated after,
simultaneously with, or before the dissociation of the
C—X bond respectively. There are also certain other
less thoroughly investigated types of mechanisms.

II. THE E1 MECHANISM

1. General Characteristics of the g~Elimination Reaction
via the E1 Mechanism

In 1935 Hughes'® investigated a mechanism in which the
slow stage is the ionisation of the initial reactant (sub-
strate) preceding the rapid decomposition of the resulting
carbonium ion. This unimolecular mechanism was called
the E1 mechanism:

H Y + 1 \Ce/”
R LT TS ~HS
S TR K 1 (1)
X I Y- —<|3—|C— .
0] J

The carbonium ions (I) formed in the slow stage are
subsequently consumed both in the elimination reaction and
in nucleophilic substitution as a result of the interaction
with the solvent molecules Y (or YH) or with other nucleo-
philes Y~ in the medium.

The occurrence of the reaction via the E1 mechanism
is favoured by a molecular structure and media such that
heterolysis of the C—X bond is faciliated'®. In particular,
the structural characteristics of the molecule, promoting
the stabilisation of carbonium ions, play an important
role'®',  For this reason, reactions via the E1 mech-
anism are more characteristic, for example, of tertiary,
secondary, and « -aryl-substituted halides than of primary
halides. Since the ability to carry a full positive charge
is not characteristic of carbon atoms, stable carbonium
ions have as a rule structures permitting extreme delocal-
isation of the positive charge '®”'*. The most important
external factor, promoting a decrease of the positive ionic
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charge on carbon atoms, is solvation, because the vacant
orbitals of the carbon atoms interact with the non-bonding
electrons of the solvent molecules. Indeed, polar sol-
vents promote the formation of carbonium ions and facili-
tate a reaction via the E1 mechanism, which competes in
fairly strongly solvating but weakly nucleophilic media
not only with the bimolecular E2 mechanism but also with
the SN1 mechanism. The elimination of toluene-p-
sulphonic acid from exo-norbornyl toluene-p -sulphonate
under the influence of a strong base in hydrocarbon sol-
vents proceeds “purely” via the £2 mechanism. The
same reaction in a tertiary alcohol involves predominantly
the £1 mechanism'®. The rates of the E1 reaction for
menthyl and neomenthyl toluene- p-sulphonates in aprotic
polar solvents vary in parallel with the dielectric constant
of the solvent".

If the eliminated group X is an anion, its solvation by
solvent molecules facilitates to a considerable degree the
heterolysis of the C—X bond. In this case a smaller ion
(for example C17) will be solvated more effectively than a
more diffuse ion (for example Br™). When X is varied in
the reactions of t-BuX in ethanol at 75°C, the ratio of the
yield of the olefin to that of the substitution products
increases in the sequence SMe: (0.18) < 1(0.32) < Br
(0.36) < C1(0.44). When ethanol is replaced by acetic
acid, the ratio changes in the same sequence, but to a
more marked extent: from 0.12 for SMe; to 0.73 for C1.'*
Since the solvation of anions is very important, weakly
acid solvents (which interact with anions via hydrogen
bonding) have a more ionising effect than basic solvents.

Since the carbonium ions formed as a result of the
reversible heterolysis of the C—X bond can interact with
the solvent, it is necessary that the g-hydrogen atoms
should be split off rapidly. In the general case this last
reaction stage has a low activation energy (~4 kcal mole™)
and is highly exothermic; it is also favoured by the
presence of substituents which are capable of being con-
jugated with the double bond formed.

If the rate of the carbonium ion formed in the slow
stage of the reaction is decided in the subsequent rapid
stages involving the elimination of a proton or interaction
with the solvent, then the yield of the elimination product
(as well as the ratio of the isomers if the latter are
formed) should not depend on the nature of X for the given
alkyl. Indeed this is approximately true for t-butyl,
t-pentyl, s-octyl, and menthyl halides and the correspond-
ing 'onium compounds in aqueous solvents ' In a series
of t-butyl compounds whose ionisation potential varies by
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a factor of 900 the same relative yield of the olefin are
obtained throughout the series with a variation of +15%.
Under these conditions, the carbonium ion decomposes
immediately, although the counterion (leaving ion) is still
very close; it is actually possible that the two ions form
an unseparated ion pair. In media with high dielectric
constants, such as nitromethane and acetonitrile, the ions
acquire considerable freedom and even the above slight
difference (15%) in the yields of the olefin vanishes.

Thus the E1 mechanism is preferred, provided that all
or some of the following conditions are fulfilled: the
presence at the ¢ -carbon atom of substituents which may
delocalise the positive charge on this atom and can
become involved in conjugation with the double bond
formed between the o - and 8-carbon atoms; an enhanced
capacity of the leaving group for ionisation; the presence
of a highly solvating medium; the absence of a strong
base which alters the mechanism to £2. All these con-
ditions promote the heterolysis of the & -C—X bond without
the simultaneous cleavage of the 3-C—H bond.

2. Stereochemistry of Elimination Via the E1 Mechanism

As early as 1940, Hiickel *° showed that the stereo-
chemistry of f-elimination depends on the reaction mech-
anism. Subsequently Hughes and Ingold*' developed on
the basis of stereochemical rules a theory of £E1 and E2
reactions on which all subsequent studies of the stereo-
chemistry of the elimination reaction are based.

The E1 reaction proceeds via a carbonium ion, the
formation of which requires only the solvation of one
carbon atom attached to the substituent, which is split off
and the solvation of the substituent itself. The neighbour-
ing carbon atom is not affected in this process.  The
second stage of the reaction, involving the elimination of
a proton from a neighbouring carbon atom, does not
impose special steric requirements, since the carbonium
ion has a planar structure. For this reason, both cis-
and {rans - hydrogen atoms can participate in the E1
reaction. The relative amounts of olefins formed then
frequently correspond to the thermodynamic stabilities,
i.e. Zaitsev's [Saytzett's] rule holds. However, this rule
cannot always be applied to elimination via the £1 mech-
anism, since in reality the situation is much more com-
plex. The main aim of the examples quoted beflow is to
give a general idea of the trend in research in this field.

The solvolysis of cyclopentyl derivatives proceeds at
an unusually high rate (compared with acyclic and cyclo-
hexyl analogues) *>’*, but in the majority of the published
studies the yield of elimination products is not quoted.
The studies by Hiickel and coworkers**, devoted to the
alcoholysis of cyclopentyl toluene-f -sulphonate. permit
the following conclusions: the reaction involves mainly
the formation of ethers with a slight admixture of cyclo-
pentenes; cis- and tvans -2-alkylcyclopentyl toluene-p -
sulphonates give rise to a large amount of cyclopentenes
in which the A'-isomer predominates; the cis-isomers
react faster than the fvans -isomers and gives a greater
amount of the olefin. The stage determining the structure
of the final product in these reactions is apparently the
formation of an ion pair.

Analysis of the relative rates of solvolysis of isomeric
monosubstituted cyclohexyl arenesulphonates is outside
the scope of the present review, but it is discussed in
detail in other reviews?®’?), It is sufficient to say that
the ratio of the rates of acetolysis, formolysis, and
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alecoholysis of axial 3- and 4-alkylcyclohexyl toluene-p -
sulphonates to the rates of reaction of their equatorial
analogues is of the order of 3.2—3.9.% The ratio of the
rates involving the 3-substituted compounds does not differ
greatly from the ratio of the rates for the conformationally
similar 4-substituted analogues. The fact that the solvol-
ysis of the axial toluene-p-sulphonate is faster may be
attributed to the removal of steric hindrance on ionisation.
This explanation presupposes that the two transition states
for the ionisation of the axial and equatorial leaving groups
can have different free energies, but the difference should
be smaller than the difference between the free energies
of the ground states. This approach appears to be quite
reasonable ¢,

The second factor responsible for the preferential
ionisation of the axial leaving group compared with the
equatorial group is that the positive charge formed is
stabilised by the electronic interaction with the neighbour-
ing B-C—H axial bond. This stabilisation can be regarded
as a consequence of hyperconjugation or as a result of the
involvement of the hydrogen atom in the stabilisation *’.
Whatever the nature of this stabilisation, it cannot be the
decisive factor in the rate-limiting transition state in the
formation of the cation as a result of the elimination of the
equatorially oriented leaving group in the case of the chair
conformation of the substrate, because the maximum effect
requires the {rans -orientation of the g-hydrogen and of the
leaving group *°,

Examination of literature data permits the con-
clusion that the E /SN ratio in the E1 reaction involving
cis -2-alkyleyclohexyl derivatives is greater than for the
trans -isomers, while anti-elimination yields exclusively
the A'-cyclohexene. The last effect is a consequence of
the particular geometry of the six-membered ring (com-
pared with the acyclic compound) and the greater stabilisa-
tion of the carbonium ion owing to the formation of a
hydrogen bridge or hyperconjugation with the axial hydro-
gen atom in the g-position. As regards the ¢{rans -
isomers, it appears that both tvans -cyclohexyl and
trans -4-t-butylcyclohexyl arenesulphonates are solvolysed,
passing through the “twist” conformation in the transition
state. The study of secondary isotope effects in the
acetolysis of R-deuterated trans -4-t-butylcyclohexyl
brosylates *’ and cyclohexyl toluene-p-sulphonates *** as
well as certain other data **~* lead to the same conclusion.

19527=29

3. Isotope Effects in E1 Elimination

In principle, all three mechanisms of the g-elimination
reaction can be distinguished by studying isotope effects ¥,
More detailed differences within the limits of these broad
classes can be effectively investigated by measuring the
relative isotope effects for related compounds., Theoret-
ical predictions and experimental findings obtained in the
study of the isotope effects for the main types of mech-
anisms are given below. These predictions are qualita-
tive and are based on the assumption that isotope substitu-
tion at the atom at which the type of bond is altered as a
result of activation leads to an isotope effect (see, for
example, Melander *). For more exact gredictions,
detailed calculations must be resorted to > *°,

In the case of the E1 mechanism the primary isotope
effect should be observed for a labelled group X and
a -carbon [see scheme (1)], but not for labelled g-carbon
and o - and f-hydrogens. Secondary isotope effects
should be observed for o ~hydrogens and for 8-hydrogens
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not involved in the reaction. The carbonium ion (I) is a
reactive intermediate species and appreciable 8-carbon
and a -~ or B-hydrogen isotope effects should not be
observed in its decomposition*'. If the reaction of (I)
with Y has a high activation energy, then an isotope effect
(slight or possibly even negative, since a bond is formed)
should be observed when a labelled Y is used. The few
available literature data on the isotope effect for a labelled
group X are in the main consistent with the above predic-
tions **7*°,  Numerous examples of ¢ -hydrogen isotope
effects in solvolytic and other substitution reactions have
been published®%*', It has been shown that E1-SN1 reac-
tions have higher o -hydrogen isotope effects (¢H/ED = 1.15
at 25°C) compared with the expected value, which corre-
sponds to an appreciable weakening of the o -C —H bond in
the activation process. One may assume that the elimina-
tion (or substitution) reactions in which ¢ -hydrogen isotope
effects differing markedly from the limiting values of the
%H/ED ratio (at 25°C ~1.22 for X = F, ~1.55 for X = Cl,
~1.125 for X = Br, ~1.09 for X =1, and ~1.22 for X =
OTs) °° are manifested involve at least partially a mech-
anism different from E1 or SN1.

The occurrence of a 3-hydrogen isotope effect in E1
reactions has been demonstrated® ™", This can be
accounted for by hyperconjugation—the delocalisation of
sb®-s electrons of the B-C—H bond over the o -p orbitals
being formed. One might expect that the stabilisation by
hyperconjugation of the positive charge generated on the
a -carbon atom plays a smaller role when the positive
charge is conjugated with a benzene ring, particularly one
containing an electron-donating group, which thus leads to
a decrease of the B-hydrogen isotope effect. The results
of studies confirming this conclusion in relation to the
solvolysis of 1-aryl-1-chloroethanes are listed below °':

X &P

77\ CH,0 1113
x={__ S—cH—cds G2% a0
=4 H  1922%

. NO, 115

Fo 1214

The standard value of the B-hydrogen isotope effect for
the CHs group (data for t-butyl chloride®®) is kH/ED = 1,33,
All-the values quoted above are significantly lower. The
value for p-nitro-compounds is reduced compared with
expectation owing to nucleophilic attack by the solvent on
the o -carbon atom.

III. THE E2 MECHANISM

1. General Characteristics of 8 -Elimination Via the E2
Mechanism

The E2 mechanism is the commonest of all the elimin-
ation mechanisms and can be represented by the following
scheme:

- I [ s é | =
Y+H—(l:—<’:—X—) YHC'_(,:XJ —->YH+'=?+X . (2
an

According to this scheme, the reactant Y, called the base,
removes a proton from the g-carbon atom of the substrate
and the electron-accepting leaving group X is synchro-
nously separated from the a-carbon atom. This mech-
anism does not involve any intermediate stages and thus
has only one transition state between the reactants and the
products. The reaction is of second order overall—of
first order with respect to each reactant.
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In his early studies Ingold* already pointed out that it
is not obligatory that the dissociation and formation of
bonds in an E2 reaction should occur absolutely synchro-
nously; in 1956 Cram et al.®® established that the struc-
ture of the transition state in E2 reactions may be differ-
ent for different substrates under identical reaction
conditions and may vary for the same substrate when the
reaction conditions are altered. It has now been demon-
strated that in reality there is a whole set of E2 mecha-
nisms with different transition states?**°%°® whose struc-
ture may vary smoothly with that of the substrate and the
reaction conditions; these variations are limited on
either side by extreme cases— E1-like and E 1¢B -like
transition states—and do not extend beyond the region
where true carbonium ions and carbanions exist. The
mechanism is believed to be synchronous (E2) when a base
is involved in the transition state, but there is no exchange
of hydrogen atoms.

It is very important to emphasise that the type of the
transition state is not a constant property of the substrate,
but depends also on the nature of the solvent and the base.
In such cases the predictions and interpretation of the
experiments frequently become arbitrary and it is usually
more correct to refer the reaction to a particular special
case and to a specific type. Four main types of the
transition states in E2 reactions are given below:

Y Y Y Y
H H i
X X av) X (V) X (Vi)
ElcB-like Synchronous Synchronous El-ike
reactant-like olefin-like
carbonium ion olefin
- [ + - [
Y4+H-C-0 +X YH+[!;=G+X
|
b ——7
;o
el ¥ / /1
A H
s—"
P
- [ -t
Y+H-G-C—X Elch YH+=C-TX
[
reactant carbanion

Schematic illustration of the changes in the transition
state in the elimination reaction (various types of the E2
mechanism).

A new method for the representation of a variety of
transition states for E2 mechanisms, which proved to be
the clearest and most convenient, was proposed recently .
The Figure represents schematically various E2 mech-
anisms on the basis of the potential energy surface dia-

gram. Each section, denoted by a letter within the
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limits of the diagram, corresponds to a definite type of
activated complex with its own potential energy surface;
the positions of these sections relative to the species
designated in the corners of the diagram indicate the
structural characteristics of the various activated com-
plexes and their positions on the reaction coordinate.

For example, the activated complex A is reactant-like
(with a slight weakening of the 3-C—H and o« -C —X bonds
and a slight double-bond character of the ¢ -C—5-C
linkage). According to Hammond's postulate ®, this
activated complex may be formed in reactions giving rise
to a very stable olefin.

The activated complex F is “carbonium ion- and
olefin-like” with a significant weakening of the ¢ -C—-X
bond, an appreciable double-bond character of the
«a -C—B-C linkage, and considerable transfer of a hydrogen
atom from B-C to the base. Section B describes the
“central” synchronous transition state. Thus the transi-
tion state in an E2 reaction can occupy any point within the
given diagram, without going outside its limits.

The relations between the factors influencing the struc-
ture of the transition state are very complex, but the pre-
dictions described below appear to be well-founded and
agree with the experimental data which will be examined
subsequently.

Type (III) (the H region in the Figure) is favourable for
compounds in which the g-hydrogen atom is labile owing to
the inductive —I effect of @ - or B-substituents; the rate
of reactions proceeding via such an activated complex will
be appreciably influenced by factors determining the acid-
ity of the R-hydrogen. Such reactions are particularly
facilitated in the presence of substituents delocalising the
negative charge owing to conjugation or of substituents
with cis -steric effects (see above). The use of strong
bases as well as solvents which do not favour the ionisa-
tion of groups eliminated from the « -position also favours
the occurrence of reactions with an E1¢B -like mechanism.

The “E1-like” type (VI) (the E region in the Figure) is
favoured by factors such as the presence of electron-
donating substituents, which increase the electron density
at the ¢ -carbon atom, steric effects, and solvents favour-
ing the extension of the C—X bond. The strength of the
bases and the polar and steric effects of g~substituents
have little importance in this instance, but the o -substitu-
ent, which delocalises the positive charge owing to con-
jugation, should influence the reaction rate.

Evidently types (IV) and (V) (E 2 synchronous types;

A and C regions in the Figure) have the characteristics of
types (III) and (VI), but exhibit a specific sensitivity to

a - and B-substituents and a high S-hydrogen isotope effect.
In such cases bulky « - and B -substituents give rise to a
pronounced cis -effect, since the double bond in the
activated complex is fairly well formed, but small sub-
stituents may favour this type of transition state as a
result of conjugation.

The influence of various factors on the structure of the
transition state and the rate of E2 reactions has been
examined in a number of reviews *™'%, from which it
follows that in general low concentrations of the base
favour unimolecular reactions (E1, SN1). On the other
hand, at a high concentration of the base, bimolecular
reactions predominate (E2, SN2), the relative contribu-
tions of which depend both on the structure of the substrate
and on the ratio of the basicity of the base employed
(attack on H) to its nucleophilic strength (attack on C).

Another approach is based on the hypothesis that the
rate of E2 reactions depends in this instance on the
H. function at a high concentration of the base if there is
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a vigorous transfer of the proton to the base in the transi-
tion state®. The ratios of the rates of the base-catalysed
elimination for para-substituted g-chloroethyl phenyl
sulphones in anhydrous acetonitrile when EtsN, Et:NCH-.

.CH,OH, EtN(CH.CH:OH)., and N(CH:CH.OH); are used as

bases are 550:52:6.6:1 respectively®. This shows that
the rate of reaction is correlated with the basicity of the
bases. The Hammett reaction constants p for these
reactions are respectively 1.81, 1,75, 1.72, and 1.64.
Such variation of the reaction constant shows that the
carbanionic character of the transition state becomes
more pronounced with increasing base strength, movin
into the H region (see Figure). Other investigators®~
arrived at the same result in studies of the influence of
the base strength on the ratio of the yields of the products
of E1, SN1, E2, and SN2 reactions and on the yield of
isomeric olefins from various substrates. However, this
tvoe of correlation is not always observed *®”"°, The study
of nine reactions ina concentrated NaOMe solution showed ™
that there is no direct correlation between the rates of
reaction and the H_ acidity functions or the stoichiometric
concentrations of the base.

The breakdown of the linearity in the relation between
the rates of E2 elimination and base strength can be due
to the smooth variation of the structure of the transition
state’® as the base strength is altered, which may lead to
a change in mechanism. For this reason, in a study of
the influence of the basicity of the medium both on the
rate and the mechanism of the reaction, it is desirable not
to confine the investigation to the measurement of the
reaction rates alone and to determine also other charac-
teristic reaction parameters (such as the reaction constant
and the isotope effect) in order to be able to arrive at
more clear-cut conclusions on comparing these param-
eters.

Such a combined study of the elimination of HBr from
2-arylethyl bromides in the t-BuOK—t-BuOH system has
been carried out by Saunders and coworkers ”.  They
investigated the influence of the addition of dimethyl
sulphoxide (DMSO) on the rate, the isotope effect, the
reaction constant, and the activation parameters of the
above reaction. We observed that the addition of DMSO
causes an unusually marked acceleration of the reaction
(by a factor of 12 at 30°C for a 0.965 M DMSO solution and
by a factor of 120 for the 2.23 M solution). Despite the
fact that DMSO has a much higher dielectric constant than
t-butyl alcohol, the value of E (and Z) for these solvents
are almost identical ">, Consequently there can be no
great difference between their solvating capacities in
relation to a neutral alkyl bromide and a transition state
with a delocalised charge. Thus the acceleration could
have been caused only by a change in the basicity of the
t-butoxide. However, with increase of the DMSO concen-
tration from 0.965 to 2.23 M, the rate of elimination for
2-phenylethyl bromide increases by a factor of 10, while
the basicity changes only slightly (only by a factor of 1.5).
The authors ™ believe that the usual basicities, determined
experimentally, are unsuitable for the consideration of
the influence of “basicity” on the structure of the transition
state in the reaction. It was shown™ that the base
strength and the type of solvent are more important fac-
tors than the size of the base and the direction of its
approach to the reagent. The association of the catalys
as well as ion—dipole and ion—ion interactions between
the base and the leaving group® play a particularly
important role.

The idea that the hydrogen bonding and hence the
“levelling effect” of protic solvents may influence the

7
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basicity of oxygen-containing anions was tested experi-
mentally 35 years ago’'. Furthermore, the polarity of
the transition state in an E2 reaction is usually lower than
that of the initial state, since the ionic charge of the base
is distributed over a larger area. For this reason, polar
solvents should reduce the reaction rate. Since the
charge in the transition state of the elimination reaction is
more delocalised, the decrease of the rate is in this case
manifested to a greater extent than in the corresponding
substitution reaction (SN2), which frequently accompanies
bimolecular elimination reactions”®7,

There is no need to consider in detail each individual
investigation in the present instance, but one must note
that studies in recent years have been largely devoted to
an experimental test of the above considerations. They
showed that both variation in base strength and solvent
polarity ®°~® and changes in the structure of the sub-
strate 7% influences the rate of elimination ®*”’® and lead
to a change in the structure of the transition state, as a
result of which it may occupy an infinity of positions on
the potential energy surface between the limiting “ElcB -
like” and “E1-like” types®®.

2. Stereochemistry of the Elimination Reaction Via the
E 2 Mechanism

Until recently °° the stereochemical characteristics of
E?2 reactions were thought to be determined by Ingold's
four-centre rule, which states that bimolecular elimina-~
tion proceeds smoothly only when the four centres
involved in the reaction lie in the same plane, i.e. when
the substituents being eliminated are in the transoid con-
formation (in the anti-position relative to one another) or
in an eclipsed cisoid conformation. For rigid cyclic sys-
tems, an analogous rule was formulated by Barton, while
the steric limitations in elimination reactions involving
bridged rings are determined by Bredt's rule.

However, the current views on the stereochemistry of
the E2 reaction have altered radically; it has been
established that, for cis-coplanar leaving groups, the E2
reaction proceeds just as fast as in the case where the
groups are anti-periplanar and that cis -E2 elimination
cannot be ruled out either in acyclic or cyclic systems.

Furthermore, g-elimination reactions have been
achieved with bridge compounds despite being “forbidden”
by Bredt's rule. These problems are discussed in special
reviews ®*'7%, It is important to note that both the bulk
of the base and of the leaving group and the degree of
branching of the substrate molecule play a role in the
alteration of the relative contributions of cis - and {rans -
elimination reactions®"*""®°.  Analysis of the proportions
of the products of elimination from PhCHDCHDX (X =
p-MeCsH4S03 or Cl) using t-BuOK in t-BuOH, DMSO, or
benzene showed '® that syn-elimination takes place only in
benzene and that syn- and anti-elimination reactions lead
to different primary hydrogen isotope effects. The above
study gives an idea of the important role in syn-elimination
of the ion pair formed by the base.

The latest studies on the general aspects of the stereo-
chemistry of this reaction'® as well as syn-elimination '®~
' again confirmed the influence of the formation of the ion
pair on the stereochemistry of the process *® and also the
important role of the base and the solvent'®. After it was
discovered that macrocyclic ethers (crown ethers)'” are
able to be coordinated to alkali metal cations and to sepa-
rate the complex ion pair formed by the base'®'®,
investigators of the elimination mechanism acquired a
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valuable instrument for the elucidation of the role of ion
pairs in syn - or anti -elimination. Such information can
be obtained by comparing the steric results of the reaction
of a given compound with a base in the presence and
absence of the crown ether.

Data have been published ''° for the reaction involving
elimination from {rvans -2-phenyleyclopentyl toluene-p -
sulphonate in the t-BuOK~t~BuOH system at 50°C. In the
absence of the crown ether, the ratio of 1-phenylcyclo-
pentene (the syn-elimination product) and 3-phenylcyclo-
pentene (the anti-elimination product) was 9.8—11.8
(depending on the reaction time). After the addition of
the macrocyclic ether (dicyclohexyl-18-crown-6) in an
amount equal to that of the base, the ratio became 0.43,
i.e. the steric course of the reaction was altered sharply.
An analogous result was achieved ' also in the reactions
of other alicyclic toluene-p-sulphonates with t-BuOK., The
addition of the crown ether in this instance also drove the
reaction along the anti-elimination pathway.

An interesting result was likewise obtained''? in a study
of the linear 5-decyl toluene-p -sulphonate with t-BuOK in
t-butyl alcohol, benzene, and dimethylformamide (DMF).
It was found that the base in the form of an ion pair and the
ions separated by the crown ether are involved only in
anti-elimination but in quite different ways: in the former
case the product is mainly a cis -olefin and in the latter a
trans-olefin. The influence of the crown ether is then
manifested only in t-butyl alcohol and in benzene, while in
DMT the ratio of the reaction products does not change
when the crown ether is added. This finding evidently
shows that in DMF the base exists in a fully dissociated
state also in the absence of the crown ether. Thus the use
of crown ethers established that weakly polar and protic
solvents promote the reaction via the syn-elimination
pathway, while in polar aprotic solvents anfi-elimination
predominates, Furthermore, it follows from these
experiments that in the bimolecular reaction syn -
elimination is caused by the base in the form of a close
ion pair, while anti-elimination proceeds under the influ-
ence of the separated ions. The use of crown ethers for
the investigation of the E1cB mechanism is described by
Hunter et al.**?

Numerous studies in recent years were devoted to the
stereochemistry of E2 reactions in alicyclic systems. The
discovery that the syn-elimination accelerated by bases in
the series of {rans-2-aryleyclopentyl toluene-p -sulpho-
nates (VII) is faster than the anti -elimination for the
cis -isomers (VIII) leads not only to the conclusion that
syn-elimination is a concerted reaction®® but also indicates
the dependence of the relative rates of synchronous elimin-

ation on the dihedral angle '*,
H _kwm 4 ZCH
ZC““*:( ;) +BuOK~-BuOH /D iR

H 0Ts Z.CeH, H
(vIp
kanti:
H +-BuOK- +-BuOH
2CH, OTs ZCeH}
(vIID
ksyn/kanti =91 (Z=H);
Psyn=2-8; Panti =153
kP/EP=56 (50°C) . (3)

The large syn/anti ratio, the more positive value of p
for the syn-process, and an isotope effect which is close
to a maximum, together with the undoubted second-order
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kinetics constitute rigorous proof of a syn-coplanar E2
mechanism with an appreciable carbanionic character

(H transition state, see Figure). Owing to conformational
limitations, anti-elimination from the cis-toluene-p -
sulphonates (VIII) proceeds via an “E1-like” mechanism.

Preferential syn-elimination has also been demon-
strated in a series of cyclo-octyl ® and cyclodecyl ®*7114~11¢
derivatives. Mainly exo - cis -bimolecular elimination
predominates in the series of norbornyl derivatives''"™'2%,
In addition, it has been shown that the rate of reaction is
strongly influenced by the steric strain in the ring. Thus
the relative rates of 3-elimination in the series of cyclo-
pentyl, cyclohexyl, cycloheptyl, and cyclo-octyl toluene-

D -sulphonates are 16.25, 1.0, 12.62, and 152.0 respec-
tively **.

The report of the synthesis of bridged olefins
initiated a new stage in the chemistry of bridged com-
pounds. These olefins were obtained by the Hofmann
cleavage of quaternary ammonium compounds and dehydro-
chlorination in the presence of collidine '*°, Bicyclo-
[3,3,1]non-1-ene is also synthesised from a salt of endo -
2-methanesulphonoxybicyclo[ 3,3,1]nonane-2-carboxylic
acid'*®*, The synthesis of these compounds constitute an
evident infringement of Bredt's rule.

125=129

3. Isotope Effects in E2 Elimination

The primary isotope effects in the E2 mechanism
should be observed when a labelled base, labelled
a -carbon and 3-carbon atoms, labelled group X to be
eliminated, and labelled ¢ -hydrogen are used. Secondary
isotope effects can occur for o -hydrogen atoms and the
non-eliminated g-hydrogen atoms. The isotope effect
may then serve as a criterion for the elucidation of the
structure of the transition state ***’'*, The isotope effect
of the solvent (the replacement of water by Dz0) is studied
for this purpose'®, Saunders and Edison '*° found that the
isotope effects kH/eD for compounds (IX, Z = R' =R®=H)
with different leaving groups (X = Br, OTs, SMe:, and
NMes) are respectively 7.11, 5.66, 5.07, and 2.08. This
series agrees with the increase of the carbanionic charac-
ter of the activated complex and may be identified with the
gradual transition from the B region to the H region (see
Figure). Such changes should be accompanied by an
increased shift of the 8-hydrogen from the carbon atom to
Y and thus by a decrease of the isotope effect, which is in
fact okl)zsserved. A similar result was obtained in another
study "*°.

R[l Rl2 Rll Rli
by TN . 7T N\ 3
Y+2—{_ P—CH—CH-X -»YH+2-{ __ 3~—C=CH+X . (4)
(1X)

The influence of the reaction medium on the isotope
effect has been observed in reactions of dimethyl-(g-
phenylethyl)sulphonium salts (IX, Z = R’ = R® = H,

X = §Mes). ' ®'®  The rate of the reaction of the HO™ ion
with sulphonium bromide in a water —DMSO mixture
increases sharply with increased DMSO content and the
isotope effect of the medium 2*/&* diminishes from
1.0074 in pure water to 1.0011 in ~20% DMSO. The

B -hydrogen isotope effect in this range of solvent com-
positions does not vary appreciably, but, when the DMSO
content increases still further, the ratio #H/2D passes
through a maximum and then decreases again, The
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influence of the added DMSO was interpreted by the
authors as a result of the increase of the effective base
strength owing to a change in the degree of solvation,
which displaces the activated complex in the direction of
the carbanion-like transition state (from the B region to
the H or G region). This should lead to a decrease of
the polarisation of the @ -C—S bond in the transition state,
which entails a decrease of the sulphur isotope effect. On
further increase of the DMSO content, the stability of the
carbanion increases and the activated complex now
becomes more reactant-like (i.e. shifts from the C region
in the direction of the A region) in conformity with Ham-
mond's postulate ®, If it is supposed that in 20% DMSO
the 8-hydrogen in the transition state is transferred to the
base Y to an extent greater than 50%, the addition of
DMSO should initially lead to a transition state with a
symmetrically linked g-hydrogen atom (to which corre-
sponds the maximum value of #H/2D) and then to a state
in which the 3-hydrogen atom is displaced towards Y to an
extent less than 50% (decrease of kH/&D) and this was in
fact observed in the study quoted above'®, Thus, when
the DMSO content is increased, the position of the saddle
point on the potential energy surface illustrated in the
Figure will be displaced from the B region in the direction
between the G and H regions and then back again towards
the A region.

Willi ® determined the primary isotope effects for the
reactions of 2-deutero-2,2-diphenylethyl-f-Z-benzene-
sulphonates with sodium methoxide in methylcellosolve
for Z = OMe, H, and NO: and obtained 5.27, 5.42, and
6.70 respectively. It appears that, when Z = OMe, the
activated complex is in the H region and has a more pro-
nounced carbanionic character. On passing to Z = H and
NQ:, the degree of transfer of the 3-hydrogen to the base
diminishes, which brings it closer to the symmetrical
position. B-Hydrogen isotope effects in E£2 reactions

have also been investigated in other studies #'367143,

In recent years data concerning the presence or absence
of the B-hydrogen isotope effect have been widely used to
solve the problem whether the E2 reaction proceeds via
the syn- or anti -elimination mechanism in various sys-

1 -
tems 94,07,114,144 150- It was ShOWn 11951514152 that syn_

elimination predominates in norbornyl and bicyclo]2,2,2]-
octyl derivatives. In these compounds (¢H/ED)ganti >
(eH/ED)gyn.

Finley and Saunders !% carried out an extensive study
of the primary 8- and secondary o - and 8-hydrogen
isotope effects in the E2 reactions of cyclohexyl toluene-
p-sulphonates in the presence of EtONa-—EtOH and
t-BuOK—t-BuOH. Both secondary isotope effects (a - and
B-) are large (?®H/kD = 1,14_1.15 and 1.36-1.51), while
the primary B-effect is higher in t-butyl alcohol (kH/ED =
7.53) than in ethanol (¢H/ED = 4.47). The structure of the
activated complex in this reaction apparently corresponds
to the “central” complex (B region, see Figure). The
large secondary isotope effects are due to the appreciable
sp? character of the a - and B-carbon atoms in the transi-
tion state. If this is so, then the primary g-hydrogen
isotope effect in ethanol will correspond to the transition
state in which the hydrogen atom is transferred from the
B-carbon atom to the base Y to an extent less than 50%.
The activated complex in t-butyl alcohol should then move
in the direction of the symmetrical state acquiring at the
same time carbanionic character and leading to an
increase of the isotope effect, which has in fact been
observed '3,
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IV. THE ElcB MECHANISM

1. General Characteristics of g-Elimination Via the
E 1cB Mechanism

The E1lcB mechanism is the third g-elimination mech-
anism proposed by Ingold '**, It differs from the usual E2
mechanism by the fact that it corresponds to a two-stage
process involving the formation of an intermediate dis-
crete carbanion, while E2 elimination is a synchronous
process proceeding via a single transition state from the
substrate to the product®'**, Two main types of this
mechanism are distinguished:

(1) Type A, in which the first rate-limiting stage is the
bimolecular formation of a carbanion and the second stage
is the relatively rapid removal of the leaving group from
the ¢ -carbon atom:

Y+Hv(|!—(:1~x sow YH+~E'—c,(_x o L (5)

|
(X)

(2) Type B, in which the first stage is the rapid revers-
ible formation of a carbanion, while the second, rate-
limiting stage involves the unimolecular decomposition of
the carbanion; if the base is not in this case the lyate ion
derived from the solvent, whose conjugate acid YH may be
present in excess, second-order kinetics are observed:

fast
- | ky - slow | 1 =
Y+H—cl—cl—x—,k_—_>YH+_-cl—c]—x o ~cl=c]+x . (6)
(XD

Second-order kinetics are usually observed for both
types of the E1cB mechanism, as for the bimolecular E2
mechanism, since there is no kinetic criterion for dis-
tinguishing these mechanisms, If the pre-equilibrium
carbanionic elimination (type B) takes place in protic
solvents, then the g-hydrogen atoms of the substrate can
exchange for the solvent protons at a rate exceeding the
rate of elimination. Such exchange may be observed
either by using a labelled substrate in an unlabelled sol-
vent or conversely by using an unlabelled substrate in a
labelled solvent. The occurrence of deuterium exchange
is evidence for a pre-equilibrium E1cB mechanism; on
the other hand, the absence of exchange indicates an
irreversible E1cB mechanism (type A) or an E2 mech-
anism,

Breslow '*® suggested that, depending on the relative
energetics, rapid hydrogen exchange may be an unrelated
side reaction in E2 elimination. However, this hypothe-
sis has been criticised *'*®'*", In particular, Hine et
al. '™, who investigated the elimination of HF from 2,2-
dihalogeno-1,1,1-trifluoroethanes, established that in a
methanol solution of methoxide the compounds exchange
hydrogen at a significantly higher rate than that of their
elimination reaction. The activating influence of the
a -fluorine atoms and g-halogen atoms together with the
well known difficulty of eliminating fluorine in the form
of an anion from a saturated carbon atom (even more so
from a carbon atom linked to other halogen atoms '°®'°®)
make it very likely that a carbanion is formed in this
elimination reaction. Hine et al,'®® believe that, if the
carbanion is formed, then in all probability it is an inter-
mediate in the elimination reaction, since the transfer of
its free electron pair should accelerate the formation of
the olefin more effectively than the partial transfer of the
same electron pair in the E£2 transition states. In his study
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of the kQTs/kBr ratio as a criterion of the degree of dis-
sociation of the C—X bond Hoffmann'® also concluded that
all the experimental examples known hitherto confirm this
hypothesis. Thus the conditions and structures which
ensure the formation and stabilisation of the carbanion
favour the E1cB mechanism. The formation of a carb-
anion requires the abstraction of a proton from the CH
acid. In elimination reactions bases are always used for
this purpose. However, the presence of activating sub-
stituents, similar to the nitro- and carbonyl-groups, as
well as other substituents with strong —I and —M effects
may increase the acidity of the g-hydrogen to such an
extent that the compound may give rise to a carbanion
without the addition of an external base—the alkalinity of
glass, for example, may be sufficient for this purpose.
All the factors responsible for both the formation and
stabilisation of carbanions are widely discussed in Cram's
book '®*, These problems have been considered in a
number of reviews '!*'?*%*71%" in relation to the elimination
reaction, The influence of solvents on the reactions of
carbanions is discussed in Ritchie's review %,

Crosby and Sterling ‘™' investigated the influence of
17 activating groups on the rate and mechanism of the
reaction

Y+Z—CHGH,~X — Z—CH=CHy-X-FYH G

where X is the leaving phenoxy-group and Z represents
activating substituents, which are listed below in order of
decreasing activating influence:

-+
NO,, PPh,, SMe,, COMe, CHO, SO,OEt, SO.Ph, SO,Me,
CN, COOEt, SO,N (CH,Ph),, SOPh, CONH;, SOMe,

s
CONEt,, NMeg, COO™,

On passing from NO, to SOMe in this series, the reac-
tion rate constant diminishes by a factor of 10°, The
rate constants are correlated with og-, but not with ¢ and
o*. This shows that the resonance stabilisation of the
carbanion is an important factor in the activation of such
systems., Furthermore, a satisfactory correlation is
observed between the reaction rate constant and pKa and
the ionisation rate constant of the Z—CHj acid (a CH acid)
as well as the rate constants for the nucleophilic addition
of alkoxides to a series of vinyl compounds of the type
Z—-CH=CH..'” Bearing in mind together with these
findings the low values of the isotope effect and the reac-
tion constant p as well as its insensitivity to changes in the
substituents attached to the leaving phenoxy-group, the
authors '**~'™ concluded that elimination from these
phenoxyethyl compounds proceeds via a pre-equilibrium
E1cB mechanism at least for sulphoxides (Z = SOMe) and
for compounds more reactive than the latter.

Rappoport and coworkers '’ compared the results
obtained by Crosby and Stirling with data for the addition
of various nucleophiles '"**'"7** and for nucleophilic vinyl
substitution (which proceeds via addition and elimination)
'8 with the approximate ionisation rate constants ki and
the dissociation constants K3 of the CH acids Z—CH; '®#
(for all the Z investigated by Crosby and Stirling), He
concluded that all the data rigorously confirm the hypoth-
esis of the E1cB mechanism of reaction (7).

The methoxide-catalysed anti- and syn -elimination of
HOAc from the nitroacetates (XII) and (XIII) and the
elimination of HOMe from the corresponding methoxy-
compounds have been compared '®*,
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OAc Ph Ac
> -
H NO, .
NO, ):§

(X11) (X111) (8)

It was established that the elimination of HOMe involves
the reversible formation of a carbanion on treatment with
MeOH—MeONa (E1cB mechanism, type B). Having con-
sidered the relative reaction rates, the effect of substitu-
ents, the deuterium isotope effects, and the activation
parameters for the reactions of the acetoxy- and methoxy-
compounds, the authors'® concluded that elimination from
both (XII) and (XIII) proceeds via an intermediate carb-
anion and that elimination with participation of mobile
protons activated by the NQ2, MeCQ, and CN substituents
in general usually proceeds via the carbanionic mechanism.

This conclusion '®® is in full agreement with the conclu-
sions reached by Crosby and Stirling, because the above
substituents include the series of activating groups for
which the E1cB mechanism has been demonstrated. It has
been established '® that the reactions of these compounds
as well as their 4,4-dimethyl analogues in the presence
of pyridine in CHCl;— EtOH also proceed via the E1cB
mechanism. For this reaction, the activation energy
Ega = 6.9 kcal mole™, the activation entropy AS* = —50
e.u., the isotope effect kH/kD = 4.5, and the reaction
constant p = 1.45, which is in full agreement with the
proposed mechanism. A study'® of the elimination of
methyl alcohol from the isomeric cis- and trans -1-
methoxy-2-nitro-1-phenylcyclopentanes also demonstrated
the operation of a carbanionic mechanism for both isomers.
Carbanionic mechanisms have been shown to occur in the
elimination of substituted benzoic acids from 4-aroyloxy-
2-butanones with formation of vinyl ketones '*®, in the
elimination of water from 2-cyano-1-hydroxy-2-(p -nitro-
phenyl)ethane '®", and in the elimination of AcOH from
9-acetoxy-10-methyl-cis -2-decalone **®, Evidently, in
all the examples B-hydrogen is activated by one of the
groups which Crosby and Stirling investigated. Particular
mention should be made of studies'®™* which established
convincingly by detailed kinetic investigations and the
investigation of isotope effects that the g-elimination of
water from 9-fluorenylmethanol in aqueous alkaline media
and in alcohol proceeds via an El¢cB mechanism with a
slight contribution by the £2 mechanism.

The scope of this review does not allow a detailed con-
sideration of the studies devoted to B-elimination from
carbamates, various sulphones, etc.92-1% for which the
E1cB mechanism has been demonstrated.

There can now be no doubt about the possibility of
B -elimination in activated systems by a carbanionic mech-
anism. Extensive studies have been carried out in this
field on the influence of activating groups on the mobility
of B-hydrogen and on the stabilisation of the carbanion
formed. TFurthermore, intensive research into the influ-
ence of the medium and bases on the kinetics and mech-
anism of this reaction is being prosecuted.

2. Stereochemistry of 8-Elimination via the E1cB
Mechanism

The hypothesis of complete trans(anti)-stereospecificity
of E2 reactions was adopted at an earlier stage. It was
confirmed for almost all the examples investigated and the
manifestation of lrvans -specificity in the reaction was
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therefore regarded as sufficient evidence to assume the
E2 mechanism. Any breakdown of this stereospecificity
was therefore regarded as evidence for the operation of
another mechanism. In particular syn-stereospecificity
was frequently accounted for by the E 1cB mechanism.
However, now that it is known that an E2 reaction can be
both anti - and syn -stereospecific, the occurrence of syn-
elimination should not apparently be regarded as evidence
for elimination via the E1cB mechanism., Nevertheless,
Ingold '°" emphasised that the E 1cB mechanism should be
either syn -stereospecific or non-stereospecific., We shall
now consider to what extent this postulate actually holds in
relation to the available experimental facts.

Jones et al.'®® synthesised diastereoisomeric 5-butyl-

2-hydroxycyclohexyl-p-tolyl sulphones and measured the
rates of piperidine-catalysed bimolecular elimination
DMSO for the corresponding trans,trans -, cis,trans-,
and trans,cis-isomeric sulphonate esters, Since a con-
jugated sulphone is the only product of these reactions,
the implication is that two of these sulphonates undergo
syn-elimination, while the cis,frans-isomer undergoes
anti-elimination (formally diequatorial elimination). The
relative rates change at most by a factor of 1.4 and are
insensitive to the nature of the leaving group (either GTs
or OMe). The trans,cis-compound (axial OSG:R), axial
SO:Ar) reacted faster. The addition of piperidine hydro-
chloride causes a slight but nevertheless appreciable
decrease of the rate. However, when the reaction is
carried out in a deuterated solvent, the takeup of
deuterium is insignificant. These data were explained
by a mechanism with irreversible formation of a carb-
anion (E1cB, type A). Preliminary investigation of
analogous isomeric 4-t-butyl-2-chlorocyclohexyl phenyl
sulphones yielded additional facts confirming the above
conclusions (see also Refs. 199 and 200).

The base-catalysed elimination of acetic acid from
2-nitro-1-phenylcyclohexyl acetates (XII) and (XIII)
proceeds via a carbanionic mechanism, since the syn-
elimination from (XII) is faster than the anti-elimination
from (XIII). An appreciable deuterium isotope effect
was observed; both processes show similar sensitivities
to changes in temperature, medium, and substituents '*
2%t The inclusion of gem -dimethyl groups in the 4-posi-
tion increases the rate of elimination from (XII) and
decreases the rate of elimination from (XIII). Further-
more, the corresponding nitronate ion was detected
spectrophotometrically during the reaction in a study
of methoxy-analogues of (XII) and (XIII), Comparison of
kinetic data, isotope effects, and the influence of substi-
tuents for the acetoxy- and methoxy-derivatives estab-
lished the occurrence in these reactions of carbanionic
processes of three types 183, with an irreversible second-
order carbanionic mechanism for (XII) and (XIII), with a
reversible second-order carbanionic mechanism for the
methoxycyclohexyl compounds, and with an irreversible
first-order carbanionic mechanism (see below) for the
methoxyeyclopentyl compounds {#, is the rate constant for
the rate-limiting stage and k> > %4~ [BH]}. The study of
Bordwell et al,'® yielded convincing evidence for a
carbanionic mechanism of the syn- and anti-elimination
from these compounds. Ring deformation apparently
plays an important role in these processes. Special
mention was made of the fact that the synchronous anti-E 2
mechanisms for compound (XII) and its methoxy-analogues
did not compete with the carbanionic process. Thus both
syn- and anti-elimination proceed in this instance via an
intermediate carbanion.

184,185
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In the base-catalysed dehydrochlorination of the
diastereoisomeric 1-chloro-1,2-diphenyl-2-toluene-p -
sulphonylethanes **, the erythro - and thveo-isomers
underwent full {rans - and cis -elimination respectively.
Thus both diastereoeisomers yielded 2-toluene~- p -sulphonyl-
cis-stilbene. The authors suggest a synchronous mech-
anism for the erythro-isomer and a carbanionic mech-
anism for the threo-isomer. The same system was
studied in another investigation 2%,

The amine-accelerated elimination of HF from fluoro-
ethanes activated by the sulphonyl group is syn-stereo-
specific*®. The study of the isotope effect in this
reaction indicates an E 1cB mechanism involving the
formation of an ion pair (see also Hunter and Shearing *®).

There have been very few studies on the stereochem-
istry of the E1cB mechanism. However, the available
examples have shown that the mechanism is more likely
to be syn-stereospecific than anti-stereospecific: this is
in its turn consistent with Ingold's hypothesis'®’,

3. Isotope Effects in the E1cB Elimination

We considered above two generally accepted types of
the E1lcB mechanism. If the formation of the carbanion
is the rate-limiting stage (type A), then the primary
kinetic isotope effects should occur for the labelled base Y
the 3-carbon atom, and the eliminated g-hydrogen atom.
Whether or not secondary isotope effects are observed
under these conditions for the o ~-hydrogen atoms or the
non-eliminated g-hydrogen atoms should probably depend
on the change in the hybridisation of the g-carbon orbitals
on formation of the carbanion. Since the carbanion
decomposes solely into the reaction products, the observed
rate should not be sensitive to isotope substitution at the
o -carbon atom or in the leaving group X. On the other
hand, if the formation of the carbanion (XI) is a fast and
reversible stage and its conversion into the reaction prod-
ucts is rate-limiting (type B), primary kinetic isotope
effects should be observed for the labelled group X,

a -carbon, and B-carbon, while in the case of a labelled
group Y and labelled 8-hydrogen atoms, equilibrium
isotope effects may be observed. Secondary isotope
effects may occur also for o -hydrogen atoms.

There are few literature data for isotope effects in
E1cB reactions involving labelled Y, a -carbon, or X.
Almost all the isotopic studies have been carried out with
labelled B-hydrogen. The p-hydrogen isotope effects are
characteristic of both E2 reactions and E1cB (type 4)
reactions. The latter can therefore be distinguished only
by comparing the magnitudes of these effects '**'%.

The situation is much more complex for the E1cB
(type B) mechanism. E2 and E1cB (type A) reactions can
proceed with a normal isotope effect, characterising
these mechanisms, while the E1cB (type B) mechanism
will exhibit only a small equilibrium isotope effect reflect-
ing the different equilibrium concentrations of carbanions
in reactions (6) and (9): ®

- 1 - | =
Y+D—c:»<%—x :f_s-itYD+—c|—c:—xﬂ~» c::cl+x .9

In this case definite conclusions can be reached only by
comparing the rates of elimination of the unlabelled sub-
strate in the unlabelled solvent with the rate of elimination
of the labelled substrate in the labelled solvent. A normal
isotope effect will be observed if the reaction proceeds via
the E2 or E1cB (type A) mechanism, while the equilibrium
isotope effect (the isotope effect of the solvent) will obtain
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for the E1cB (type B) mechanism. If, as frequently
happens, YH and YD are solvents, the effective concentra-
tions are constant and equal and the ratio of the observed
rates is then equal to the ratio of the isotopic equilibrium
constants ®. Depending on the bond energy in RH relative
to YH, the above ratio can vary from a value less than
unity (the usual case) to one slightly greater than unity.

In the elimination of methanol from 4 -methoxy-2-
butanone and 4-methoxy-2-pentanone with formation of
3-but-2-enone and 3-pent-2-enone via the E1¢cB mech-
anism the exchange of f-hydrogen atoms (in the « -position
relative to the carbonyl group) with D:O—OD" is rapid and
the overall isotope effect kgbs/kons = 0.87 and 0.77

respectively >°®®. In full conformity with the E1cB (type B)
mechanism, Crosby and Stirling '™ also observed a rapid
exchange in the elimination of phenol from dimethyl-
(2-phenoxyethyl)sulphonium iodide and methyl-2-phenoxy-

H D = i
ethyl sulphone (kobs/kobs 0.66 and 0.78 respectively).

When acetic acid was eliminated from 2-acetoxy-1-
nitro-2-phenylcyclohexanes and the corresponding cyclo-
pentanes and in the elimination of methanol from (rvans -
2-methoxy-1-nitro-phenylcyclopentane '**'*, large
B-hydrogen isotope effects (kglbs/k(l))bs = 4,9-8.1) were

observed in all the reactions, as expected for the E 1cB
(type A)mechanism with a more or less symmetrical
transfer of 8-hydrogen from g-carbon to Y.

Yet another version of the E1cB mechanism was
investigated by Rappoport >**"*'* and Bordwell et al.'® (see
also Refs.190, 195, 197, 198). If the entire substrate is
converted into a carbanion under the influence of the base
in the rapid stage of the reaction, further addition of the
base no longer has any effect on the concentration of the
carbanion and the elimination proceeds subsequently as a
pseudo-first-order reaction. There is no isotope effect
in such reactions, since the molecule no longer contains
the isotopic atom in the rate-limiting stage. When HCN
was eliminated from 2,6-dimethyl-4-(1,1,2,2-tetracyano-
ethyl)aniline in the presence of triethyl- or tri-n-butyl-
amine, kH/2D = 0.93 was found®**. Bordwell et al,'®
obtained #H/2D = 1.7 for the elimination of methanol from
trans -2-methoxy-1-nitro-2-phenylcyclopentane using
NaOMe—MeOH; kH/ED for the first stage (the formation
of a carbanion) was normal and equal to 7.5. The same
value was obtained for the formation of a carbanion from
2-nitro-1-phenylpropane using sodium t-butoxide in
t-butyl alcohol '*.

When water is eliminated from 9-fluoroenylmethanol,
different f-hydrogen isotope effects are observed in water
and methanol, the exchange being faster than elimination
in both water and methanol *****®*, In agreement with the
results of the majority of the above studies, the isotope
effects in the exchange processes are large (H/&D ~ 7).
For water, the overall isotope effect (the isotope effect of
the solvent) is 2H/ED = 0.92 (the rate of reaction of the
unlabelled substrate in unlabelled water was compared
with the rate of reaction of the labelled substrate in
labelled water ®*®). The corresponding value for methanol
is 0.36. Such an isotope effect of the solvent should in
fact be expected for the reversible substrate—carbanion
stage when the ElcB (type B) mechanism operates. It is
unlikely that a combination of the primary isotope effect
and the isotope effect of the solvent would give rise to such
a low overall value of kH/kD for the E2 mechanism. How-
ever, More O'Ferrall and Slae *"® concluded on the basis
of a detailed analysis of the initial rates of reaction of a
labelled substrate in a labelled solvent and of an unlabelled
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substrate in an unlabelled solvent that the competing E2
mechanism nevertheless makes a slight contribution to the
reaction,

Thus it is seen from the data described above that the
study of the isotope effects using substrates labelled in
various positions makes it possible to distinguish both
different mechanisms and different types of the same
mechanism. The E2 and E1¢B (type A) mechanisms can
be distinguished by studying the isotope effects for sub-
strates with labelled o -carbon or X.

V. THE E2H —E2C MECHANISMS

As early as 1956, de la Mare and Vernon *'® demon-
strated the greater effectiveness of a weak base (the thio-
phenoxide ion) compared with a strong base (the ethoxide
ion) in the elimination reaction which they catalysed (see
the review of Saunders and Cockerill ‘*®), After this, it
was frequently shown that very easy elimination is induced
also by other weak bases, particularly halide ions in
dipolar aprotic solvents ¥%%'7"?**  Some workers *1¢7?2! %22
claimed that these reactions are more or less normal E2
reactions, but Winstein and coworkers **° suggested that
they be put in a separate E2H—FE2C group, which was also
supported by other workers®**’**, It is suggested that, in
the E2H —E2C range of mechanisms, the removal of
B-hydrogen in the elimination reaction is accompanied to
a greater or lesser extent and activated by attack by the
Y base on the o ~-carbon atom (“from the rear” in relation
to the C—X bond), as shown in models of activated com-
plexes:

-

oo Aoy oY
_é;C/ —é—C/ \('j‘——-('J/
AN A NP
X X X
(XIV) xV) xvI
E2H E2C

It is seen from the models that (XIV) does not differ in any
way from the central synchronous E2 mechanism; (XV)
and (XVI) differ primarily by the fact that the base Y
attacks @ -carbon and not 8-hydrogen as in the E2 mech-
anism. This in fact makes them similar to the transition
state in the SN2 substitution reaction, and for this reason
all E2H —E2C mechanisms are combined under the general
name “concurrent mechanisms”. A characteristic feature
of these reactions is that they are more effectively acceler-
ated by weak bases provided that the latter are strong
nucleophiles; the ratio of the products and certain char-
acteristics of the reaction are altered somewhat under
thece conditions.,

Tor example, treatment of secondary butyl and pentyl
bromides as well as the corresponding toluene- p-sulpho-
nates with strong nucleophiles and very weak bases in
dipolar solvents (NBusBr in DMSO containing 2,6-lutidine)
yields mainly the {rans -olefin, in agreement with Zaitsev,
while the reaction with a strong base and a weak nucleo-
phile (t-BuOK—t-BuCH) yields mainly the cis-olefin, in
agreement with Hoffmann ***,  Another communication **®
reported the influence of the alkyl, aryl, benzyl, bromo-,
and methoxycarbonyl substituents on the rate of bimolec-
ular elimination; according to the authors, the spectra of
transition states ranging from F2H to E2C are obtained
and the sensitivities of various transition states to changes
in substituents are very different. The F2C transition
state, which is olefin-like, gives a high yield of the most
stable isomer (the frans-olefin according to Zaitsev),
provided that the requirement that the hydrogen atom and
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the leaving group are in the anti-positions is not too
rigorous., Similar results are quoted in other papers by
Parker and coworkers *%%67229,

McLennan and Wong ** determined p = 2,11 for the
dehydrochlorination of (p-RCeH4).CHCCls (R = OMe, Me,
H, T, Cl, Br, or NO:) in ethanol at 65°C, which is
accelerated by sodium thiophenoxide. For the SN2 reac-
tion involving the substitution of chlorine by thiophenoxide
in (#-RCsH4)2CHCHCI: (R = OMe, Me, H, Cl, Br), which
leads to (p-RCeHa),C=CHSPh, p = 0.41. Comparison of
these values with that obtained for an E2 reaction in the
presence of EtO—EtOH (p = 2.34) led the author to the
conclusion that in the latter case dehydrochlorination
proceeds via an E2H transition state. The transition
state in dehydrochlorination by a thiolate ion is E2C -like
according to the author.

However, there have been very few studies on this
problem; conclusions are frequently reached on the basis
of secondary factors and those arrived at by one investi-
gator are frequently disproved by others. Thus Parker,
Winstein, and coworkers *******% proposed an E2C
mechanism for the reactions of secondary and tertiary
butyl halides in acetone under the influence of weak bases
(halide ions), while the results of Eck and Bunnett *%
conflict with this finding. It has been shown that, in the
B-elimination of HBr from 2-bromo-2,3,3-trimethylbutane
and from t-butyl bromide in acetone or dioxan, induced by
chloride ions, the more “hindered” substrate reacts
faster than the less “hindered” one®¥®, This finding
shows that the ion of the base does not approach the
«a -carbon atom in the transition state as required by the
E2C mechanism. Bunnett pointed out in his argument
against the validity of the E2C mechanism (and the neces-
sity for it) ©?*° that elimination in such systems proceeds
via the normal E2 mechanism (E2H in terms of the new
terminology of Winstein and Parker), but the relative
nucleophilic reactivity of RS™, RO”, and tentatively C1~
in relation to f-H depends on the degree of binding of the
given base to the hydrogen in the transition state, When
the base is strongly bound to the hydrogen, the alkoxide
ion is more reactive, but, when the base interacts with
B -hydrogen only slightly, the thiolate ion is a more effec-
tive base for the acceleration of an E2 reaction.

At any rate, as long as our understanding of the way in
which the change in the solvating capacity of the solvent
influences carbonium ions and carbanions in E£2 reactions
for different substrates with different bases is inadequate,
one must be very cautious in adopting a particular view on
this problem,
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Examination of the data in this review and the studies
which have not been described here owing to lack of space
permits certain generalisations concerning the S-elimina-
tion mechanism. If the substrate does not contain activat-
ing groups at the S-carbon atom but does have a leaving
group with an enhanced tendency towards ionisation and an
electron-donating substituent at the a -carbon atom, then
in a strongly solvating weakly acid medium (in the absence
of a base) unimolecular elimination via an E1 mechanism
takes place for this type of substrate.

On the other hand, if the substrate contains an elec-
tron-donating substituent, which increases the electron
density at the o -carbon atom, and an electron-accepting
substituent, which induces a positive charge on the
B-carbon atom, then, when the medium consists of a
strong base in an aprotic polar solvent, bimolecular
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elimination via an E2 mechanism takes place. Accord-
ingly, any group which may neutralise the induced positive
charge on the g-carbon atom by giving up electrons inhibits
the reaction via an E2 mechanism.

If the electron-accepting group at the g-carbon atom
and the base employed are moderately strong, then elim-
ination proceeds via an “E1-like” E2 mechanism at a
moderate rate. As the electron-accepting capacity of the
substituent at the B-carbon atom becomes more pronounced
and the strength of the base increases, there is also an
increase in the rate of elimination. The elimination
mechanism over a certain range of changes of this kind is
then gradually altered from the “E1-like” type to the
central synchronous type and further to the “E 1cB -like”
type, while remaining within the framework of the E2
mechanism. On further increase of the electronegativity
of the group at the B-carbon atom and of the strength of
the base employed, the bond between the g-hydrogen and
carbon is weakened to such an extent that the substrate
gives up this hydrogen in the form of a proton and forms
a carbanion, the E2 mechanism being thus converted into
an ElcB (type A) mechanism. On the other hand, if the
substrate contains a fairly strong electron-accepting
group capable of stabilising the conjugate base of the sub-
strate (such as C=0, C=N, NO: etc.), then the bond link-
ing the B-hydrogen atom becomes so labile that there is
no necessity for a very strong base and even in the pres-
ence of weak bases the substrate splits off this hydrogen
in the form of a proton during the rapid reversible stage,
forming the conjugate base—a carbanion, which loses the
leaving group in the subsequent slow stage by a unimolec-
ular process, being converted into an olefin, i.e. an E1cB
(type B) mechanism operates.

Thus one may conclude that each of the above specific
types of the B-elimination mechanism is, strictly speaking,
possible only for a specific compound under fixed condi-
tions and that any changes in the structure of the substrate
and in the reaction conditions lead to a shift of the mech-
anism towards the type which is preferred under the new
conditions. Since the transition from one mechanism to
another takes place gradually, the simultaneous occur-
rence of the reaction via two adjacent mechanisms is
possible under borderline conditions.
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The Role of One-electron Transfer in Substitution Reactions

Z2.V.Todres

The principal examples of substitution reactions which involve an intermediate one-electron transfer stage are examined.
Attention is concentrated on the causes which make this stage important and its relations with other stages in the mechanism
are analysed. !t is noted that the application of the ideas of one-electron transfer to the mechanisms of all substitution
reactions without exception is invalid. Cases of the activation of substitution reactions under conditions favouring electron
transfer are discussed. The urgent need for studies in this field is demonstrated and certain tasks for the immediate future

are formulated.
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I. INTRODUCTION

The aim of the present review is to discuss the evidence
supporting the presence of a one-electron transfer stage in
the mechanisms of certain substitution reactions. Numer-
ous studies in which the existence of such a stage explains
the observed facts but is justified mainly by logical con-
siderations have been left outside the scope of this review.
Attention has been concentrated on reactions for which the
existence of an electron transfer stage has been proved.
The review includes fundamental examples. The causes
which make the electron transfer stage real and the inter-
relations between this stage and others in the mechanism
are discussed. Together with reactions which clearly
proceed via a one-electron transfer stage, cases are
considered where radical-ions are formed in a secondary
reaction pathway and not the main pathway. It is shown
that in certain reactions it is possible to increase the yield
and rate of formation of the final products by creating
conditions favouring the electron transfer stage.

II. THE CONCEPT OF THE ONE-ELECTRON TRANSFER
STAGE IN A SUBSTITUTION REACTION

The concept of one-electron transfer as an intermediate
stage in inorganic reactions has proved extremely fruitful
and is supported by extensive experimental data obtained
in the 1940s-1950s. The development of these ideas
occurred simultaneously with the development of the
foundations of nuclear chemistry and technologyl. The
problem of the role of one-electron transfer in organic
reactions was considered during the last 15 years®™2,
During this period, the development of new methods for the
investigation of unstable or relatively unstable species,
such as electron transfer products, led to the possibility
of their wide-scale investigation. One may say that such
species were extremely unfamiliar in organic chemistry
during earlier periods.

After the first studies, which drew the attention of
organic chemists to the important role of one-electron
transfer in reactions, many investigators began to consider

the mechanisms of virtually all reactions from the stand-
point of oxidation-reduction processes. However, as
experimental data accumulated, it was shown that the idea
of the one-electron stage should be used in moderation

(cf. Okhlobystin® and Beletskaya'®). The hypothesis of
one-electron transfer as an intermediate reaction stage
presupposes that the reagent and the substrate are involved
in an oxidation-reduction interaction. Subsequent stages
involve the combination of the products arising as a result
of the oxidation-reduction reaction. We shall consider as
an example the nitration of benzene''™>  The substitution
proceeds via the stages in the scheme below'*:

H  NO, NO,
GGl 0 o

The process begins with the formation of a 7-complex,
which corresponds to partial charge transfer. Next the
n-complex rearranges to a o-complex with subsequent
elimination of a low molecular weight species—a proton.
Within the framework of perturbation theory™, this is
formulated as the formation of a transition state “from the
perturbation of the 7-system to the perturbation of a
definite carbon atom”. However, an isolated electron
transfer stage is not considered in the perturbation theory™
At the same time, it follows from a theoretical study'® that
the approach of the reagent to the substrate bond subjected
to attack alters the energy levels of the lowest unoccupied
molecular orbital (LUMO) and the highest occupied molec-
ular orbital (HOMO). The intermolecular distance over
which the one-electron stage can take place depends on the
degree of perturbation. When the distance is large, the
products formed in this stage can emerge into the bulk of
the reaction solution and when it is small they can recom-
bine in the solvent “cage”'®.

Quantum-chemical calculations'® have shown that the
LUMO of the nitronium cation has an energy of -11.0 eV,
while the HOMO of benzene has an energy of -9.24 eV.
This makes theoretically probable yet another nitration
stage, namely the transfer of an electron (a single charge)
from the benzene HOMO to the nitronium cation LUMO;
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this stage is represented in the general scheme (2). The
species constituting the biradical pair may combine to
form a o-complex:

© + *NO, —> —i'NO2 — + ‘No, —>
H No, NO, NO,
) = O

Thus one -electron transfer consists in the transfer of a

(2)

single charge and not of a partial charge as in a 7-complex.

Partial transfer leads to charge-transfer complexes (CTC),
while complete transfer results in the formation of radi-
cal-ions, radicals, or ions. The final products may be
formed as a result of the combination of radicals derived
from the reagent and the substrate, as in scheme (2).
Another pathway is also possible, namely the decomposi-
tion of the substrate radical-ion with formation of a new
radical capable of reacting with a second reagent mole-
cule. This pathway is indicated in relation to the nucleo-
philic substitution reaction (3).® Such reactions are
observed among both aromatic and aliphatic compounds and
are classified as SRN1 reactions:

RXE. ®X) 7= R 2T Ry py | ©)
3 —RX)T

In reactions of the SRN1 type the one-electron transfer
stage also plays an important role, initiating the trans-
formation and imparting to it a chain mechanism.,

We shall consider in greater detail the theoretical post-~
ulates and then shall analyse the experimental data char-
acterising the role of one-electron transfer in the mecha-
nism of substitution reactions.

III. THEORETICAL PROBLEMS

1. Thermodynamic Conditions for One-Electron Transfer

Electron transfer can occur only when the difference
between the ionisation potential of the donor (Ip) and the
electron affinity of the acceptor (£A) is greater than zero
(ID — EA > 0). Inorder to determine the sign of this
difference, it is possible to compare the HOMO and
LUMO energy levels of the substrate and the reagent.

For electrophilic and nucleophilic substitution reactions
of aromatic compounds, such comparisons can be made
using Fig.1. Kvidently the LUMO levels of electrophilic
reagents are lower than the HOMO levels of aromatic
substrates. In principle, this creates the possibility of
electron transfer from the HOMO level of the substrate to
the LUMO level of the reagent. For the benzene nitration
reaction, this stage was in fact taken into account in
scheme (2). Furthermore, Fig.1 shows that the HOMO
level of the hydroxide anion lies above the LUMO levels of
substrate molecules, while the HOMO level of the chloride
ion lies above the LUMO level of nitrobenzene. Hence it
follows that, when an aromatic substrate reacts with a
nucleophile, an electron transfer stage is probable.

The calculation whose results are illustrated in Fig.1
was performed approximately 20 years ago. Naturally,
it was necessary to have a later confirmation of these
results. Recent calculations by Epiotis'® showed that
relations of the type illustrated in Fig.1 are confirmed and
that they are valid for a wider range of substrates and
reagents. Epiotis' study was undertaken to discover the
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correspondences between the reactivities at individual
positions of the substrate molecule and the spin valences
of the radical-ion in the same positions. Epiotis based
his calculations on the perturbation theory, which, as
stated above, does not treat electron transfer as an iso-
lated stage. At the same time the fundamental scheme of
orbital interactions obtained by Epiotis for the transition
states of electrophilic, nucleophilic, and radical substi-
tutions in aromatic compounds is of great interest for
further exposition of the subject (Fig. 2).

=Zr — HOMO
-Lﬂ: LUMO~LUMO HOMO —
— LUMO
> =0
o
Eady
%  THOMD HOMO
s -0} — HOMO
© — HOMO
A — LUMO
— LUMO
~14 | 1 | 1 1 1
CeHg CgHsOH CeHsNO,™ND, Br* CU° “OH OV
Figure 1. Energy level diagrams for some substrates

and reagents in aromatic substitution'?,

b f b

LUMO LUMO e LUMO ~——

—_— AN N 4
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HOMO .
v HOMO —eppmn Homo =7 R

e

ArH ArH ArH

a b c

Figure 2. Schematic diagram of the orbital interactions

of an aromatic molecule (ArH) with an electrophile (E),
a nucleophile (N), and a radical (R*).'®

Fig. 2 illustrates the types of orbital interactions which
are analogous for nucleophilic and electrophilic substitution
reactions to those discussed in connection with Fig. 1.

For radical substitution, the type of interaction is deter-
mined by the nature of the radical R°. If the attacking
radical is a nucleophile and has a low ionisation potential,
the decisive factor for it is a donor type interaction (with
LUMO). For an electrophilic radical with a high ionisa-
tion potential the decisive factor should be an acceptor
type interaction (with HOMO).
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However, one should note that both the calculations of
Nagakura and Tanaka'? and those of Epiotis'® were per-
formed without taking into account the influence of
external substitution factors: solvation and coordination
of the species in solution, the formation of hydrogen bonds,
steric hindrance, etc. Under certain conditions, these
factors may become decisive and may drive the reaction
via a different pathway. The nature of the reacting
species is also important. Calculations have been made
recently'” in order to determine the tendency of particular
reagents to interact with the substrate via ionic or
radical-ion pathways. The difference between these
pathways is evident from a comparison of schemes (1) and
(2). For example, it was found that, when benzene
interacts with a proton, the one-electron mechanism is
favourable until the substrate and reagents approach one
another to a distance of 1.5-2A. The reaction of benzene
with the nitronium cation can proceed via scheme (2) only
over a range of distances from 1.5 to 2.5A, while benzene
and the extremely reactive methyl cation can interact
only via the ionic mechanism whatever the distance.

Electron transfer is preceded by the formation of a
charge-transfer complex: D + A — [D0*, A6-] — [D*, A7].
When the CTC is subjected to additional polarisation under
the influence of a third molecule (donor, acceptor, or
solvent), electron transfer is facilitated®,

1
12

1
Yy

|

lg k&

Figure 3. Relation between the experimental and calcu-
lated relative rate constants for the exchange of deuterium
for protium in heteroaromatic compounds: 1) [3-D]thio-
phen; 2) [2-D]thiophen; 3) [3-D]furanI- 4) [2-D]furan;

5) [2-D]pyrrole’®; a the values of ;5] obtained taking
into account only the localisation energy, which is propor-
tional to the activat}on energy for electrophilic substitution;
b) the values of kgglc obtained taking into account not only
the localisation energy but also the ionisation potential of
the molecule involved in the deuterium—protium exchange.

Electron transfer in the reagent-—substrate system can
occur under the conditions of slight overlapping of the
corresponding orbitals or when bridge groups (extraneous
ions, solvent molecules) are involved. Electron transfer
takes place over an extremely short period, amounting to
107'® s. This is less than the time required for the
alteration of the positions of the nuclei of the reacting
molecules. Nuclei move over a period of 10™** s or
longer®. Consequently, the changes in the positions of
nuclei take place approximately 100 times more slowly
than the change in the electronic state. In conformity
with the Franck—Condon principle®, it is assumed that the
positions of the nuclei remain unaltered during electron
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transfer. This implies that the electron transfer reac-
tion can occur during the extremely short time intervals
corresponding to a favourable disposition of the reagent,
substrate, and the species present in solution.

2. The Donor-Acceptor Properties of the Reacting
Species and the Kinetics of Substitution Reactions

It has been established'® that the interaction of many
heteroaromatic molecules with electrophiles is faster the
lower the ionisation potential of the substrate. The cal-
culated rate constants for these reactions agree with
experimental values only when models taking into account
the electron-donating properties of the heteroaromatic
molecule are used'® (Fig. 3).

The rate constants for the nitration of aromatic hydro-
carbons by acetyl nitrate in acetic anhydride, calculated
relative to benzene (¢T€l), vary linearly (Fig.4) with the
ionisation potentials I of the hydrocarbons®’. There is a
similar relation between the ionisation potentials and the
relative rate constants for the isotope exchange of hydro-
gen in an acid medium involving aromatic compounds
(Fig.5).%°

7 8 9

Relation between I and £r€l for the nitration of

I eV

Figure 4.
aromatic compounds: 1) benzene;
alene; 4) phenanthrene; 5) triphenylene;
7) fluorene; 8) fluoranthene; 9) coronene;
11) perylene®.

2) biphenyl; 3) naphth-
6) chrysene;

10) pyrene;

For radical substitution, the kinetics and direction of
the reaction must be determined by the degree of local-
isation of electron density in individual positions in the
molecule and not by its ionisation potential or electron
affinity. However, it has been found that the rate of
radical substitution in the series of alkylbenzenes varies
linearly with ionisation potential, as for other reactions
involving states with charge separation®. This also con-
firms the dependence of the site of substitution in the
methylation of naphthalene on the polarity of the solvent®®
(acetyl peroxide was used as a source of methyl radicals).

The m-electron density in the naphthalene molecule is
distributed non-uniformly: it is greater in the a-position
than in the s-position, which ensures the preferential
binding of the methyl radical to the a-carbon atom of
naphthalene. If the methylation of naphthalene proceeds
in accordance with the homolytic substitution mechanism
(4), then it is unrelated to the appearance of charged
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intermediate states. This implies that the site of sub-
stitution should not depend on the polarity of the medium.

y ﬁ o
-OEF =00

H CH,

&

lgk(el
5 F\°?
[ o7
6
y -
- So
4o
2 jo
\ ,
0 1 ! 1 o)

75 80 8530 95
IeV
Figure 5. Relation between I and £T€l for hydrogen iso-
tope exchange in an acid medium involving aromatic
compounds: 1) benzene; 2) biphenyl; 3) terphenyl;
4) naphthalene; 5) chrysene; 6) pyrene; 7) 1,2-benz-
anthracene; 8) anthracene; 9) perylene®’,

Table 1. The influence of solvent polarity on the selec-
tivity of the homolytic methylation of naphthalene?.

Ratio of yields/ Ratio of yields
of a- and - . jof - and -
Solvent g* methyl- Solvent & methyl-
naphthalenes naphthalenes
Benzene 2.3 7.0 o-Dichiorobenzene 9.9 5.8
Chlorobenzene 5.6 6.2 Pyridine 12.3 4.0

*The static dielectric constant € was adopted as a char-
acteristic of the polarity, which is valid when solvents
belonging to a single series of aromatic compounds are
compared?®®,

In considering reactions (4), one must emphasise that
neither the methyl radical nor the naphthalene molecule
can themselves be in any way polarised in a polar solvent
and give rise to states with separated charges. A
dipolar structure is not characteristic of the methyl
radical and naphthalene has an ionisation potential too
high for this®®. However, it follows clearly from Table 1
that the selectivity of the homolytic methylation of naphth-
alene decreases with increasing solvent polarity. The
greater the solvent polarity, the more effective the stabi-
lisation of the polar transition state which implies,
according to Hammond®, a greater decrease of the activa-
tion energy for the formation of charged species.
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In the homolytic methylation of naphthalene the polarity
of the solvent has such a sip.zcnificant effect on the reaction
selectivity that the authors® explained this effect by the
formation of species with a unit charge and not merely a
fractional charge. Scheme (5) shows how naphthalene
radical-cations arise in the interaction between the reagent
and the substrate. Here it is important that the degree of
stabilisation of the naphthalene radical-cation is indepen-
dent of whether the positive charge is located at the a- or
the g-carbon atom.

“CH, CH,
- QO -
// 7 / \
' (5)
A‘« s LCH
-0~
S~ .

Owing to the stabilisation of the o - and g-“cations” by
the polar solvent, the reactivities of the @- and s-position
in naphthalene do not differ quite so much and the selec-
tivity of the methylation reaction is accordingly reduced.
Whereas in benzene (¢ = 2.3) o -methylnaphthalene is
formed seven times faster than g-methylnaphthalene, in
pyridine (¢ = 12.3) the rate of its formation is only four
times greater®®.

3. The Site of Substitution and the Distribution of Spin
Density in the Radical-Ion of the Reacting Molecule

If the interaction between the substrate and the reagent
begins with one electron transfer, a biradical pair should
be formed. The nature of the subsequent transformation
should depend on the properties of the species involved in
the biradical pair. In particular, the substrate radical-
ion may be converted into a g-electron radical with
ejection of an ionogenic group. Such interaction of a
og-radical with the reagent leads to a radical-ion of the
final product and these species should combine at the site
of the radical free valence. If the substrate radical-ion
does not show a tendency to eject the ionogenic group, its
combination with the radical derived from the reagent is
possible. The formation of a new bond is then most proba-
ble in'the position where the spin density is a maximum.

In other words, there should be a correspondence between
the nature of the distribution of spin density in the radical-
ion and the position which the substituent enters in the
corresponding uncharged molecule.

The quantitative characteristics of the distribution of
spin density can be obtained from the ESR spectrum of the
radical-ion. The ESR spectrum makes it possible to
determine the hyperfine interaction constant for the ¢th
hydrogen atom a{i. This constant is directly proportional
to the spin density of the ¢th carbon atom to which the ith
hydrogen is linked®®.

Under these conditions, different degrees of delocalisa-
tion of the unpaired electron in radical-ions with charges
of different signs is then possible for the same molecule?,
Consequently, when electrophilic substitution is considered
the site of substitution data must be referred to the proper-
ties of the radical-cation, while in nucleophilic substitu-
tion correlation with the properties of the radicai-anicn is
required. We may note that the formation of radical-
cations or radical-anions has been demonstrated experi-
mentally in the substitution reactions of aromatic com-
pounds®®,
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Table 2 shows that the site of electrophilic substitution
of aromatic compounds is clearly related to the values of
aH for the corresponding radical-cations.

Table 2. Comparison of the properties of a series of
aromatic compounds and the corresponding radical-
cations.

Order of variation of

Reactivity in different
a;‘ for different positions

Reaction o
positions

Compound

NN-Dimethylaniline
Naphthalene
Naphthalene
Anthracene
Biphenylene
Azulene

Bromination
Nitration

T-H exchange
Acylation
Nitration
Nitration

4>2>3(Ref.27)
1> 2 (Ref.29)
1> 2 (Ref.31)
9> 1> 2 (Ref.25)
2> 1 (Ref.32)

1 > others (Ref.34)

4> 2> 3 (Ref.28)
1> 2 (Ref.30)

1> 2 (Ref.30)

9> 1> 2 (Ref.30
2> 1(Ref.33)

1 > others (Ref.35)

When azulene is nitrated, the 1-position is the most
reactive®™ and the electron den51ty 1s a maximum in the

same position in the radical-cation®®

However, in the

azulene radical-anion the maximum density is concentrated

in the 6-position

Table 3.

36 37

Comparison of the values of a? and Eact

for the
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requires a smaller activation energy than the correspond-
ing substitution in 2-chloronitrobenzene. The spin
density in the 4-position of the 1,3-dinitrobenzene radical-
anion is higher than in the 2-position (af! > all). The
reactivity of 4-chloro-1,3-dinitrobenzene in nucleophilic
substitution is correspondingly greater than that of
2-chloro-1,3-dinitrobenzene. The displacement of chlo-
rine by the methoxide ion'® in 4-chloro-3-methylnitro-
benzene is faster than in 6-chloro-3-methylnitrobenzene
(Table 4, Nos.1 and 2) which agrees with the finding that
the spin denS1ty in the 4-position of the 3- methylmtro-
benzene radical-anion is greater than the 2-position*

[cf. scheme (6)]. The same correspondence may be noted
between the values of ¢X for the 3-chloronitrobenzene

radical-anion® [see scheme (6)] and the relative rate
constants for the substitution by the methoxide ion'® of the
chlorine atoms at the ith carbon atoms (Table 4, Nos. 3
and 4).

ON_ 2 CHyj ™ 2 C
: \l//T/ ’ \ll/\‘[:/
N (6)
af =330 G =407 G
dl=38 G afl=3.20 G

Table 4. The relative rate constants for the substitution
of chlorine by a methoxide ion in certain chloronitro-
benzenes in methanol at 25°C. ¢

substitution of chlorine by an ethoxy-group on treatment
of chloronitrobenzenes and chlorodinitrobenzenes with an
ethanol-piperidine mixture.

H. . . .
a.” in ESR spectrum of radical-anion G, | Egct, kcal mole]

Compound P (Refs.38 and 39) *(Rer.40)
Nitrobenzene atf = ol =3.30; dll =3.82 -
2-Chloronitrobenzene a!: =3.30; a =3.92 18.1
4-Chloronitrobenzene u.lH = a =3. 42 17 1
1,3-Dinitrobenzene a’; =277, a” =4,49 —
2-Chloro-1,3-dinitrobenzene 12.2
4-Chloro-1,3-dinitrobenzene 10.7

Interesting correspondences have also been formed for
nucleophilic reactions. The relative rates of substitution
of chlorine in chloronitrobenzene under the influence of
various nucleophiles agree satisfactorily with the con-
stants ¢H for the radical- anionsH However, the treatment
must be'based on the values of a; for the radical-anions of
nitro-derivatives without chlorine. (The hyperfine inter-
action constants of the radical-anions of chloronitrobenzene
and nitrobenzene are v1rtua11y the same.) Table 3 shows
that the constant a; (ae )1 of the radical-anion of 4-chloro-
nitrobenzene is close to ay( ) of the nitrobenzene radical-
anion; exactly the same correspondence between the
constants all and all is observed for the 2-chloronitro-
benzene-mtrobenzene pair. Here a‘1 > a%’l in the nitro-
benzene radical-anion. The substitution of the chlorine
in 4-chloronitrobenzene by an ethoxy-group is easier and

T The numbering of the positions in substituted nitro-
benzenes begins with the atom linked to the nitro-group.

No. Initial compound Reaction product krel
1 OQN\ /\/CH, O,N\/\/CH 1
2 OzN\/\U/CHx OZN\/\/CHS 3.6
|
NNy N/ Noch,
3 \r\“/ OZN\{/\”/CI 1
cx NS HCO” N/
4 \l \“/ ()._,N\‘/\/Cl 2.6
\/\Cl :\/\OCHS

Thus the theoretical postulates described above support
the possibility of the formation of substrate radical-ions
and reagent radicals at the initial stage of the substitution

reaction.

There is evidence in support of a further com-

bination of the radical-ion with the reagent radical or ion.
The decomposition of the substrate radical-ion with forma-
tion of a secondary radical capable of interacting with

another reagent molecule is also likely.

Naturally, the

agreement between the results of calculations and particu-
lar experimental data cannot by itself serve as proof that

the one-electron transfer stage really occurs.

For this,

it is necessary to analyse the results of studies on the

mechanisms of many specific reactions.

Our discussion

of theoretical problems was based on data for aromatic
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compounds: since the stability of aromatic radical-ions is
high, they have been detected more frequently and more
fully characterised. Thus, in considering specifi¢
reactions, we shall deal primarily with substitution in
aromatic compounds.

IV. THE ROLE OF ONE-ELECTRON TRANSFER IN
AROMATIC SUBSTIT UTION REACTIONS

1. Nucleophilic Substitution

When 1-chloro-2,4-dinitrobenzene is treated with
sodium methoxlde 2 4-dinitroanisole is formed. It has
been established* that the reaction mixture contains the
radical-anions of the starting material and the final
product. Mechanism (7), which includes chain transfer
steps involving electron exchange with participation of
organic molecules and oxygen, has been put forward on the
basis of ESR data for the accumulation and consumption of
radical-anions*?

Q. OCH, _

G, NO,
+70CH; —OCH,
CH,
*0

NOZ

The catalytic effect of oxygen indicated by mechanism
(7) agrees with the finding that nucleophilic reactions of
aromatic nitro-compounds are an order of magnitude
slower in nitrogen than in air. Benzoquinone or tetra-
cyanoethylene inhibits such reaction; they are accelerated
under the influence of light and are faster in glass appara-
tus than in cast iron apparatus*®, All these findings
support a radical mechanism of the reaction. An impor-
tant feature of the mechanism of aromatic substitution
reactions [mechanism (7)] is that it constitutes a harmoni-
ous combination of newly formulated concepts with earlier
ideas, leading ultimately to a o-complex as the usual
precursor of the substitution product.

The radical-anion may not be converted into the sub-
stitution product solely via a radical-dianion as in scheme
(7). The radical-anion may be converted into a free
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radical and then into the final product, bypassing the
o-complex. These possibilities are described in the

scheme®®

‘H_.¢+H‘

o A

x

(8)

All the pathways taken into account in scheme (8) are
based on the hypothesis of one-electron transfer with
formation of a radical-ion. Apart from the data quoted
above, the formation of the radical-anion is indicated by
numerous kinetic studies®*. The o-complex obtained in
the reaction exhibits the effect of chemically induced
nuclear polarisation®® (the CINP effect).

At the same time scheme (8) emphasises that the
reactions of aromatic compounds with nucleophiles can
proceed via different mechanisms with participation of
various intermediate species. The contribution of each
mechanism depends on the reaction conditions, including
the effect of the structure and the medium. The same
initial compounds may give rise to final products with
identical structures via different mechanisms. This
leads to the problem of estimating the contribution of a
particular mechanism and the criterion should be the type
of the rate-determining intermediate species rather than
the reaction order. According to Shein*’, the classifica-
tion of the mechanisms of the nucleophilic substitution
reactions of aromatic compounds based on the reaction
order, generally acc Bted at the present time, is inade-
quate., He suggested™ that the mechanisms be classified
in terms of the type of intermediate species: radical-ion,
free-radical, carbanionic, etc. mechanisms. Reactions
involving several species are also possible, for example,
the process with a mechanism of the radical-ion-radical-
dianion-o-complex type indicated in scheme (7). The
fundamental characteristics of scheme (7) have been
attributed*® to many other nucleophilic substitution reac-
tions of aromatic compounds, including the substitution of
chlorine by a methoxy-group in 4-chloronitrobenzene.

In the latter case the formation of the main product is
accompanied by that of a side product —4-nitrophenol
(yield up to 15%). The ambiguity in the treatment of the
pathways leading to the side product is striking. Accord-
ing to Shein's data*?, the main product (4-nitroanisole) is
oxidised. Solodovnikov** justified a fundamentally differ -
ent pathway—the oxidation of the radical-anions of the
initial compound. The ambiguity of the treatment
becomes of fundamental importance, because, according
to Solodovnikov*, virtually all 4- chloromtrobenzene
radical-anions are converted into 4-nitrophenol. It was
concluded on this basis that the “formation of 4-chloro-
nitrobenzene radical-anions is a reaction taking place
simultaneously with the substitution reaction”*. If this
conclusion is accepted, one must assume that the substitu-
tion reaction itself proceeds either via a non-radical
mechanism or via cryptoradical mechanism, where radical
speciesareformed and combined in a solvent ¢ cage” without
emerging into the solution. Itis sofar difficulttomakea
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choice between Shein's*? and Solodovnikov's*¢ treatments.

There isa greater unanimity in the treatment of the mecha-
nism of another nucleophilic reaction—the substitution of a
nitro-groupin 1,2-dinitrobenzene (DNB) by a hydroxy-group.
Various investigators have established the following facts:
(1) that the reaction of DNB with OH~ ion in aqueous dimethyl
sulphoxide results in the formation of 2-nitrophenoxide and
nitrite only*®; (2) that a long-lived DNB radical-anion is
formed on mixing the reactants***%; (3) that in the system
considered the electron donor is indeed the OH™ ion, which
is converted into the short-lived OH" radical*®; (4) that a
o~complex containing an OH group at the tetrahedral
carbon atom is formed in the pathway to 2-nitrophenoxide®®;
(5) that the initial DNB and the o-complex are not involved
in electron exchange with one another?’; (6) that the reac-
tion of DNB with O} also leads to the substitution of the
nitro-group by a hydroxyl and that DNB forms a radical-
anion®’; (7) that in the interaction of DNB with OH" the
one-electron transfer leading to the formation of the
radical-anion takes place in the first stage with participa-
tion of uncharged DNB; ** (8) that the kinetic curve for the
accumulation and consumption of the DNB radical-anion is
S-shaped and that the curve for the accumulation of
2-nitrophenoxide is parabolic (the start of the descending
branch of the curve for the radical-anion corresponds to
an inflection in the curve for the final product)®; (9) that
kinetic calculations agree with experimental data only
when the DNB radical-anion is regarded as the starting
maggrial in the substitution of a nitro-group by an OH"~
ion™.

A radical-ion mechanism has also been adopted*® for the
substitution of chlorine in 2-chloro-9,10-anthraquinone by
a methoxy-group under the influence of sodium methoxide.
The reaction represents a typical instance of substitution;
during its course, 2-chloroanthraquinone radical-anions
are formed, their number initially increasing to a maxi-
mum and then falling sharply. The addition of an inhibitor
(benzo-1,4-quinone) lowers the rate of formation of radical-
anions, which entails also a decrease of the rate of forma-
tion of 2-methoxyanthraquinone. If the radical-anions
were obtained via a secondary pathway, the rate of forma-
tion of the final product should not have increased following
the introduction of an inhibitor. It should have actually
increased, since the oxidation of the radical-anions
involves the regeneration of uncharged substrate mole-
cules, which implies that the radical-ion mechanism is
decisive in the given instance. Other nucleophilic reac-
tions of anthraquinones are also associated with the forma-
tion of radical-anions: hydroxylation of 9,10-anthraquin-
one-2-sulphonic acid 8. hydroxylation, alkoxylatlon or
cyanation of the homoaromatlc ring of 89,10-anthraquinone
condensed in the 1,2-positions with the 2,1,5 -oxadiazole
ring*®. However, the authors*®*® adduce arguments
accordlng to which the one-electron reduction of the
quinone takes place simultaneously with the main nucleo-
philic reaction. For example, it has been found that the
concentration of anthraquinone-2-sulphonate radical-
anions ceases to depend on the duration of the reaction with
the alkali after a certain time interval and the overall
yield of the radical-anion does not exceed 10%.*® The
introduction of inhibitors [oxygen, potassium hexacyano-
ferrate(III)] prevents the formation of radical-anions and
the yield of 2-hydroxyanthraquinone actually increases
somewhat*®, In this case the radical-ion pathway in the
process is not the main one.

This example shows that the inclusion of the electron
transfer stage in the reaction mechanism must be justified
in each individual case. It is of interest that another
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representative of the class of quinone sulphonates--sodium
3-methyl-1,4-naphthoquinone -2-sulphonate —also gives
rise to a radical-anjon on reaction with alkali. The final
product is 2-hydroxy-3-methyl-1,4-naphthoquinone. As
the reaction proceeds, the number of radical-anions
reaches a maximum and then falls immediately and at this
instant the concentration of the final product begins to
increase®®. When inhibitors [oxygen, potassium hexa-
cyanoferrate(IIl)] are introduced, neither the accumulation
of radical-anions nor the formation of the final product is
observed*®, which shows that the hydroxylation of 3-meth-
yl-1,4-naphthoquinone-2-sulphonic acid proceeds via a
radical-ion salt in accordance with the chain mechanism

The results concerning the “reconstruction” stages in
the nucleophilic substitution of 4-iodonitrobenzene by a
cyanide ion, quoted by Russell et al.’, are of interest.
One-electron reduction at an electrode in the presence of
cyanide leads to the 4-iodonitrobenzene radical-anion.
Like other halogeno-derivatives, 4-iodonitrobenzene
readily splits off a halide ion in the radical-anionic state
and is converted into a 4-nitrophenyl radical (a radical of
the o-electron type). The latter reacts with a cyanide ion
and gives rise to a 4-cyanonitrobenzene radical-anion.
The same radical-anion may be arrived at by reducing a
4-cyanobenzenediazonium salt with dithionite in the
presence of nitrite. One-electron oxidation by the initial
substrate converts the radical-anion into neutral 4-cyano-

nitrobenzene:
[ N/\/CN] {\l
oN/ \ . 0, N/

] oy NN

ON/U ~0

L OTLOT e
o.,N/(j/1 N /N/T\j/CN

Singh and Kumar®® obtained data showing that the sub-
stitution of a diazo-group linked to an aromatic compound
by iodine also proceeds via an electron transfer stage.
When arenediazonium fluoroborates are treated with
potassium iodide in methanol (under nitrogen), iodoben-
zenes are formed:

ANS + 17— ArN; + 15 1°— 1,

AN, e prts AP 4+ 1> AT

(11)

ArI¥+ ANy —> [axl] + ArN; etc.
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Mechanism (11) is consistent with the known ability of
the iodide ion to transfer one electron and also with the
fact that the reaction is accelerated on irradiation with
light and is inhibited in the presence of oxygen. In the
presence of electron-accepting substituents in the benzene
ring, the reaction rate increases, falling if electron-
donating substituents are present. In the reaction involv-
ing 4-nitrobenzenediazonium, nitrobenzene, elemental
iodine, and formaldehyde were found together with 4-iodo-
nitrobenzene®. Formaldehyde is formed when 4-nitro-
phenyl radicals abstract hydrogen atoms from the solvent—
methanol (CH:OH — CH:0). Despite a careful search,
neither 3-iodonitrobenzene nor 4-nitroanisole could be
found among the products. This disproves another pos-
sible mechanism—-cine-substitution involving the formation
of dehydrobenzene.

The relation between cine-substitution and radical-ion
mechanisms has been examined®. The reactions of 5-
and 6-halogenopseudocumenes with potassium amide in
liquid ammonia lead to 5- and 6-pseudocumidines, both
isomeric amines being obtained regardless of whether the
5- or 6-position in the initial molecule contains a halogen
atom. The nature of the halogen atom does not affect the
ratio of the amino-derivatives obtained in the reaction of
chloro- and bromo-derivatives; the ratio is constant and
close to 1.5. The isomer ratio is not constant only for
iodo-derivatives, being 0.63 and 5.86 when 5-iodopseudo-
cumene and 6-iodopseudocumene are used res?ectively as
starting materials. According to the authors®®, the cine-
substitution mechanism is the only one in the reactlons of
chloro- and bromo-derivatives,

i
NP

Hal” @

CHg

CH,

|
HN.xCHs

CHy

N (12)

CH;,4

The reaction of iodopseudocumenes Arl proceeds not
only via mechanism (12) but also via one-electron transfer:

Arl —> (Ar1)S —> Ar" + 17

Ar* 4+ NH; —> (ArNH,)%: (13)

(ATNH,) % + Arl —> BEG_}{Z + (ArD7 etc.

The hypothesis that mechanisms (12) and (13) operate
simultaneously has been confirmed by experiments in the
presence of radical-trapping agents: the introduction of
2-methyl-2-nitrosopropane or tetraphenylhydrazine alters
the ratio of the pseudocumidines and makes it equal to
1.5 (for both 5- and 6-iodopseudocumenes). A character-
istic feature of the iodopseudocumene radical-anions is that
they split off a halide anion more readily than other hal-
ogeno-derivatives. As a result pathway (13), involving
an electron transfer stage, becomes important.

The necessity to take into account the radical stage in
nucleophilic substitution is also indicated by the results of
a study of the mechanism of the mtroduct1on of an aryl-
thio-group into 9-bromo-9-phenylfluorene®. When this
bromo-derivative is treated with sodium thlophenoxide in
dimethylformamide (DMF) in an atmosphere of nitrogen
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(30°C, 4 h), the formation of sodium bromide and 9-phenyl-
9-phenylthiofluorene is observed:

(T -1 k Ve

AVAN / AV 4
P Br P Sph

Sodium bromide is obtained quantitatively and the yield
of the nucleophilic substitution product is only 42% of the
theoretical value, The substrate and the nucleophile are
also involved in other reactions which lead to 9,9-diphenyl-
bifluorenyl (in 38% yield) and diphenyl disulphide (in 30%
yield). The formation of these substances, which are
indicated in scheme (15), conflicts with the usual ideas
concerning nucleophilic substitution. Attention should be
drawn to the fact that, in the presence of radical traps
(oxygen and tetrabromo-o-benzoquinone), the formation of
both the side products enumerated above and of the prod-
ucts resulting from the introduction of the arylthio-group
is retarded®™. Consequently the stage involving electron
transfer from the nucleophile to the substrate occurs in
the main reaction pathway, as in scheme (15). A phenyl-
thiyl radical and a substrate radical-anion are formed in
this stage. Both radical products are involved in further
reactions: the phenylthiyl radical gives rise to diphenyl
disulphide, while the substrate radical-anion is converted
into a 9-fluorenyl radical. The latter reacts in two ways.
It dimerises to bifluorenyl and, on reacting with a nucleo-
phile, gives rise to a radical-anion of the “nucleophilic
substitution product”. Chain propagation is ensured by
electron transfer from the above radical-anion to an
unreacted substrate molecule, which loses a bromine
atom and then reacts with the nucleophile, etc.

(14)

PhS ——> PhS" —> !/, PhSSPh

P
-

Ph.

Br

L‘io Neapigasr

Mechanism (15) differs from mechanisms of the SN1 or
Sn2 type precisely by the inclusion of the one-electron
oxidation-reduction stage. The driving force in this stage
may be the ease of elimination of a bromide anion and the
formation of a fluorenyl radical unsaturated in the 9-posi-
tion, next to the stabilising benzene rings.

It has been shown®® that the introduction of arylthio-
groups into bromo-derivatives may be “stimulated” by
creating conditions which promote the primary formation
of radical-anions. Nucleophilic substitution of bromine by
the thiophenoxide ion in 4-bromobenzophenone requires
extremely severe conditions. When potentials are applied,
the reaction proceeds readily and with a high yield (80%).
1t is sufficient to employ potentials which ensure solely the
formation of substrate radical-anions (the potential and the
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amount of current passed through the system are strictly
controlled). Next comes the chemical reaction in the
bulk of the solution with formation of 4-phenylthiobenzo-
phenone®®

o 0
// / C/
/\I/C\/\ /\j/C\/\_' _ /\\‘/ \“/\1 s
-Br— ——
U\B, LUV U
o
i (16)
(ﬁ/ N phcoc.H.Br“/\\/ \(‘j
e

Nucleophilic subst1tut1on may be accelerated also with-
out applying potentials, by introducing into the reaction
mass substances which can behave as powerful electron
donors. Thus sodium methoxide catalyses the introduc-
tion of an arylthio-group into 4-bromoisoquinoline by
sodium thiophenoxide [scheme (17)]. *

The introduction of sodium methoxide constitutes
together with the introduction of thiophenoxide, yet another
electron source for the generation of substrate radical-
anions. However, if the thiophenoxide is converted into
a phenylthiyl radical, as a result of electron transfer to
the substrate, and then into the disulphide and is thus
removed from the reaction sphere, substrate radical-ions
are generated in the presence of methoxide ions with
retention of a major proportion of the thiophenoxide. The
overall rate of introduction of the arylthio-group in the
presence of sodium methoxide increases and the yield of
4-phenylthioisoquinoline rises. However, the yield of
side product—an unsubstituted isoquinoline —also increases
with formation of only traces of the product of a competing
substitution reaction—4-methoxyisoquinoline.

The introduction of azobenzene suppresses the effect of
sodium methoxide, which confirms the radical-chain
mechanism of the reactions via the scheme®

Phs’ —> Y, PhSSPh

Br Br’
A 2 1 A
ZN N ZN
-8
A Phs™ [¢ u,u
-~ 0~
ZN Ry
amn
SPh :— Sl’h |
AN ! XN :
|
ZN | ZN | CH,0 — CH=0
[ A )
+ +
Br r Br

The formation of the phenylthiyl radical in reactions
(15) and (16) was inferred from the isolation of diphenyl
disulphide®®®, Bank and Noyd showed directly®® that the
phenylth10x1de ion is involved in nucleophilic substitution
and gives rise to a phenylthiyl radical. If styrene is
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added to a reaction mass containing 2-butyl nosylate
(2-butyl 4-nitrobenzenesulphonate) as the substrate and
sodium thiophenoxide as the reagentf, the styrene poly-
merises with incorporation of phenylthiyl radicals. The
corresponding sulphur-containing oligomer was isolated
and characterised. When the thiophenoxide is mixed with
styrene in the absence of the nosylate, the oligomer is not
formed. When a radical trap (t-butyl phenyl nitrone) was
introduced into the reaction mass, the reaction of 2-butyl
nosylate with lithium thiophenoxide was retarded and the
product of the addition of the phenylthiyl radical to the
nitrone was detected by ESR. This indicates the forma-
tion of phenylthiyl radicals in the main pathway of the
nucleophilic reaction.

2. Electrophilic Substitution

The study of the mechanisms of electrophilic substitu-
tion is extremely difficult, because aromatic radical-
cations are much less stable than the radical-anions.
Much less information has therefore been obtained about
the role of one electron oxidation in the mechanisms of
these reactions than for nucleophilic substitution in
aromatic compounds.

Kochi et al. recently found a method of synthesising and
stabilising radical-cations in trifluoroacetic acid, which
consists in rapid mixing and freezing of solutions of the
aromat1c compound and thallium(III) or cobalt(Ill) trifluoro-
acetate®®, When frozen solutions are heated, it is pos-
sible to observe well resolved ESR spectra of aromatic
radical-cations. The latter are converted into aryl
trifluoroacetates. It has been shown®® that two oxidant
molecules are consumed per molecule of the aromatic
compound; the rate-limiting stage is one-electron oxida-
tion with formation of a radical-cation. The reactions
involving benzene can be represented as follows®®:

OCOCF,

OCOCFJ
GF3C00 3+
-Co“ _HT

The anodic acetoxylation of aromatic compounds in
acetic acid solutions containing alkali metal or tetra-
alkylammonium acetates proceeds quite analogously to
oxidatlve substijtution [reaction (19)]. Investigations have
shown®” that the process begins with one-electron oxidation
at the anode and is followed by the stages indicated in
scheme (18). The reaction proceeds very readily also at
potentials very remote from the oxidation potential of the
acetate ion (+2.00 V relative to sat. c. e.)§. For example,
the lowest anodic potential at which ring acetoxylation of
anisole can be observed is 1.20 V.*" The acetate ion in
the final product originates from the acetate salt and not
from acetic acid: when the acetate is replaced bytosylate
or perchlorate with the same cation, the acetoxylation of
anisole does not occur even when acetlc acid is used as
the solvent®’

H ococFa

(18)

} The final result of this reaction can be represented
schematically as follows:

oN—¢ >-so,cx-1,+ Nas_/ >—>02N~<—>—508Na + Hye5—¢ >
NGy T N\CH, )

§ sat. c. e. = aqueous saturated calomel electrode.
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The radical-cation pathway in the substitution reaction
is also illustrated in scheme (19).°® 1In contrast to reac-
tion (18), the radical-cation of the substrate interacts with
a radical and not with an anion and the second one-electron
oxidation stage is therefore not required in reaction (19):

.(iHa tI:Ha

Fe' + —CN —> —CN

iy CHa

r’iéﬁi"

The substitution product (o -cyanoisopropylferrocene) is
formed in a yield up to 50% from ferrocene, copper fluoro-
borate, and azobisisobutyronitrile in acetonitrile at 80°C.
In the absence of copper fluoroborate, which oxidises
ferrocene to ferrocenium, the reaction does not occur,
which implies that eyanopropyl radicals interact solely
with ferrocenium and not with ferrocene. The product
does not contain an unpaired electron and is therefore
inert in relation to further substitution. This is an
advantage of reaction (19) over Friedel-Crafts alkylation,
in which products with an alkyl substituent undergo further
substitution more readily than the initial ferrocene®®

Copper(II) salts combine the properties of a one-electron
oxidant® and a radical source®>°, An interesting version
of a radical-cation process is illustrated in the following
scheme®®

—

(19)

8,0 §' —> 280

cl 1 (20)
507 Cu(,\g 504
-50%~ g -502‘ —ut .

The reactions examined hitherto constitute instances of
somewhat unusual substitution. They all proceed via a
radical-ion pathway, because the substrate is introduced
into the reaction after deliberate preliminary oxidation to
the corresponding radical-cation. Studies on the mecha-
nisms of the reactions which proceed as “typical” sub-
stitution processes without oxidation by an extraneous
reagent are of interest. An example of “typical” substitu-
tion is the dark chlorination of benzene derivatives. In
his study of the chlorination of toluene in acetic acid,
Kochi® toncluded that a toluene radical-cation is formed at
an intermediate stage and that it reacts further with chlo-
rine to give a chloro-derivative. The author bases this
conclusion on the appearance of a well resolved ESR signal
due to the radical-cation when acetic acid solutions of the
substrate and chlorine are mixed directly in the spectrome-
ter cell. Unfortunately, no data are quoted in his com-
munication® concerning the kinetics of the accumulation
and consumption of the radical-cation during the chlorina-
tion process and it is therefore impossible to decide
whether the radical is formed in the main or a secondary
reaction pathway.

However, one must emphasise that electrophilic sub-
stitution via electron transfer is promoted by two impor-
tant factors®: aromatic molecules are oxidised at fairly
low potentials; the electrophile (for example, a halogen)
readily undergoes one-electron reduction. Similarly the
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nitronium ion, which is directly or indirectly involved in
aromatic nitration, can be readily reduced to nitrogen
dioxide®

In our discussion of the nitration of benzene within the
framework of scheme (2), we noted that, apart from the
stage involving the formation of 7- and o-complexes, the
interaction of benzene with the nitronium cation can also
include an electron transfer stage. The o-complex should
then be obtained as a result of the combination of the
benzene radical-cation and the ‘NO: radical. The decom-
position of the o-complex leads to nitrobenzene. If the
decomposition is rapid, occurring over a period up to
10 s, the resulting nitrobenzene should give rise to a
CINP effect. However, the effect could not be observed®,
although according to 'H NMR data the reaction was not
arrested appreciably in the o-complex formation stage.
Thus the electron transfer stage in reaction (2) was not
confirmed experimentally. However, one should note
that this stage may be unfavourable precisely for the
nitration reaction owing to the low reactivity of the "NO:
radical in the liquid phase. This idea is suggested by the
results of a study of the interaction of aryl derivatives of
tin, magnesmm and mercury with tetranitromethane in
sulpholane®. For example, inthe reaction of diaryl-
mercury with tetranitromethane®, the aryl and ‘NO:
radicals are formed in an intermediate stage [see scheme
(21)]. Despite the high reactivity of the aryl radical, it
is scarcely attacked by the ‘NO: radical and gives rise
mainly to an aromatic hydro-carbon as a result of reaction
with the solvent. The trinitromethyl anion combines with
the arylmercury cation, while the "NO: radical is probably
stabilised in the form of nitrogen tetroxide and is sub-
sequently consumed in secondary oxidation reactions:

Ar—Hg—Ar ArHg+ - Ar °
oo | ot b,
E) 2 2 4 2 (21)

— Ar' + ArHgC (NOp)y+ 'NO, .

The amount of ionic character of the carbon-metal bond
affects the ease of the electron transfer reaction. Where-
as tetranitromethane reacts with aryl derivatives of
mercury and tin only after heating for many hours at 80°C,
the reaction with phenylmagnesium chloride occurs after
mixing the reactants and requires a reduced temperature
(-50°C). However, the overall result of the reaction is
independent of the nature of the carbon—metal bond: in
each of the instances considered, tetranitromethane does
not play its characteristic role of a nitrating agent. Only
traces of nitrobenzene are formed and the main organic
product is benzene. In the reaction with phenylmagnesium
chloride, biphenyl (in 20% yield) is formed together with
benzene (in 55% yield); tetranitromethane gives rise to the
magnesium salt of trinitromethane under these conditions
(in 80% yield):

Ph—MgCl Ph" 4 (MgCI)*
] [4&02+—cm0>] '

+
O ,N—C(NQ,),

1 1
= Ph' 5 Mg [C (NO2)s)e + 5 MeCla + NG,
THF| i
NyO,

(22)

Phir t/28h—ph

Nitrogen tetrox1de is known to react with phenyl mag-
nesium chloride® However, reaction (22) is so rapid
that the nitrogen tetroxide evolved has insufficient time to
react with the initial phenylmagnesium chloride and impair
the agreement, noted above, between the yields of the
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electron donor and acceptor conversion products. The
authors® attribute the formation of biphenyl in reaction (22)
to the oxidation of the dimeric form of phenylmagnesium
chloride. The possibility of the recombination of phenyl
radicals after their emergence from the cage is rejected®
on the grounds that biphenyl is not formed in the reactions
with PheHg and PhsSn. The main result of the reaction of
tetranitromethane with aryl derivatives of mercury, tin,
and magnesium is the generation of Ar’ and 'NO: radicals,
which hardly interact with one another in the liquid phase.
In the gas phase the "NO; radical may acquire the needed
reactivity. This is indicated by the ion-cyclotron reson-
ance data analysed below®’. Perdeuterobenzene and
nitrogen tetroxide were admitted into the mass spectrome-
ter chamber, whereupon the (CeDeNO2)* ion, corresponding
to the product of the addition of the nitro-group to per-
deuterobenzene without the displacement of deuterlum
i.e. a o-complex, was detected. The authors®® used
double resonance in order to determine the species on the
energy of which depends the rate of formation of the
o-complex. It was found that the rate depends unambig-
uously on the energy of the CeD& radical- cat1ons and is
independent of the energy of the *NO: cations®. This
implies that the CeD} and ‘NO; species, and not CeDs and
*NO,, are the precursors of the c-complex:

(23)

potential energy of system

reaction coordinate

Figure 6. Variation of the potential energy in the substi-
tution of benzene by an electrophile (E¥.

It has been noted® that one-electron transfer is a
possible but not necessarily a discrete stage of the reac-
tion involving substitution in aromatic compounds. We
shall now consider how the potential energy of the system
varies during the substitution. Fig. 6 illustrates such
variation for electrpphilic substitution in an aromatic
compound®. Before the start of the reaction, the poten-
tial energy of the system is a maximum; a decrease of
this energy is observed when a 7-complex is formed.

The separation (transfer) of the single charge in the 7-com-
plex leads to a readical-cation of the aromatic compound
and an electrophile radical. The energy increases by kv,
and the system acquires a different energy profile. The
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quantity Av determines the probability of the electron
transfer stage. The radical-ion-radical pair (CHE + E°)
can rearrange into a c-complex, which corresponds to a
well in the new energy profile. The further decrease of
energy is attributed to the formation of an electrophilic
substitution product and the elimination of a proton. The
energy curves cannot intersect. A gap, bounded by
dashed semicircles, arises. It is small, which ensures
the possibility of a transition from one curve to the other.
In other words, the reaction may proceed via the pathway
involving reverse electron transfer from E’ to CeH} with
return to the initial state. The initial compounds (benzene
and the electrophile) then give rise to 7- and o-complexes
along the pathway to the final product without forming
radical species in the intervening stages.

The radical stage becomes more probable when the
energy gap iV becomes sufficiently narrow to be overcome
as a result of collision energy or under the conditions of a
more favourable organisation of the solvation shell. The
gap %V is more easily overcome in interactions which lead
to relatively stable electron transfer products or when
these products decompose into rapidly and irreversibly
reacting species. The gap can be easily overcome when
there is a considerable difference between the oxidation-
reduction potentials of the substrate and the reagent (in
other words, between their LUMO and HOMO levels). In
certain cases the distance #v can be crossed with the aid
of external influences: by the application of potentials, by
the introduction of a stronger donor or acceptor, by irra-
diation, and by initiation with participation of a third mole-
cule (a donor, or an acceptor, or a solvent).

Naturally, the above factors should promote the electron
transfer stage not only in substitution reactions of aromatic
compounds but also in substitution reactions involving a
series of aliphatic compounds.

V. ONE-ELECTRON TRANSFER IN ALIPHATIC SUB-
STITUTION REACTIONS

Among the first studies dealing with the radical stages
in the mechanism of substitution reactlons of aliphatic
compounds, those of Kornblum's school” occupy an
important place. In his studies of substitution at a satu-
rated tertiary carbon atom Kornblum compared the
behaviour of & -cumenyl chloride, a-nitrocumene, and
their 4-nitro-derivatives in relation to anjons. It was
found that only the cumenyl compounds containing the
nitro-group in the 4-position undergo substitution in the
a -position. The reaction proceeds equally well with
small and bulky anions. Such insensitivity to steric hin-
drance makes it possible to obtain highly branched pro-
ducts. When 4-nitrocumenyl chloride is treated with
sodium thiophenoxide in argon or in nitrogen, two products
are formed: 4-nitro-a-phenylthiocumene and 4,4’-dinitro-
bicumenyl. It is remarkable that, on reacting with sodium
thiophenoxide, the optically active substrate gives rise to
a racemic substitution product. Racemisation is observed
also on treatment with sodium nitrite [scheme (24)]. In
the presence of nitroxy-radicals or aromatic nitro-com-
pounds, the substitution reaction is suppressed. Oxygen
sharply retards the formation of substitution products,
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but promotes the formation of 4-nitrocumenyl hydro-

peroxide. Illumination has a marked initiating influence:
NO, /} A
H3C——(:3—-C2H5 H,;C—C—C,Hs H5C?—‘C—-CH3
|
/N A N N\
— [ f
UEEE U 4
Y N/ N ; (24)
No, No, No

A=CeH;S, or NO, .

The above findings fit logically within scheme (25),
where a dual role is attributed to the anion A™: that of an
electron donor [stage (a)] and of the species undergoing
addition [stage (¢)]:

x i
HgC—C *CHS H:,,(?*(j MLIHB HSC—'C'CHa
N =
A
A —
| _ A == ; (a)
NOy NO, NOg
~ x: o ~ ~ T oo "
Ha(,\(l " CHg u@\é/ulJ LECNRT™

[

t‘ﬁ =
-
2 x
|
+ +
a N :
o o & o o')T< [} (25)
HaC : A
M8 l i
" Bal—C—CHy  IL,C—C—CHl,
() Q = v
’
T
PN N FaN
o o o o o o
} X . |
. | | N
HB(‘—('_('HB HSC'—I'J*‘CHS : 1130-—(':—(',)13; IIJC‘—(!)—F.H_,
o I ) A
’./ + _>: :+ !-/’ efc. )
NO,, NO, ! ' NO,

A=Cgllgd or NOy X =Cl, Ny, C,H;80,,NO,, or OAr .

Scheme (25) explains two characteristics of the reaction:
its applicability to 4-nitro-substituted substrates alone
and its insensitivity to steric factors. The presence of
the nitro-group in the 4-position ensures the delocalisation
of the excess electron and thus promotes the formation of
the radical-anion [stage (@)]. Stage (a) involves the
unhindered aromatic nitro-fragment of the 4-nitrocumenyl
system. Stage (¢) consists of intramolecular elimination
and is likewise not controlled by steric factors. Stage (¢)
includes the addition of the anion A~ to the planar system
of the free radical. The free radical exhibits a high
reactivity and is susceptible to attack by the anion. Con-
sequently stage (c) may be rapid; this is important,
because stage (¢) propagates the chain of reactions (25).
Chain branching takes place in stage (d), where the radi-
cal-anion of the substitution product transfers one electron
to an uncharged substrate molecule. The one-electron
transfer at this stage proceeds as in other cases, rapidly
and independently of steric factors’. Asa result, sub-
stitution at the strongly hindered carbon atom involves a
sequence of stages which is as a whole distinguished by a
low sensitivity to steric effects. The ease of reaction
(25) depends on the ease with which the anion A~ gives up
an electron to the 4-nitrocumenyl system and thereby
initiates the chain of stages (a)-(d).
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If the above sequence of transformations takes place
and stage (c) is indeed rapid and irreversible, such
behaviour can be used to extend the limits of applicability
of the reaction. The possibility arises of obtaining sub-
stitution products also with anions which do not enter into
the reaction or react extremely slowly. The point is that
the nitrocumenyl radical can be captured not only by the
anions some of which have been used to generate this
radical but also by other anions. A catalytic amount of a
reactive nucleophile may induce the reaction of a less
reactive (or completely inert) nucleophile with 4-nitro-
cumenyl chloride and a,4-dinitrocumene. This predic-
tion, made by Kornblum, proved to be fully justified”.

In the absence of elimination, sodium azide and a,4-di-
nitrocumene do not react (control time—48 h). In contrast
to sodium azide, the lithium salt of 2-nitropropane reacts
with @,4-dinitrocumene in the dark and after three hours
gives the a -substitution product in 87% yield. If «,4-di-
nitrocumene (1 mole) istreated with sodium azide (2 moles)
in the presence of the lithium salt of 2-nitropropane (0.1
mole), the entire initial @,4-dinitrocumene is converted
in the absence of illumination over a period of 3 h into
pure 4-nitrocumenyl azide in 97% yield. Such “stimula-
tion” of the reaction has been observed also for the nitro-
cumenylchloride—-sodium nitrite pair. Typical one-
electron donors such as sodionaphthalene have been used
successfully as “stimulating” agents’.

According to Russell et al.® the substitution reactions
in the series of @ -x-a-nitroalkanes also involve a stage
in which nitro-radical-anions are formed. The lithium
salt of 2-nitropropane has also been used in this reaction
as an electron donor. The formation of 2,3-dimethyl-
2,3-dinitrobutane is accelerated under the influence of
light; oxygen, dinitrobenzene, and free radicals have an
inhibiting effect. The reactions have been described by
the following scheme?®:

(CH,),C(NO,)™ LiT + (CH,),C(NOJX —> (CH),C(NO,) + (CH,),C(NOZ)X® Lit;
(CH),GINO X LI — (CH,),E(NO,) + LiX;
(CH,),8(NO;) + (CH LGN, LiT — (CH,),C(NO,)C(CH,),(Nop)TLit; (26)

(CH,):C(NOL)C(CH,) (N0, Lit 4 (CH,),G(NOX ——>

| ittt a

—> 1 (CHy);,C(NO,)C(CHy),NO, | + (CH»,C(NOYYLIT etc.

X=Cl,CN, or NO, .

Mechanism (26) has been extended to a large series of
practically important reactions of 2,2-dinitropropane and
2-bromo-2-nitropropane with other carbanions®.

The kinetics of the electron transfer stage in nucleo-
philic substitution at a saturated carbon atom have been
investigated®’® and model systems in which stable free
radicals are formed in the reactions have been examined.
This enabled the author to investigate the kinetics of
electron transfer on the basis of the accumulation of the
radicals. The interaction of triphenylmethyl chloride
with a sterically hindered phenoxide in accordance with
the scheme

R R
. /
I W TR o G S .
R—_ 3—0-tPict > R—__S-O4PhéCr
R R
(27
CH;s

R=C—CH,
CH,
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was chosen as a model of nucleophilic substitution. The
model was justified in the following way.

“Since nucleophilic substitution involves the replace-
ment of one anion by another and the electron may be
regarded as the simplest nucleophile, the very formation
of radicals in reaction (27) constitutes in essence the
simplest type of nucleophilic substitution of a halogen by
an electron”®. The initial rate of accumulation of
phenoxy-radicals is related to the phenoxide and triphenyl-
methyl chloride concentrations by the equation

ALY
Tt

= ky [PhyCCI] + &, [PhCC1] [ATOK]?

-0

where the constant £: describes the rate of dissociation of
PhiCCl into ions, the first term of the equation being
independent of the concentration [ArOK]. The authors® ® %
believe that this term corresponds to the reaction of the
ionised triphenylmethyl chloride or the free triphenyl-
methyl cation with the phenoxide:
Ph,CCl =2 PhyC* - Ci-
) (29)
PhyC* -+ “OAr — PhyC + "OAr

The second term of Eqn. (28), which is quadratic in the
phenoxide concentration, corresponds to electron transfer
on collision of three molecules when the reaction involves
undissociated triphenylmethyl chloride:

ArO™..... PhyCCl..... MOAr — ArO" + PhyCHCl™...... MOAr . (30)

The contribution of reactions (29) and (30) is deter -
mined by the solvating capacity of the solvent. When
tetrahydrofuran (THF) is replaced by dimethoxyethane
(DME), the contribution of reaction (29) increases almost
by a factor of 2. In DMF only reaction (29) takes place,
while in heptane reaction (30) occurs exclusively. The
kinetic characteristics of the above model reaction have
also been observed in the “typical” nucleophilic substitu-
tion of the halogen in alkyl halides by an alkoxy-group.

In solvents of low polarity such reactions are frequently
of third order overall (of first order with respect to the
alkyl halide and of second order with respect to the
alkoxide), but in highly polar solvents the reaction may be
of first order with respect to the alkyl halide and of zero
order with respect to the alkoxide. In solvents of moder-
ate polarity there is a possibility of the simultaneous
occurrence of the first- and third-order reactions® %%,
On the basis of the kinetic study of electron transfer from
the phenoxide to triphenylmethyl chloride, the authors®®
suggest that the alcoholysis of alkyl halides be regarded
as an oxidation-reduction reaction in accordance with the
schemes below:
RX2R++ X" RO~ + R+ — [RO'+R]—-ROR;
RO-..... R—X..... MOR —[R'O"+R T+ X~..... MOR; (31)

[R'0"4-R'] - R'OR (32)
These schemes represent a generalisation based on the
results of studies of the model reaction which stops at the
stage involving the formation of radical species incapable
of combining with one anotherY. The study of the amina-
tion of quinobromides undertaken by Bubnov®®, in which

TThe question of the validity of this generalisation gave
rise to a controversy. It was emphasised that the forma-
tion of radicals only as the final products makes the reac-
tion too different from other nucleophilic substitution
reactions and actually necessitates “its classification as

nat an SN reaction, bytasan oxidation-reduction process”'’.
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the liberation of radicals from the cage is accompanied by
their combination with formation of the final SN2 substi-
tution products, is therefore of fundamental importance.
When morpholine is used as the amine, the degree of
liberation of the radicals from the cage is ~10% (accord-
ing to ESR data). This implies that 90% remains as the
contribution of the substitution process. Indeed the yield
of quinamines in the syntheses proved to be 85%. The
entirely satisfactory agreement between the yield of the
reaction product estimated from kinetic ESR data and
from independent chemical data may be regarded as part
of the evidence in support of the following scheme:

N 7 T/t T [T/ ] 33
o/ \NH o NH,Br‘I o/ \N', HBr (33)
. — NS
e T *
[} - ? - (ﬂ -
I
0T O
N/ N/ N/
/N | R
R Br R
o]
i
Y
N/
AT W
NV
cxg N .
L \ + nitrogen-containing
R;C[ CHs { products.
CH,
The electrophilic substitution reaction®”
AlkHgBr + NO,BF, — AIkNO, -+ Hg (BF,) Br (34)
also proceeds as an oxidation-reduction process. The

yield of the nitro-derivative in this process is low; in
addition, an aliphatic hydrocarbon and an aldehyde are
obtained. The authors explain these features of the pro-
cess by mechanism (35), which involves the intermediate
formation of a radical-cation from alkylmercury bromide.
The latter gives rise to a highly reactive alkyl radical.
The nitronium cation captures an electron and is con-
verted into the "NO radical. The latter is relatively
inactive [cf. schemes (22) and (23)]. For this reason, the
reaction of alkyl radicals with nitrogen dioxide proceeds
to only a slight extent, a considerable proportion of the
radical emerging from the cage into the bulk of the solu-
tion. Nitrogen dioxide radicals are probably consumed
in secondary oxidation reactions and alkyl radicals either
split off hydrogen from the solvent and form a hydrocar-
bon or are oxidised and give rise to an aldehyde®”:

Alk (HgBr)*J 7 AIKNO, -+ Hg (BF,) Br

AlkHgBr - NO,BF, — [ 4
T N0, (BF= | s Al 4 Hg (BF,) Br 4+ NO,
| (35)

o1l | ey
RCHO AlkH

---000--~

The above data show that the one-electron transfer
stage is both possible and frequently observed in the
mechanisms of substitution reactions. At the same time
it is evident that there is no justification for applying the
hypothesis of one-electron transfer to all cases without
exception. I cach specific reaction the one-electron



Russian Chemical Reviews, 47 (2), 1978

transfer stage requires experimental proof. The develop-
ment of such studies is urgently required because it leads
to the synthesis of the required final products or to an
increase of their yield and of the rate of their formation.
The main problem is to determine the subsequent fate of
the species arising after the one-electron transfer. These
species may undergo transformations of the SRN1 or SN2
type along the pathway to the final product. Transforma-
tions which take place via complexes containing a tetra-
hedral carbon atom belong to reactions of the SN2 type.
The complexes may be obtained both as a result of recom-
bination in the biradical pair and after emergence from the
solvent “cage” with subsequent attack by a further mole-
cule of the reagent. Reactions of the SRN1 type involve
the elimination of the ionogenic group from the primary
radical-ion and the subsequent addition of the reagent at
the site of the free valence.

The possibility of recombination in the biradical pair
is difficult to test and data characterising reactions of
this type are still ambiguous. This has given rise to a
sceptical'® and sometimes extremely negative® assess-
ment of the one-electron transfer hypothesis. Reactions
involving the liberation of a radical-ion from the solvent
“cage” or the formation of secondary radicals are more
readily susceptible to investigation. This field is now
attracting much attention and has already yielded results
which are of both theoretical and practical importance.

Further development of such research requires, how-
ever, the solution of many more fundamental problems.
It is necessary to know the difference between the oxida-
tion-reduction potentials of the reagent and the substrate
established under reaction conditions. It is necessary to
discover the features which determine the state of equilib-
rium in electron transfer reactions. An important factor
is the stability of the species formed on electron transfer.
It is therefore essential to discover what factors promote
the stabilisation and destabilisation of such species and
what general changes in reactivity accompany the transi-
tion of the substance to the radical-ion state. All these
problems are new to organic chemistry. The principal
obscurities are associated with the insufficiency of infor -
mation about the nature of the chemical behaviour of
radical-ions. At the present stage the development of
studies devoted to the role of the oxidation-reduction
stages in the reaction mechanism depends on the level of
our knowledge concerning the transformation of a given
substance as a result of electron transfer.
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I. INTRODUCTION

After Baeyer proposed his “strain” theory based on
simple geometrical considerations, organic chemists
devoted much experimental labour, perseverance, and
intellectual effort to the synthesis of highly strained struc-
tures. Purely geometrical approaches frequently serve
as a starting point in the synthesis of skeletal and poly-
cyclic compounds. It is sufficient to point out as an
example the synthetic research in the field of tri- and
penta-prismanes and related structuresl's, propellaness,
cubane””®, homotetrahedrane'®" dodecahedrane'?™*,
etc., let alone the thoroughly developed field of the chemis-
try of adamantane'®, its heterologues'®, and higher deri-
vatives (“adamantalogues”)'”"®, The fact that polyhed-
ranes with a high symmetry are aesthetically attractive is
itself a sufficient stimulus for “molecular design”'’.
However, the continued attention devoted by chemists to
skeletal and polyhedral structures is naturally not due
solely to abstract interest; these compounds frequently
possess surprising properties, which makes their synthe-
sis of interest from both theoretical and practical points
of view. In particular, the chemistry of adamantane pro-
vides numerous examples of this. We may note here the
_problem of “molecular strain” ?, the dependence of the
bond properties on the distortion of valence angles (for
example, Ji3-_yy and the change in hybridisation), the
stereochemistry of the inductive effect *~2*, etc., which
havebeen examined using skeletal and polyhedral structures
as models.

Organic molecules belonging to the 7q symmetry point
group, the simplest of which is tetrahedrane (I), are of
special interest in this respect.

(CO)4Co——Col(CO)y

[69] an x=x'=Pp (V)
(111) X=X'=BCl
(1v) X'=CH,sC, X = B(C,Hs)
(V) X'=RC, X=Co(CO),

AsHy

HyCo
[op—

x!

\>>x <
£

X

N

From the topological point of view, this molecule is inter-
esting because its hydrocarbon skeleton constitutes the
simplest connected cubic graphzs‘ The very marked dis-
tortion of all the valence angles in the molecule should lead
to enormous strain, which apparently reaches its limiting
value for an organic molecule. We may also formulate
several problems which make the task of synthesising
tetrahedrane structures exceptionally urgent. The enor-
mous strain in the tetrahedrane molecule should lead to a

unique reactivity of the 0-bonds. Examples of a sharp
change in the electronic structure of a formally single bond
owing to strain, as, for example, in certain propellanes®
and dehydroadamantane ?°, are known in the literature.
This property should be particularly striking in the tetra-
hedrane molecule. Another problem is associated with the
study of the optical activity of structures having tetrahedral
symmetry but no chiral centre. This problem has also
been considered in relation to adamantane derivatives 27~ 2°,
Finally heterotetrahedranes, in which new specific prob-
lems arise, such as that of the basicity of the heteroatom
(nitrogen, phosphorus), complex formation, etc., might
also be of considerable interest.

We may note that non-carbon tetrahedral structures,
which may be assigned at least formally to heterotetrahed-
ranes, have now been described. The simplest hetero-
tetrahedrane is the P, molecule (I1).** Tetrahedral struc-
tures are known for boron derivatives, for example () *
and (IV)*2  The cobalt clusters (V)*® or (VI)* have the
molecular topological form of tetrahedranef.

However, the synthesis of the tetrahedrane carbon
skeleton is of greatest interest. There is as yet no clear-
cut description of the synthesis of tetrahedrane and only
indirect evidence is available for the existence of mole-
cules of this type. Nevertheless the literature devoted to
this problem is fairly extensive and, bearing in mind the
enormous fundamental importance of the problem, we
thought it is useful to survey it, noting both theoretical and
experimental advances.

II. THEORETICAL STUDY OF TETRAHEDRANE

As stated above, tetrahedrane is the most strained sys-
tem among all possible saturated compounds containing

tThis concept was introduced by one of the present
authors (N.S. Zefirov) and by V.N.Drozd, V.I.Sokolov,
and I. V. Stankevich. By the term molecular topological
form, we understand the figure in the usual sense of the
word plus certain singular points (atoms within the figure,
the centre of inversion). For example, the molecular
topological form for tetrasubstituted methane is a tetra-
hedron with a single singular point, while for hexasubsti-
tuted ethane it is an octahedron with two singular points.
This concept serves as a basis for the definition of the
most important stereochemical concept—that of configura-
tion (configuration is the stereochemical equivalent of the
topological form of the molecule). For the tetrahedron
molecules considered in this study, the molecular topo-
logical form is a tetrahedron without internal points.
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three-membered rings. The angular geometrical para-
meters of this molecule are fully determined by its sym-
metry and only the C~C and C-H distances can vary inde-
pendently. Comparison of the geometry of tetrahedrane
with that of bicyclo[1,1,0]butane shows that the dihedral
angle between the three-membered rings in the latter is
close to 126°, whilst in the tetrahedrane the corresponding
angle should be 70°32'.% 1In this connection the problem
arises of the thermodynamic stability of tetrahedrane in
relation to the family of the isomeric C4Hs structure.
Among these, we may note structures with closed shells
such as those of methylenecyclopropene (VII), vinylacetyl-
ene (VIIO), and cyclobutadiene (IX)f. However, the main
factor which determines the possibility of the existence of
an isolated tetrahedrane molecule is the form of the poten-
tial energy hypersurface for the CsHs system (in particular
the presence of a minimum at the point corresponding to
the tetrahedral configuration and the size of the potential
barriers separating tetrahedrane from its possible conver-
sion products).

‘D:cn, CH,=CH—C=CH D W

(VID (V11D {IX) (X)

Apart from the structures enumerated above, the system
comprising two acetylene molecules and the biradical (X),
obtained from tetrahedrane following the dissociation of a
single C—-C bond, may be assigned to systems of this kind.
Regardless of thermodynamic stability, in the presence of
large potential barriers the tetrahedrane molecule might
exist as a long-lived metastable species. The most
important theoretical study of the present problem is
therefore that of the potential energy of the C4H, system as
a function of the geometrical configuration of the nuclear
skeleton.

1. Investigation of the Potential Energy Surface for the
C,H4 System

Since the geometry of the C,Hs system is determined by
eighteen independent variables (geometrical parameters),
the potential energy can be represented by a hypersurface
in a 19-dimensional space. A quantum-mechanical cal-
culation even for a small section of such a hypersurface is
impossible in the present state of computing technique.

By virtue of these factors, theoretical estimates of the
energies of individual isomers with specified geometries
are easiest at the present time. Calculations of the total
energies of various isomers having the formula C4H, and
their estimation from thermodynamic characteristics have
been made within the framework of semiempirical molecu-
lar orbital methods®****7*°; non-empirical quantum-
me(azhanical calculations have become possible recently
41 -4

The relative distribution of the C4H4 isomers in terms
of energies, based on the results of a non empirical cal-
culation by the Hartree-Fock method®?, is illustrated in
Fig.1. One should bear in mind that in this approximation
the energies obtained for certain systems are much too
high. This applies particularly to cyclobutadiene (IX) and
one must therefore expect that the difference between the

37,

t The simple Hlckel molecular orbital method leads to
a-triplet configuration for the ground state of cyclobuta—
diene. For further detalls see Dewar and Gleicher® and
Buenker and Peyerimhoff*’
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energies of tetrahedrane and cyclobutadiene is much
greater than 30-50 kcal mole™. An adequate description
of the above system becomes possible when configurations
with open shells are introduced into the wave function. In
the calculations taking into account the configuration inter-
action the energy of the ground state of tetrahedrane is
found to be higher by 70.3 kcal mole™ than that of cyclo-
butadiene®. Similar values (73-84 kcal mole™') are
given by the semi-empirical PPP, PNDO, and MINDO
methods®******.  Comparison of the energies of cyclobuta-
diene and two acetylene molecules leads to highly con-
flicting results, depending on the method of calculation.
Thus, according to semi-empirical calculations, the
energy of the cyclobutadiene molecule is lower than that of
the pair of acetylene molecules by an amount ranging from
2 to 50 kcal mole™. 38,* However, the results of a non-
empirical calculation by the method of configuration inter-
action, according to which the pair of acetylene molecules
has a lower energy than that of the cyclobutadiene mole-
cule, are more reliable, the difference being estimatederas
0-30 kecal mole™. *™#1 If one takes into account the lower
limit of the semi-empirical estimate, then, presumably,
cyclobutadiene and a pair of acetylene molecules constitute
virtually isoenergetic systems.

E, kcal mole™!
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Figure 1. The relative energies of a number of CsHs iso-

mers (relative to but-3-en-1-yne) calculated in terms of
the one-determinant approximation of the MO SCF method
using 4-31 G and 6-31 G extended Gaussian basis sets*
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When the possible pathways towards the isomerisation
of tetrahedrane are considered, direct conversion into
cyclobutadiene or decomposition into two acetylene mole-
cules are thought to be unlikely, since these processes are
forbidden by the principle of the conservation of orbital
symmetry“%. The most probable initial stage in the iso-
merisation is the dissociation of one of the C-C bonds with
formation of the bicyclobutyl biradical (X). According to
the results of a non-empirical calculation, the planar
biradical should have an energy higher by 30-50 kcal
mole™* than that of tetrahedrane and higher by 100-120
kcal mole™ than that of cyclobutadiene®. Estimation of
the energy of the non-planar biradical with the geometry of
bicyclobutane itself by semi-empirical methods leads to
higher values than the energy of tetrahedrane by an
amount ranging from 2 to 11 kcal mole™.%® The equilib-
rium geometry of the biradical was not determined, since
the above estimates are only approximate. Nevertheless
they permit the assumption that tetrahedrane and the bicy-
clobutyl biradical have similar energies, that of the biradi-
calbeing lower. Themost probable schematicdistribution
of energy levels corresponding to tetrahedrane, cyclobu-
tadiene, the biradical (X), and a pair of acetylene mole-
cules, constructed on the basis of the above calculations,
is presented in Fig. 2.

E, kcal mole™!
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Figure 2. The probable energy ranges of the possible
tetrahedrane conversion products (the tetrahedrane energy
was adopted as the zero level).

The enthalpies of formation of tetrahedrane at 0 K,
estimated from the total energies calculated by different
methods, agree to within 15 kcal mole™; the following
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values have been obtained: 146.1 kcal mole™ (PNDO
method *®), 135.2 kcal mole™ (MINDO methed **#°), and
129-137 kcal mole™ (non-empirical calculation by the

MO SCF method in terms of an extended Gaussian basis
set*?). The strain energy in tetrahedrane is estimated as
142.8 kcal mole™ with a deviation from additivity (i.e. from
the sum of the strain energies of the four three-membered
rings) of 18.0 kcal mole™.%° The first ionisation potential
of tetrahedrane (the removal of an electron from the 1e
orbital), calculated in terms of the PNDO approximation,
is 9.58 eV,*® in good agreement with the non-empirical
calculation, which gives 10.35 eV.*" For comparison, we
may indicate the ionisation potentials of certain hydrocar-
bons*: 12.71 eV for methane, 11.50 eV for ethane, 11.07
eV for propane, 10.63 eV for n-butane, 10.6 €V for cyclo-
butane, 10.06 eV for cyclopropane, 9.45 eV for spiropen-
tane, and 8.74 eV for cubane.

As already mentioned, the construction of the complete
potential energy hypersurface for the C4Hs system is too
difficult. However, in the region of the equilibrium geo-
metry of tetrahedrane the calculation of the potential energy
surface becomes possible in view of the high symmetry of
the molecule. The number of types of normal vibrations
is 8, and the potential energy matrix contains only 13 inde-
pendent elements (without taking into account the symmetry,
the number of the independent matrix elements would have
been 171). Calculation performed by the non-empirical
MO SCF method yields positive force constants for all the
normal vibrations*? which means that a local minimum on
the C,H, potential energy surface corresponds to tetrahed-
rane. The equilibrium geometrical parameters are
Rc-H =1.054 A and RCc-C = 1.482 A the accuracy of the
determination of which is estimated as to within 0.01 A.
The force constants for the extension of the C-H and C-C
bonds proved to be 6.5 and 4.6 mdyn A™! respectively.
Comparison with other hydrocarbons permits the conclusion
that the C-H bond in tetrahedrane is similar to the analo-
gous bond in acetylene, while the C—-C bond is close to the
ordinary single bond.

Sections through the potential energy surfaces of the
excited electronic states of tetrahedrane, corresponding to
the extension of the C-C bonds with a fixed C-H distance
and retention of tetrahedral symmetry, have also been
obtained®. It was found that none of the excited states is
bound in relation to such deformation, at least for C-C
distances ranging from 1.38 to 1.69 A,

The possibility of the prolonged existence of an isolated
tetrahedrane molecule can be inferred from the estimate
of the barrier to the transformation into the bicyclobutyl
biradical (X).*? It has been suggested that motion along
the reaction coordinate along the initial section corre-
sponds to an increase in the length of one of the C~C bonds
with a simultaneous change of the C-C~H angles. With
increase of the distance between the nuclei of the C~C bond
ruptured in this transformation to 1.812 A (which corre-
sponds to an increase in the dihedral angle between the
three-membered rings of approximately 20°) and following
the optimisation of the C~C-H angles, the energy
increases by 18 kcal mole™ compared with that of the
equilibrium tetrahedral configuration. This value is
adopted as the lower limit of the potential barrier. Cal-
culation for the first excited triplet state of the deformed
tetrahedrane molecule yields 45 kcal mole™ as the verti-
cal excitation energy, whence it follows that the excited
state does not influence the initial stage of the isomerisa-
tion process.
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2. The Electronic Structure of the Tetrahedrane Molecule

In order to elucidate the nature of the chemical bonds
in the tetrahedrane molecule, it is of interest to calculate
the distribution of electron density and to analyse the wave
functions. The distribution of the valence electron density
has been calculated*® by the extended Hiickel method. In
each of the three-membered tetrahedrane rings, the elec-
tron density ig distributed in the same way as in the cyclo-
propane molecule. In particular, there are two electron
density maxima on the outer side of each of the edges of
the tetrahedron formed by the straight lines joining the C
nuclei. At the centre of the tetrahedron and in the centre
of each face, the electron density has a minimum. Overall,
the pattern obtained shows that the nature of the C~C bond
in tetrahedrane is close to that of a single bond in satu-
rated hydrocarbons and differs significantly from the
acetylenic bond.

Much attention has been devoted to the study of the
hybridisation in tetrahedrane*2”"™*®,  According to the
results of various calculations, the localised hybrid
molecular orbitals corresponding to the C~C bonds have
79-83% of p character and deviate from the direction of
the bond by 30—-39°. The hybrid molecular orbitals of the
C-H bonds have 45-62% of p character. For comparison,
we may note that the fractions of  character in the
molecular orbitals of the C-C and C-H bonds of cubane
are 80 and 61% respectively and that the distortion of the
hybrid molecular orbital in the direction of the C—C bond
is by approximately 11°. In cyclopropane the molecular
orbitals of the C-C bonds have 81% of p character. Thus
the amount of p character in the hybrid molecular orbitals
of the C-C bonds in tetrahedrane is greater than in other
saturated systems with small rings, which confirms the
intuititive idea that the tetrahedrane structure involves
maximum strain.

The correlation between the hybridisation parameters
and the NMR constants has been used*?to estimate the
constants for the spin—-spin interaction of the nuclei. The
value Jiyo_yp = 240 Hz obtained for tetrahedrane is inter-
mediate between the values of Jlgc_H for cyclopropene
(220 Hz) and acetylene (251 Hz). The value Jiso_ 130 =
7.1 Hz for tetrahedrane is smaller than for cyclopropane
(10 Hz) and bicyclobutane (21 Hz).

In conclusion, we may mention the theoretical prediction
of the reactivity of tetrahedrane. The results of a study
of the interaction of the valence electrons with an external
charge within the framework of the electrostatic model
based on the Hellmann—-Feynman theorem have been used
to examine the protonation reaction®. The equilibrium
constant obtained shows that the tetrahedrane molecule
should be protonated at pH < 16.2. Despite its extremely
approximate nature, this estimate indicates a high reac-
tivity of tetrahedrane.

Summarising the theoretical studies, we may conclude
that tetrahedrane corresponds to 2 metastable state of the
C4H4 system and that the lifetime of an isolated molecule
in the ground state may be fairly long. Electronic exci-
tation should lead to the decompuosition of the tetrahedrane
molecule. Its high tendency towards protonation appa-
rently necessitates the complete exclusion of all compounds
containing mobile hydrogen atoms in attempts at synthesis.

III. EXPERIMENTAL APPROACHES TO THE SYNTHESIS
OF TETRAHEDRANE

Beesly and Thorpe ™ were the first to propose a method
for the synthesis of a compound having the tetrahedrane
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structure and must be regarded as the pioneers in the
research on the synthesis of tetrahedrane. They found
that the tricarboxylic acid (XIV) can be obtained from
BB-dimethylpropanetricarboxylic acid (XI) via the corre-
sponding tribromoester (XII), which is converted into the
tetrahedrane derivative (XIII) in 12% yield on treatment
with aqueous alkali:
HiC—C(CH,CO,H), %» HyC—C(CHBrCO,CoHs); —>

(XD (XID)

CH, CH,

—_> —>

H5C,0,C 0,GH,  HOLC
CO,CoHs

(X1IT)

CO.H
CO,H
(XIV)

They also quote the experimental conditions for the
synthesis of compound (XIII) from the tricarboxylic acid
(XIV) formed on cyclisation of the dibromotriester (XV).
The synthetic scheme and the absence of olefinic bonds
according to the results obtained for the reaction of the
product with bromine and potassium permanganate,

(.‘:H:l
HyC—C(CHBrCO,C,H;), —> —> {xXun ,
CHpCO,CaHy
o, COH Co,H
(XV) (XV1)

are believed to constitute proof of the proposed structure
(XIII). 1In a separate article in the same volume of the
Journal of the Chemical Society °? Ingold carried out a
simple calculation of the Baeyer strain and concluded that
the existence of structures of this kind is possible.

For a long time chemists found the results of the above
studies™ surprising but reliable®®. Furthermore, the
ester formed by the acid (XIV) and cellulose was recom-
mended for industrial manufacture™ because of certain
“useful” properties. However, almost forty years later
Larson and Woodward *® failed in their attempt to repro-
duce the synthesis of the acid (XVI) from compound (XV).
When the latter was treated with an agqueous solution of
alkali, the main reaction products were acetic acid and the
initial acid (XI); no cyclic compounds could be isolated
from the reaction mixture. The study by Larson and
Woodward stimulated the development of research on the
synthesis of highly strained compounds. The structure
of tricyclo[1,1,1,0%"%|pentane (XVII) was closest to that of
tetrahedrane. It was obtained by two different methods
in accordance with the following schemes!®"!7%:

-

[~

(XVID)

It is not fortuitous that compounds capable of generating
in different ways a carbene centre linked to a cyclopropene
ring have been proposed as precursors for the specific
synthesis of tetrahedrane. Masamune and Kato ™
reported in 1965 the photochemical decomposition of the
sodium salt of the tosylhydrazone of A%-2,3-diphenylcyclo-
propenealdehyde (XVIII) into diphenyltetrahedrane with a
yield of 0.1%. The structure of the product, having the
overall formula C,¢H; > and a melting point of 133.5°C, was
confirmed by infrared, ultraviolet, and 'H NMR spectro-
scopic data. However a year later, the authors ® pro-
posed structures (XX) or (XXI) for the product of the
above reaction, i.e. the structures of isomeric hydrocar-
bons which should have the same physicochemical charac-
teristics as those proposed previously for the tetrahedrane
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derivative (XIX).

H;Cq
ON.
He=NNHTs S22

hv, =20°

—_— /A + HC=CH + H;C,—C=C—CeH; .
H;Cy” HsC,

s CeHs

(XX1)

(XVIIT)

The prospect of using a substituted cyclopropenylcar-
bene attracted many investigators. For this reason,
other reactions were used to generate this intermediate
species and in all cases much attention was devoted to
proving the formation of the carbene precursor—the
corresponding diazo-compound. For example, A%-2 3-
diphenylcyclopropenyldiazomethane (XXIII), obtained > by
treating with sodium methoxide the corresponding N-nitro-
sourethane (XXII), synthesised in six stages from 1,2-
diphenylcyclopropenecarboxylic acid, was identified by
its infrared spectrum. The diazoalkane (XXIII) proved
to be extremely unstable in relation to the action of water
and protic compounds. Its photolysis and thermolysis
yielded neither tetrahedrane derivatives nor dimeric
products based on cyclobutadiene.

Ph

Ph Ph
MeONa
bcozu —> :D—(:Hiplmo?cu, = CHN,
Ph Ph NO Ph

(XXII) (XXIIT)
Ph
i AL
Ph Ph Ph
(XIX)
Ph Ph Ph Ph Ph
Ph@f}’h — M —e E:H + I..
Ph Ph Ph Ph Ph '
(XXIV) (XXV)

The only product that could be identified was diphenyl-
acetylene. The conditions for the synthesis and the reac-
tivities of diazo-compounds of the cyclopropene series
were carefully investigated somewhat later®®. Two
methods were used to synthesise them: the decomposition
of the N-nitrosourethane (XXVI) and oxidation of the
hydrazone (XXVII). The decomposition of the N-nitroso-
urethane by various bases and in different solvents led in
all cases to a mixture of substances, among which only
3,4-dipropylpyridazine (XXIX) could be regarded as a
product formed as a result of the 1,4-sigmatropic rear-
rangement of dipropylcyclopropenyldiazomethane (XXVIN).

Pr
Pr.

Pr Pr.
MeONa XN
CH,NCO,CHy —————> CHN; | —= || | 5
| or EtOLi N
Pr Pr

NO

(XXVI) (XXVIID) (XXIX)
Pr CHj,
HOAc
CHOAc
Pr t o |7 u P xxx
C=NNH, —
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Pr [3 P
CH,4 £ =z ﬁ
{(XXVID) (XXX) N
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Analysis of the reaction mixture obtained in the oxidation
of the hydrazone (XXVII) by lead tetra-acetate or mer-
cury(II) oxide also led to the conclusion that the corre-
sponding diazo-compound is formed as an intermediate.
Since the subsequent transformations of the diazo-alkane
(XXX) into the corresponding pyridazine are slow, oxida-
tion with lead tetra-acetate initially involves a faster
decomposition of this unstable compound into the acetate
(XXX1), while oxidation with mercury(II) acetate leads to
the formation of the pyridazine (XXXII). The authors®
do not quote data concerning the behaviour of the diazo-
compounds on heating or irradiation but note that but-1-yne
was not detected in any of the reactions.

Another pathway, in which cyclopropene was also used
as the initial compound, presupposed the intermolecular
addition of the carbene generated from carbon suboxide.
This method consisted in the photolysis of the latter in
solution in 1,2-dimethylcyclopropene®. It was postulated
that the carbene generated from C;0; following the elimi-
nation of carbon monoxide may add to the olefinic bond of
cyclopropene with formation of the intermediate bicyclic
carbene (XXXIII), which may be stabilised by conversion
into the tetrahedrane (XXXIV) as a result of intramolecular
insertion into one of the C—H bonds.

k
C30; —> CO + :C=C=0 H
H G 3
no 9,
[ IC=C=0 - 00 + | MG CH,
HyC !
N _l
(XXXI11)

<\

A,
H,C: CII, 1,C—C=C—C=Cll,

(XXX1V} (XXXV)

However, after irradiating the reaction mixture, it was
possible to isolate only 2-methylpent-1-en-3-yne (XXXV)
as the main photolysis product and pent-2-yne, which was
formed as a result of the rearrangement of the initial 1,2-
dimethylcyclopropene. The strain in the carbene (XXXIII)
is apparently fairly high, so that its rearrangement to the
acyclic hydrocarbon (XXXV) is faster than the intramolecu-
lar insertion with formation of the strained tetrahedrane
ring. In a subsequent report Shelvin and Wolf®2 showed
that, when a mixture of carbon suboxide and cyclopropene
is irradiated, acetylene, which may be a product of the
decomposition of the intermediate tetrahedrane, is formed
in addition to vinylacetylene. The fact that acetylene is
formed from tetrahedrane was confirmed using cyclopro-
pene labelled with deuterium in the 3-position. Mass-
spectrometric analysis of the acetylene fraction established
that the compounds C:Hz2, C.HD, and C;D; are present in
the reaction mixture in proportions of 1 :4 :1, which indi-
cates the distribution of deuterium atoms at different car-
bon atoms of the tetrahedrane molecule, formed as a
result of intramolecular insertion in the bicyclic carbene

(XXXVI):
X X
!D(( + :=C=0 —> é——» x%

X
X=ILD (XXXVI)

| P

H,C=CH—C=CH  C,H, + CHX + C,X,
S A

‘!
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Additional data confirming the intermediate formation
of tetrahedrane were obtained using carbon suboxide in
which the central atom was labelled with '*C. The
authors ®? note that cyclobutadiene cannot be an intermedi-
ate in this reaction, because insertion of the ketocarbene
in the C-D or the vinyl C—H bond should predominate in
this case. However, it has been shown earlier that :C,0
usually adds more readily to the multiple bond. Further-
more, the decomposition of cyclobutadiene into two acetyl-
ene molecules is also uncharacteristic ®.

Atomic carbon generated in a nuclear reactor and trip-
let carbonylcarbene generated by the photolysis of carbon
suboxide have also been used as the carbene capable of
adding to cyclopropene. Quantitative analysis of the com-
position of the reaction products led to the hypothesis of
the intermediate formation of tetrahedrane in this case

-]

One of the possible approaches to the synthesis of tetra-
hedrane, which also included carbenes as intermediates,
was proposed in 1973 by Rodewald and Lee®®. They chose
the bistosylhydrazone of {rans-butenedial (XXXVII) as the
source of the dicarbene. The decomposition products of
the lithium salt of compound (XXXVII) at 140°C in tetra-
hydrofuran were collected at —80° and —190°C and investi-
gated by preparative gas-liquid chromatography (GLC).
Vinylacetylene, benzene, cyclo-octatetraene, and syn-
A*"_tricyclo[4,2,0,0% ®*]Joctadiene, which might have been
formed from cyclobutadiene, were absent from the con-
densates. The only decomposition product was acetylene
(unidentified polymers were also present). Having used
the deuterium-labelled bistosylhydrazone (XXXVIII) as the
starting material and having determined the distribution of
the label by analysing the resulting acetylenes for deute-
rium, the authors proposed ® the following mechanism for
the formation of acetylenes with participation of tetrahed-
rane as one of the intermediates:

X
NNITs
BulL . » .
= BUL L xecti=cli—Ex ~— ExZonLontix ;
TeNIIN=
X

(XXXVID, X= 1l (XXXVID, X=D (1)

H,C=CH—C='"'c/

LA T s T £ T (2)

{CX—CH=CH—CX—N=N <—> “CX=CH-LCH=CX—N=N

2C,1nXmn

NS

n=0-2

(XLD) 3)
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Only C,HD may be formed in reactions (1) and (2). The
proportions of CoH,, C.HD, and C,D; should be 1:4:1 for
pathway (@) and 1:6:1 for pathway (b) (if the process is
irreversible) or 1 :4 :1 [if the equilibrium between (XXXIX)
and (XLI) is established 4-5 times faster than the rate of
formation of acetylene]. The experimental distribution is
4.4% C2Dz, 11.1% C.HD, and 18.5% C:H_, showing that
reaction (3) does occur and, although reactions (1) and (2)
predominate, the tetrahedrane (XL) and the bicyclobutyl
radical (XLI) serve as precursors of the acetylenes. Thus
the determination of the quantitative composition of the
acetylenes suggests that the intermediate (or the transition
state) may be the symmetrical tetrahedrane or the biradical
from which the tetrahedrane can also be formed.

The dimerisation of acetylenes has been considered as
another approach to the synthesis of tetrahedrane. 1In one
of the first studies on these lines® it was shown that, when
a mixture of acetylene and dideuteroacetylene is heated at
1200-1800 K, neither dimeric products nor HD are formed.
The absence of deuterium exchange showed that tetrahed-
rane is not formed under these conditions.

However, Kandill and Dessy®” reported in 1966 the
possibility of the cyclisation of two acetylene groups into
the tetrahedrane fragment. When 2,2’-di(phenylethynyl)-
biphenyl (XLII) was photolysed or heated, an isomeric
compound was obtained to which the structure of the tetra-
hedrane (XLIN) or the cyclobutadiene (XLIV) was attributed
on the basis of the ultraviolet spectra:

\C
N\
\C
Q<0+ G2
—_—
or a
¢ > |
\\\\C Ph Ph Ph Ph
L P (XLITI) (XLIV)

This structural assignment aroused a considerable
controversy in the literature. White and Sieber®® showed
initially that the isomer obtained by Kandill and Dessy
is 9-phenyldibenzo[a, ¢ [phenanthrene (XLV), which may be
formed from the intermediate biradical (XLVI). Photolysis
of compound (XLII) under different conditions and its sub-
sequent thermolysis at 100°C did not lead to the formation
of any compound other than (XLV):

o @ _»O

. C—Ph @ Ph

©)

(XLVD) (XLV)

When compound (XLII) was heated at 150°C, compound
(XLV) was again obtained together with unidentified com-
pounds having high melting points and resembling phenan-
threne according to their ultraviolet spectra. On the
other hand, substances indicating at least the intermediate
formation of tetrahedrane were not obtained in either
thermal or photochemical processes.

Another diacetylene—6,6'-diethynyldiphenic anhydride
(XLVII)—proved to be very stable under the conditions of
pyrolysis (180°C) and photolysis®®. No products,
including those which might indicate the formation of the
corresponding tetrahedrane (XLVIII), were found.
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Nevertheless the idea of the possibility of synthesising
tetrahedrane from acetylenes was not abandoned by investi-
gators. For example, Staab and coworkers ™’ undertook
the synthesis of 9,10,19,20-tetradehydro[a,c,#,i]cyclodode-
cene (XLIX)—a macrocyclic compound with crossed triple
bonds in which structural factors favour the transannular
interaction of the triple bonds. The possibility of such
interaction was demonstrated by a number of chemical
transformations, which justified the hypothesis that the
acetylenic linkages are fairly close to one another. In
order to confirm the possible formation of the tetrahedrane
(L) from the diacetylene (XLIX), the authors™’™ attempted
to resolve the latter into enantiomers A and B and to detect
the corresponding structural isomer which might have been
formed by the irradiation of compound (XLIX) as a result
of the tran51t10ns (XLIXA) = tetrahedrane = (XLIXB):

< QC 7

b d
G, C
| c/\\ N /\\
‘ "
(XLIXA) L) (XLIXB)

It was not possible to demonstrate the occurrence of photo-
racemisation, because the attempt to resolve compound
(XLIX) into enantiomers chromatographically was unsuc-
cessful. The authors™"™ believe that the intermediate
cyclobutadiene structure is preferable, but the problem
whether it is formed from compound (XLIX) or via the
tetrahedrane (L) remains open.

Yet another of the possible pathways to the synthesis of
tetrahedrane was discovered by Masamune and coworkers’?,
who investigated the thermolysis and photolysis of tri-
cyclo[2,1,0,0°® Jpentan-3-one. Thermolysis of the dimethyl
derivative (LI) at 105.7° C gave very low yields of a mix-
ture of compounds C;2H;s (/e 160), whose structures
were not determined. Heating of compound (LI) in the
presence of two equivalents of maleic anhydride was
accompanied by the decomposition of the initial substance
at a constant rate and led to the formation of compounds
(LII) and (LIIO). At a lower temperature (90°) only com-
pound (LII) was detected; on heating, it rearranges to
compound (LIII). When compound (LI) was treated with
butadiene, a 30~40% yield of only 1,7-dimethylbicyclo-
[4,2,0]octa-3,7-diene (LIV) was obtained. On the basis of
the composition of the products and the finding that the
rate of decomposition of compound (LI) remains constant
regardless of the presence of a “trapping agent”, the
authors "? proposed a mechanism involving 1,3-dimethyl-
cy clobutadiene as an intermediate and not the corre-
sponding tetrahedrane:

HaC CHy
°
Hyc” i H,C

(L .
(LI
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At the same time an attempt was made to investigate the
composition of the photolysis products of compound (LI).
It was irradiated with a high-pressure mercury lamp at
25° for 4 h until the attainment of 94% conversion of the
initial compound. Acetylene (2%), propyne (6%), and
butyne (2%) were found in the condensate collected at
-190°C. By analogy with other studies, which were
already discussed above, the authors"? believe that the
intermediate formation of tetrahedrane is probable in view
of the presence of acetylene.

Polycyclic compounds (LV) and (LVI) have also been
suggested as other tetrahedrane precursors containing the
bicyclobutane fragment™, Photolysis of the diester (LV)
in a matrix led to the formanon of the cyclobutadiene
dimer (LVII), but the authors™ believe that the methyl-
tetrahedrane (LIX) was formed as an intermediate and not
tetramethyleyclobutadiene (LVII), which could not be
detected by infrared spectroscopy. It was suggested that
the tetrahedrane isomerises to cyclobutadiene, which
rapidly dimerises, the formation of the dimer (LVI) being
faster than the valence [2 + 2] isomerisation (LIX) —
(LvIO). As regards the transformation of the heterocyclic
compound (LVI) owing to photelysis at 25° C, an analogous
series of transformations [(LVI) — (LIX) — (LV]II) —
(LVI)] was proposed on the basis of the composition of the

products *:
/96‘0 E >_ %
—_—

(LVIID

S0,CH;
COQLH‘.,

(L\)
CO,CH,
ogw,

(LI1X) (LVID)

(L VI)

However, according to the literature®, thermal isomeri-
sation of tetrahedrane to cyclobutadiene is forbidden on
symmetry grounds; the proposed mechanism is then
incorrect.

Ions with the tetrahedrane structure have been detected
in the mass spectra of certain compounds. ¥For example,
vacuum flash thermolysis (800 C) of phenyl-1,4-benzo-~
quinone led to the isolation™ of three substances: naphtha-
lene (54%), 2-hydroxydibenzofuran (8%), and phenyl-1,4-
hydroquinone (8%).
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According to the authors™, naphthalene is formed via a
stage involving the loss of two CO molecules from phenyl-
1,4-benzoquinone and subsequent intramolecular stabilisa-
tion of the butadiene biradical (LXIV), cyclobutadiene
(LXV), or the tetrahedrane (LXVI). This hypothesis is
based on the fact that the mass spectra of 1,4- benzoqul—
nones ™ contain the peak of the C4Ri ion, Wthh is more
likely to represent a tetrahedrane than a substituted
cyclobutadiene:

o SO

(LXIV) (LXV) {(LXVD)
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The formation of the tetrahedrane structure (LXVII)
has been observed in the mass spectra also on fragmen-
tation of substituted cyclopentadienols and cyclopentadi-
enones:

(LXVID

However, the determination of the exact structure of
the ions in the gas phase by mass spectrometry is excep-
tionally difficult. A classical example is the controversy
concerning the structure of the C;H7 ion to which the
structure of the symmetrical propylium ion was attri-
buted””’"® on the basis of experiments with an isotope label,
which was not confirmed by subsequent investigations 79580
Evidently the conclusion about the structure of ions of the
type CsR: and a reliable assignment of the tetrahedrane
structure to the latter will become possible after a detailed

investigation using the ion-cyclotron resonance technique® .

---000---

Thus, despite the considerable efforts by both theore-
ticians and experimenters, the problem of tetrahedrane
has not been solved. Furthermore, the main question
whether or not tetrahedrane can exist as a stable (meta-
stable) species remains obscure. Strictly speaking, the
unsuccessful attempts at synthesis cannot be regarded as
proof of the instability of the compound, and the history
of organic chemistry confirms this®. Here one may note

two approaches to the experimental solution of the problem.

The first involves the fixation of tetrahedrane in a matrix
and the demonstration (for example by spectroscopy) of
its structure or its generation in the gas phase and direct
(for example by electron diffraction) demonstration of its
structure. In the second approach, tetrahedrane deriva-
tives containing substituents capable of specific stabilisa-
tion of the tetrahedrane molecule are to be synthesised.
'The substituents can be selected on the basis of the follow-
ing considerations, in the discussion of which valuable
comments have been made by Prof. P. v.R.Schleyer. On
the one hand, the stabilising effect of the substituents on
the three-membered ring may be estimated by considering

the heat of the following “isodesmic”®’* process:
HC HC\
>_x + “CH—H - >~H +  CH—X+Q
HC” He”

Unfortunately the available literature, thermochemical
data do not allow a broad comparison. On the other hand,
data for certain “isodesmic” equilibria may serve as the
starting point. As an example, one may quote the elec-
trocyclic equilibrium of the norcarane (LXVII) and cyclo-
heptatriene (LXIX) structures. If the substituent X sta-
bilises the three-membered ring specifically, then the
equilibrium should be displaced to the left relative to X =
H; if the substituent causes destabilisation, the shift
should be to the right. Examination of the experimental
data shows that the parent hydrocarbon (X = H) exists
almost wholly in form (LXIX)®*® while the dicyano-
derivative (X = CN) exists exclusively in form (LXVII):

(LXVII) (LXIX)
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Thus the presence of cyano-groups should presumably
stabilise the tetrahedrane skeleton (particularly bearing

in mind the potential possibility of the ready protonation of
tetrahedrane; see above). Furthermore tetracyanotetra-
hedrane would be of interest as a member of a class of
nitrogen-carbon compounds (tetracyanomethane, tetra-
cyanoethylene, and percyanoadamantane; for a systematic
account of percyano-compounds, see Makhon'kov™'), but
consideration of this and related problems is outside the
scope of the present review.
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Organic Peroxides of Alkali Metals (Alkali Salts of Hydroperoxides)

N.A.Sokolov and Yu.A.Aleksandrov

Methods of making non-solvated lithium, sodium, and potassium salts of hydroperoxides in hydrocarbon media are considered.
Results on the kinetics and mechanism of thermal decomposition of alkali organic peroxides and the reactions of these com-
pounds with alcohols, aldehydes, ketones, esters, and nitriles are discussed. The role of compiex formation by the alkali salts
of hydroperoxides with donors of protons and Lewis bases is considered. Methods of making organic and organoelemental
peroxides based on salts of the hydroperoxides are discussed. 167 references.
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I. INTRODUCTION

Organic peroxides of Group I metals (salts of organic
hydroperoxides) are peroxide compounds of the general
formula ROOM, where R is an alkyl, aryl, or acyl radical,
and M is a metal of Periodic Group I.* Organic peroxides
(OP) of lithium, sodium, and potassium are now known.
Analogous compounds of rubidium and caesium or of the
metals of the copper subgroup have not been described.

Alkali metal OP's are of interest to investigators as
starting materials for making the OP of elements of other
groups '8, as intermediates in the autoxidation of organic
derivatives of alkali metals, for the oxidation of hydro-
carbons in the presence of alkalis, etc.

Ten years has elapsed since progress in the field of the
chemistry of organic peroxides of the alkali metals was
discussed!. This period has been marked by considerable
range of investigations of metal-containing OP. Some of
the results obtained for the OP are important in principle.
All this has stimulated the preparation of the present
review. It discusses, as far as possible, all the works on
methods of synthesis and the investigation of the properties
of the anhydrous OP, and also the kinetics and mechanism
of conversion of salts of the hydroperoxides in aqueous
or non-agueous solutions, Works on the kinetics and
mechanism of deformation decomposition of alkali salts of
peroxo-acids and H,0, are not included since this could be
the subject of a special review.

II. METHODS OF PREPARATION

The simplest and most widely used method of making
the alkali metal OP is based on the reaction of hydro-
peroxides with the metal hydroxide or alkoxide in aqueous
or alcoholic solution respectively, This method is used
widely for the separation and purification of hydroperoxides
and in the preparation of dialkyl peroxides and esters of
peroxo-acids. However, when hydroperoxides react with
a hydroxide or alkoxide, usually crystalline solvates of
hydroperoxide salts with water ™ or alcohol®™!2 are
obtained, The water or alcohol cannot be removed com-
pletely from such solvates without decomposition of the
initial peroxide.
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Kharasch and coworkers '3 were the first to obtain
sodium cumyl peroxide in hydrocarbon solution by reaction
of the hydroperoxide with sodium or its amalgam. How-
ever, during this process 20-459, of the hydroperoxide,
depending upon the nature of the solvent, was reduced to
the alcohol and the alcohol and alkoxide formed are very
difficult to separate from the sodium salt of the hydro-
peroxide. It seemed impossible to obtain the pure salt by
this method 3,4, A product containing 70-75% sodium
cumyl peroxide was obtained by the reaction of cumyl
hydroperoxide with metallic sodium in ether. The impuri-
ties were 1-methyl-1-phenylethanol (15-20%) and its
alkoxide (10%). 1%

The alkali OP are formed as intermediates in the
autoxidation of the corresponding organometallic com-
pounds (OMC). However, the pure salt of the hydroperox-
ide usually also cannot be obtained by this method owing
to its rapid reaction with the OMC !:

RM -+ 0, »ROOM
RM -+ ROOM — 2ROM .

Peroxides were obtained in significant yield only in the
oxidation of alkyl-lithium5,!¢, Thus the hydroperoxide
was obtained in 28-679 yield in the autoxidation of butyl-
lithium in ether or hydrocarbon solution at —=75°C after
hydrolysis of the lithium butyl peroxide for med 5,1,
75-85% of the active oxygen was obtained in the autoxida-
tion of indenyl-3-lithium in ether at —75°C, 1®

Non-solvated alkali metal OP were obtained by reaction
of hydroperoxides with alkali metal amide, hydride, or
t-butoxide at 0-20°C in an aprotic solution, Only slight
reduction of the hydroperoxide took place. The gaseous
products formed (ammonia, hydrogen)are easily removed;
the solvent and t-butyl alcohol in the reaction with lithium
t-butoxide) are also distilled off at reduced pressure 7,

The non-solvated salts were obtained from hydro-
peroxides by the action of lithium or sodium hydride in
tetrahydrofuran or ether !8:

ROOH -+ MH — ROOM +- H,

It was shown, by the examples of the reactions of tetralin
hydroperoxide [1,2,3,4-tetrahydro-1-naphthyl hydroperox-
ide] with NaH in ether, and also of peracetic acid with LiH
and NaH in tetrahydrofuran, that here (unlike the reaction
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of a hydroperoxide with a metal) it is not reduced 8, How-
ever, it was recently noted!® that when triphenylmethyl
hydroperoxide reacts with NaH in ether the yield and purity
of the sodium salt of the hydroperoxide are not very satis-
factory.

Unlike peroxo-acids, the alkyl and arylalkyl hydro-
peroxides react very slowly with LiH at 20°C. Thus
lithium hydride reacts rapidly, with evolution of heat, with
perdecanoic acid'?, but for cumyl hydroperoxide the con-
version is negligible even after 48 h.

The method most widely used for obtaining sodium and
potassium OP is based on the reaction of a hydroperoxide
with sodium?2°~23 or potassium?%® amides in a hydro-
carbon:

ROOH -{- MNH, — ROOM -+ NH;

Pure sodium cumyl and triphenylmethyl peroxides were
obtained for the first time by this reaction as were their
solutions in a hydrocarbon free from significant amounts
of impurities (alkoxide, alcohol, or hydroperoxide). #,23
Hydroperoxides react rapidly with ground sodium or
potassium amide at 0-20°C, Removal of ammonia from
the reaction mixture by reducing the pressure facilitates
an increase in the reaction rate?3-25, It is noteworthy that
an alkali metal amide should not contain as impurities ions
of variable-valency metals, which decompose hydro-
peroxides readily. Therefore amides obtained by the
reaction of a metal with liquid ammonia in the presence of
an iron salt should not be used. Sufficiently pure sodium
and potassium amides are easily obtained by passing
ammonia through molten alkali metal at 350°C, 23,26

When cumyl hydroperoxide reacts with sodium amide in
toluene the sodium salt which is formed passes into the
solution, After the almost complete removal of the toluene
at reduced pressure and the addition of ether large crystals
of sodium cumyl peroxide containing 99.5-99.8% of the
main substance is obtained??, This compound readily
absorbs moisture in the air but in a sealed vessel at 0°C
remains without appreciable decomposition for several
months 22,

Belyaev and Nemtsov !¢ obtained a complex of sodium
cumyl peroxide with cumy! hydroperoxide ROONa.ROOH.
Cryoscopy showed that at a concentration of 0.08 M the
complex is a dimer [ROONa.ROOH |, but dissociates to the
monomer during dilution. In the infrared spectrum of the
complex (in CCl,), in addition to the narrow band of the
vibrations of the OH group in the 3500 cm™* range there is
a broad band 350 cm™ away in the lower frequency range.
The displacement of the band of the OH vibrations is due
to the formation of a hydrogen bond. The monomer of the
complex is formed due to the hydrogen bond and the
dimer is due to dipole—dipole interaction ',

The thermodynamics of dissociation of the complex
ROONa.ROOH (where R is cumyl) into the initial compo-
nents was investigated by NMR. ?" The temperature
dependence of the chemical shift of the proton of the OOH
group was used to calculate the heat of dissociation of the
complex, 12.7 + 1.0 kcal mole-!, The energy of the
hydrogen bond in the complex is three times that in the
hydroperoxide associate,

Potassium cumyl and t-butyl peroxides, sodium t-butyl
peroxide, and also their complexes with hydr operoxide??,25,28
have been obtained, Potassium t-butyl peroxide and its
complex with the hydroperoxide were precipitated 2s they
were formed in toluene or heptane. Under analugous
conditions potassium cumyl peroxide appears in the solu-
tion, After removing the excess of potassium anude and
distilling off the solvent at 20°C a viscous mass remains;

173

when this is heated at 50°C and 0.1-0.5 mmHg a colourless
solid containing 96-979% potassium cumyl peroxide is
obtained., This compound deliquesces rapidly in air. In
the absence of moisture at 0°C the active oxygen content
had not decreased after 50 days. The salt thus obtained
dissolved well in aromatic and aliphatic hydrocarbons and
in ethers 2?5, However crystalline potassium cumyl perox-
ide obtained by spontaneous crystallisation from toluene
solution at 20°C does not dissolve in aprotic solvents #,

When solutions of cumyl hydroperoxide and its potas-
sium salt in heptane are mixed the complex

CsH.C (CH,),00K -HOOC (CH,),- CeHy

is precipitated®, It seems that the hydrogen bond in the
complex with the potassium salt should be stronger than
those in the analogous sodium and lithium compounds,
owing to the greater basicity of the K salt. The complexes
of the hydroperoxide and its alkali salt are considerably
less stable thermally than the non-solvated salts 14,2225,
The decomposition temperature of potassium cumyl perox-
ide, determined thermographically, is 140-150°C, that is,
70-80 K higher than for its complex with cumyl hydro-
peroxide s, This is evidently due to weakening of the
0-0 bond in the complex under the influence of the hydro-
gen bond 3°,

A method recently proposed for making salts of hydro-
peroxides was by the reaction of hydroperoxides with
sodium bistrimethylsilylamide in ether '°:

ROOH - NaN [Si (CHy)y], — ROONa -+ [N {Si (CHg)yla
ReonCqHg,  -CiHy, (CoHp),C

3

This is a fast reaction. The sodium salt of the hydro-
peroxide was precipitated in high yield.

An attempt to obtain sodium triphenylsilyl peroxide
(C¢H;),SiO0Na by this method was unsuccessful. This
compound decomposes in the presence of the strong base
NaN|Si(CH,),|,, NaH, NaNH,, or n-C,H;Li even between
-80° and ~20°C with the formation of phenoxide and
[(CoH,),510 5.

Lithium alkyl peroxides are obtained by the reaction of
hydroperoxides with lithium t-butoxide in an aprotic sol-
vent !7:

ROUH - (CH,), COLI - ROOLI - (CH- 13COH.

The reaction takes place readily at 0-20°C., Lithium
t-butoxide has several advantages over alkoxides of pri-
mary and secondary alcohols and also over the analogous
sodium and potassium compounds ¥, It is soluble in
hydrocarbons therefore its solutions are readily obtained
by heating the metal with a hydrocarbon solution of the
alcohol??»®*,3,  {-Butyl alcoho! and its alsoxides are
s