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FOREWORD

The ACS Symrosrum Series was founded in 1974 to provide
a medium for publishing symposia quickly in book form. The
format of the Series parallels that of the continuing ADVANCES
IN CHEMISTRY SERIES except that in order to save time the
papers are not typeset but are reproduced as they are sub-
mitted by the authors in camera-ready form. Papers are re-
viewed under the supervision of the Editors with the assistance
of the Series Advisory Board and are selected to maintain the
integrity of the symposia; however, verbatim reproductions of
previously published papers are not accepted. Both reviews
and reports of research are acceptable since symposia may
embrace both types of presentation.
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PREFACE

his book is based on an international symposium on anionic polymeriza-

tion. The need for such a symposium grew out of discussions between
myself and other members of the Polymer Division Executive Committee,
about two years earlier. At that time I pointed out that we had not had a
symposium dealing with the subject since 1962! Clearly, much new scien-
tific and important technological information had been generated since
that time.

Anionic polymerization dates back at least to the early part of this
century. Indeed, sodium-initiated butadiene polymers were investigated as
potential synthetic rubbers many years ago. Unfortunately, the derived,
high 1,2 microstructure shows a T, of about 0°C. Electron transfer
initiators also were studied by Scott in 1936.

The mid 1950’s can be pinpointed perhaps as one of the golden eras
of anionic polymerization (and, indeed, polymer science). Certainly, the
discovery reported by Firestone that lithium-initiated polyisoprene had a
structure quite similar to Hevea (natural rubber) should be noted. In
addition, of course, one needs to comment on the important discovery by
Professor Szwarc, M. Levy, and R. Milkovich that electron-transfer initia-
tion by alkali metal polynuclear aromatic complexes could produce non-
terminated living polymers of predictable molecular weights. These novel
macromolecular carbanions were further shown to be capable of initiating
other monomers to produce well-defined block polymers and to undergo
reactions with reagents (e.g. carbon dioxide and ethylene oxide) that could
provide functional end groups. In 1957 the Phillips Petroleum Company
commercialized perhaps the first styrene-butadiene diblock copolymers.
Many groups around the world began to intensively investigate Kinetics,
mechanisms, and synthesis possibilities of anionic polymerization. Here
one should at least mention Professor Morton and his students at Akron
(which include myself), Drs. Bywater and Worsfold in Canada, Professor
Rempp and his many colleagues in France, and Professor Schulz in
Germany. Many other scientists have contributed also to what we currently
know about the subject but space prevents us from reviewing their efforts.

A few books and many reviews on anionic polymerization have
appeared in the literature. Indeed, the contributors to the symposium and
to this book also have written most of these! Briefly, one must cite the
classic book of Professor Szwarc in 1968 and his later edited volumes on

xi
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ion pairs. In addition, many of us have benefited from important reviews
by Dr. Bywater and Professors Fetters and Rempp, among others. Cur-
rently, I am aware that Professor Morton has a new book that will be
published soon.

One of the most important discoveries relating to synthesis and
physical behavior was made by Dr. Milkovich while at the Shell Develop-
ment Co. He and his colleagues showed that triblock copolymers
containing polystyrene—polydiene—polystyrene blocks in appropriate sizes
could behave as a physically cross-linked but linear thermoplastic elastomer.
Thus Dr. Milkovich was involved with two very crucial discoveries in this
field. Interestingly, he received his M. S. degree at Syracuse with Professor
Szwarc and his Ph.D. at Akron with Professor Morton. I was pleased that
Dr. Milkovich accepted my invitation to be a plenary speaker at the
symposium, along with Professors Szwarc and Morton.

The symposium was, and this book is, truly an international contribu-
tion, There are papers from Australia, Belgium, Canada, France, Germany,
Japan, Kuwait, Poland, the United Kingdom, and the United States.
Invitations also were sent to U.S.S.R. scientists, but, unfortunately, none
could attend. Nearly all of the papers presented at the symposium are
published in this book. A few manuscripts were not received or were
withdrawn for various reasons. The publication time was somewhat longer
than initially perceived. I take responsibility for this and thank those
authors who submitted manuscripts very promptly for their patience!

Those currently actively involved in anionic polymerization will recog-
nize that despite the extensive progress that has been made over the past
25 years, many kinetic, mechanistic, and even synthetic aspects have not
been elucidated fully. Thus, it should not be surprising that there are
opposing points of view. In the past, controversies have occurred, and
although I tried to minimize this factor, I was not completely successful in
this regard. However, I was pleased that all of the speakers came to the
same room and also contributed to this volume. A few of the papers may
be a bit strong; however, 1 have decided to let the scientific community
come to their own decisions on these matters.

This book contains very useful new work as well as critical reviews
of specific areas. The scope is quite broad and ranges from ion pair
structures to various features of the kinetics, mechanisms, and synthesis.
Importantly, there are several fine industrial contributions that comple-
ment the academic studies. I hope that this book will be of interest and
utility to students and scientists in academia, government, and industry.

I would like to thank all of the authors for their contributions to this
book. I also would like to gratefully acknowledge the invaluable assistance
of the ACS staff. Finally, the secretarial expertise provided by Debbie
Farmer and Donna Perdue was indispensable.

xii
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1

Living and Dormant Polymers: A Critical Review

MICHAEL SZWARC

New York Polymer Center, New York State College of Environmental Science and
Forestry, Syracuse, NY 13210

A brief historical review of the concept of living
polymers and its ramifications is followed by con-
sidération of various mechanisms of anionic poly-
merizations. The pertinent papers presented in this
meeting are surveyed. Special attention is devoted

to polymerizations involving Li counterions proceeding
in hydrocarbon solvents. It is stressed that living
and dormant polymers participate in such reactions

and the consequences of their presence are deduced.

Our studies of anionic polymerization that led us to the
concepts of living polymers and electron-transfer initiation re-
sulted from a conversation I had with Professor Sam Weissman in
the Spring of 1955. He told me about his electron-transfer
investigations, such as naphthalene* + phenathrene I naphthalene
+ phenanthrene*. As he talked, it occurred to me that electron-
transfer to styrene ought to convert its C=C bond into what
naively could be described as <C-C . Then, the radical end should
initiate radical polymerization while anionic polymerization would
be simultaneously induced by the carbanionic end. Such a situa-
tion intrigued me, and I asked Sam whether he tried to transfer
electron to styrene. His answer was brief: 'No use, it poly-
merizes." I asked then whether he would approve of our looking
into this problem and upon getting his consent, we started our
work that summer.

With the help of Moshe Levy and Ralph Milkovich, we developed
the all-glass, high-vacuum technique and established that electron
transfer to suitable monomers produces dimeric dianions by coup-
ling the radical ends, while the carbanions induce anionic poly-
merization. Moreover, under the stringent purity conditions of
our experiments, the carbanions retain, virtually indefinitely,
their capacity of growth. Hence, the polymerization leading to
elongation of the previously formed chains may continue upon
"feeding” them with additional monomers. Our extremely simple
but highly convincing experiments were reported in 1956(1l), and

0097-6156/81/0166-0001$05.00/0
© 1981 American Chemical Society
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2 ANIONIC POLYMERIZATION

the term "living polymers" was proposed to vividly convey the
idea that these interesting macromolecules resume their growth
whenever a suitable monomer is supplied. The ramifications of
this concept were clearly outlined: the feasibility of synthe-
sizing polymers of narrow molecular-weight distribution,
tailoring block-polymers to desired patterns, the preparation of
polymers with functional end-groups, etc. These opportunities
equally apply to living polymers whether endowed with one or two
growth perpetuating ends. However, the latter provide a route
to synthesis of bifunctional polymers and easily yield the ABA
triblock polymers.

Our ideas rapidly caught the attention of polymer chemists
throughout the world and extensive studies of living polymers
began in many laboratories. These investigations progressed in
two directions: the synthetic one and the mechanistic. The
synthetic work led to refined preparations of mono-dispersed
polymers, allowing for more precise studies of the effects of
molecular weight distribution on the rheological properties of
polymer solutions and solid polymers. Studies of block-polymers
flourished, as is evident from the several symposia covering the
subject(2). The spectacular discovery by Ralph Milkovich(3) of
the triblock polymers yielding thermo-plastic rubber and the
unexpected difference in the properties of triblock and diblock
polymers added further impetus to those investigations. This
subject will be reviewed by Ralph Milkovich and by Teyssie later
during this symposium. Synthesis of functional and difunctional
polymers was greatly improved by Paul Rempp and his associates(4),
and we look forward to Schulz' discussion of this subject. Con-
trolled preparation of various types of macromolecules, such as
star-shaped polymers, recently reviewed by Bywater(5), comb-
shaped polymers, etc., became feasible with the advent of living
polymers. In fact, the synthesis of various types of model
macromolecules by anionic polymerization will be reported here by
Rempp, Franta and Hertz.

Let me digress and ask two questions. Were we the first to
discover living polymers? The answer is no. Review of the 1lit-
erature showed that living polymers, although not named in that
way, were described by Ziegler(6) in 1929 and the terminationless
polymerization was considered by Mark and Dostal(7) and by
Flory(8). However, the potentiality of those systems was not
fully appreciated until our rediscovery of these interesting
molecules. Also, our work led to recognition of the necessary
conditions required for such studies, namely, the stringent
purity, vacuum techniques, etc.

Is anionic polymerization unique in providing living poly-
mers? It is not. The cationically formed living polymers are
well known today and, in fact, Richards will describe here the
techniques of converting one kind of living polymers to another.

Ionic polymerization is much more colorful than radical poly-
merization. While only one species participates in radical
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1. SZWARC Living and Dormant Polymers 3

homo~polymerization, a variety of species may co-exist and
simultaneously contribute to ionic polymerization. Living poly-
mers facilitate their characterization and provide ways of
studying their inter-conversion, mode of growth, and the degree
of their participation in the overall process. Indeed, these
subjects form the themes of numerous contributions to this
symposium.

Free ions and their respective ion-pairs participate in
numerous anionic and cationic polymerizations; their contribution
is affected by the nature of counter-ions, solvent, and solvating
agents whenever added to the reacting system. For example, the
effect of cryptates on some anionic polymerizations will be
discussed by Mademoiselle Boileau. Moreover, as revealed by the
elegant studies of Professor Johannes Smid(9), a variety of ion-
pairs may co-exist in polymerizing systems, each kind having its
own characteristic behavior. The present status of this most
interesting field will be reviewed by Professor Smid, and the
dynamics of the interchanges taking place between those species
will be discussed by Dr. Andre Persoon, who developed the most
ingenious techniques allowing him to measure the rates of those
rapid reactions.

Triple ions form rather unusual species. They contribute
little, if at all, to the propagation but their formation may have
a buffering effect. The intramolecular triple ions' formation in
the cesium polystyrene system illustrates this phenomenon(10).
The mechanism is outlined in Scheme 1. The formation of triple
ions increases the concentration of Cst ions and buffers, there-
fore, the dissociation of ion-pairs into free styryl ions which
are the main contributors to the propagation.

Cs+,—§r\vj/q\_/ﬂ\!—,Cs+ T cst + _Jf\V/F\L—\B_
s S_,CS

5 Cs »S

Triple ion
Scheme 1.

Generally, two distinct processes could be responsible for
the formation of triple ions, namely

- - + -

ZCat+,An b cat’ + An ,Cat ,An (a)
or

2cat,an” 2 An” + cat,An,cat’ (b)

In Anionic Polymerization; McGrath, J.;
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4 ANIONIC POLYMERIZATION

Whenever equilibrium (a), which is concentration-independent,

is more important than the conventional dissociation of ion-pairs,
then its effect, in conjunction with the ion-pairs dissociation,
decreases the anticipated concentration of anions. The reverse
is true when equilibrium (b) prevails on (a).

A somewhat similar problem was encountered in the anionic
propagation involving the barium salt of living poly-styrene
possessing only one growth-propagating end per macromolecule(ll).
The pseudo-first order rate constant of propagation was found to
be independent of the salt concentration. This result was
accounted for by a mechanism outlined in Scheme 2 with the
assumption that the free poly-styrene anions are the only species
contributing to the growth.

ZBaz+, (S_mvv»)z i B32+’ (s vww) + Ba2+, (S-mmv»)3
->

+ - - -
Ba2 , (8 mmv»)z e B32+, (S vwvw) + S v

Scheme 2.

Denoting by Ktriple and Kdiss the respective equilibrium constants

and by kp the bimolecular rate constant of propagation by the free

poly-styrene anions, one finds the observed pseudo-first order
rate constant to be given by

1/2
kadiss/Ktriple
i.e., it is independent of the salt concentration because within
the investigated concentration range the relation
Ktriple >> Kdiss/[Baz+,(s Mvv»)z]
was found to be valid.

A similar problem concerning the strontium salt will be dis-
cussed here by Professor Van Beylen, while the problem of the
barium salt of the poly-styrene endowed with two growth propa-
gating ends will be dealt with by Dr. Francois.

The various kinds of growing species differ not only in their
propagation but also in their stereochemical preferences. Pro-
fessor Hogen-Esch will review this subject in his talk on anionic
oligomerization of some vinyl monomer, and mechanisms of anionic,
stereospecific polymerization of 2-vinyl pyridine will be dis-
cussed by Dr. Fontanille. In this context, the interesting paper
of Schuerch et al.(1l2) deserves attention. Their work clearly
reveals the effect of cation solvation upon the mode of monomer's
approach to the growing centers.

The all cis polymerization of isoprene when carried out in
hydrocarbon solvents with Li counter ions provides the most
spectacular case of stereospecificity. It was reported by Stavely
and his colleagues(13) in 1956, and their discovery greatly

In Anionic Polymerization; McGrath, J.;
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1. SZwARC Living and Dormant Polymers 5

increased the interest in anionic polymerization. The profound
difference in stereospecificity of poly-isoprenyl lithium when
compared with the salts involving other alkali cations, and the
effect of solvation, fostered interest in the structure of poly-
dienyl salts. The living character of these polymerizations
allows one to use the NMR as a tool for such studies, and indeed,
significant results were reported by various workers. The con-
tributions of Dr. Worsfold, of Dr. Halasa and his colleagues, and
of Dr. Bywater cover some of these problems.

The understanding of the mechanism of propagation of polymers
involving lithium cations and proceeding in hydrocarbons stems
from the pioneering studies of Worsfold and Bywater(l4). Not only
was the living character of these polymerizations unambiguously
established, but the kinetics of propagation of lithium poly-
styrene in benzene revealed the involvement in this process of
dormant, inactive dimeric polystyrenes which are in equilibrium
with a minute fraction of growing monomeric lithium polystyrenes.
This conclusion was deduced from the observed square-root depen-
dence of the propagation rate on the concentration of the poly-
mers, i.e.,

1/2

the rate of propagation = k_(K /2) [Li—polyS]llz[S]

p " diss
where k_ is the propagation constant of the monomeric polymers

and Kdiss is the dissociation contant of the dimers. Since this
: . : -5,
relation applies even at polymer concentrations as low as 10 "M,

Dr. Bywater pointed out in his talks that KdiSS has to be of the
6

order of 10 M or less.

The above mechanism served as a prototype accounting for
other similar polymerizations. However, the kinetics of propa-
gation of lithium polydienes revealed a dependence on the polymer
concentration lower than 1/2, apparently 1/4 or less order. This
prompted the assumption that the lithium polydienyls form higher
aggregates than dimers.

A useful quasi-quantitative technique allowing determination
of the degree of association of such polymers was reported by
Professor Morton(l5). The viscosity of concentrated solutions
of high molecular weight polymers is proportional to a power of
their weight average molecular weight, Mw’ viz.,

a

no= Mo

where o, although not precisely known, is within the range of 3.3
- 3.5 [see thorough review by Porter and Johnson(l6)]. On
"killing" the aggregated polymers, say by adding a drop of metha-
nol, the aggregates are converted into monomeric dead polymers,
and the viscosity of the solution drastically decreases. Thus,
the ratio of viscosities before and after methanol addition is
given by N®*, where N denotes the degree of association of the

living polymers.
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6 ANIONIC POLYMERIZATION

In spite of some uncertainty in the precise value of a, this
method gives N with reasonable accuracy. For example, if the
ratio of viscosities is 10, then N = 2.01, for o = 3.3, and
N =1.93 for o = 3.5.

Using this approach, Professor Morton and his associates
confirmed the dimeric nature of lithium polystryl in benzene, in
agreement with the deduction of Worsfold and Bywater, but they
claimed a dimeric nature also for lithium polydienyls in hydro-
carbon media. The latter claim conflicted with the kinetic
evidence (about 1/4 order) which, after initial denials(17),
eventually was confirmed by the Akron group(l8).

Controversy arose because the viscosity studies of other
workers(l9) led to different conclusions. The extension of these
investigations, involving light-scatter studies, again led to
conflicting results when performed in one laboratory or the other.
Moreover, Dr. Fetters and Professor Morton were unable to account
for the 1/4 order of propagation of the presumably dimeric poly-
dienyls. Strangely enough, they stated(20) that "plausible
mechanisms" accounting for the dimeric nature of the aggregates
and 1/4 order of propagation were presented, without specifying
a single one but quoting 12 irrelevant references in support of
their claim.

Let me suggest a way by which the kinetic and viscosity re-
sults could be reconciled, although I have reservations about the
validity of the mechanism I am proposing. Let us assume that the
polymers with lithium cations are dimeric in hydrocarbon solvents.
Their dissociation into free lithium cations is unlikely in hydro-
carbon media, although I would not exclude the feasibility of
forming the macro-anions. Hence, I reject the dissociation

(Li+, poly-dienyl_)2 Zz 2Li+ + 2poly-dienyl”
However, an alternative mode of dissociation of the dimers is
possible, namely

(Li+, poly-dienyl-)2 z (2Li+, poly-dienyl”)

+ (poly-dienyl™), K,

This equilibrium in conjunction with the equilibria

(Li+, poly—dienyl-)2 e 2(Li+, poly-dienyl™), K
and + _ _
(Li', poly-dienyl ) + (poly-dienyl ) 7

Li+, @oly-dienyl_)z, K3

leads to the following rate expression, provided that the free
(poly-dienyl™) ijons are the only species contributing to the
propagation. Thus,

Rate of propagation = kp[(poly-dienyl—)][M], i.e.,

In Anionic Polymerization; McGrath, J.;
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1. szwarc Living and Dormant Polymers 7

Rate of propagation/[M] =

1/2 E

/2., .+ _-
kaz (@i, p),]

where Li+,P_ is short for Li+, polydienyl. For
Kll/Z-K3[(Li+, poly—dienyl)z]l/2
propagation rate proportional to the square-root of the living
polymers concentration; however, for
11/2-K3[(Li+,p01y-dieny1')2]
the rate becomes proportional to 1/4 power of living polymers

concentration. Since K3 is large while K1 is very small, both

extremes could be encountered.

The above-mentioned controversy led me to a critical review
of papers co-authored by Dr. Fetters(2l). The results were per-
turbing, and reluctantly I had to conclude that at least two
examples illustrating the gravity of the problem should be
discussed.

The first example of questionable results published by
Morton and Fetters(22) is provided by their interesting attempt
to verify the dimeric nature of lithium salts of living polymers
in hydrocarbon media. Since these aggregates rapidly dissociate
into their unassociated forms which in turn,undergo rapid re-
association, mixing of two types of homo-aggregates should lead
to the formation of mixed aggregates. Thus, the addition of a
lithium salt of a living oligomer, (oligomer, Li)z, to a lithium

12,4 4 K, K3[(Li+,P_)2]%)

<< 1, this expression yields

1/2

>> 1

salt of a living high-molecular weight polymer, (hmw, L1) » should
convert some of the latter aggregates into mixed ones, 1 e.,

(hmw,Li, oligomer,Li)
In the viscosity study the mixed dimers behave as if they were the
unassociated high-molecular weight polymers, i.e.,

(hmw,Li)

Hence, the viscosity of the solution of high-molecular weight
polymers substantially decreases on addition of the oligomer salt
and the viscometrically determined average degree of association,
N, should allow a reliable determination of the equilibrium
constant, K, of the athermal mixing process.

Accepting the dimeric nature of the aggregates, one concludes
that the mixing is represented by the following expression:

(hmw,Li)2 + (oligomer,Li)2 < 2(hmw,Li, oligomer,Li)
K = [(hmw,Li, oligomer,Li)]z/[(hmw,Li)z][oligomer,Li)Z]
The lack of accounting for the symmetry factor of 2 in the

treatment of the heterodimers led the authors to a wrong deriva-
tion of K =1, instead of the correct value of 4. Although the

In Anionic Polymerization; McGrath, J.;
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8 ANIONIC POLYMERIZATION

viscometric technique should reliably give K % 4, the reported
results were 0.85, 0.90, 1.1. for lithium polyisoprenyl in
hexane, and again, 0.97 and 1.1 for lithium polystyryl in benzene.

The agreement of these results with the erroneous expecta-
tion of the authors is perturbing.

The viscometric approach was adopted by Fetters and Morton
(17) for the determination of the dissociation constants and heat
of dissociation of the presumably dimeric lithium poly-isoprenyl
in hexane. The viscometer flow times were measured for the

living polymers and terminated ones, thus providing the El and 52

values. The 3.40 root of t./t,, denoted by N, was calculated
from the experiments performed”at 30°, 40° and 50°C, and its
derivation from the anticipated value of 2.00 was taken as the
fraction of dissociation. The data listed in Table V of Ref.
(17a) are partially reproduced here in Table I. For the sake of
brevity, only the first and last experiments of each series are
included in that table.

Accepting the reasoning of the authors, one finds the
dissociation constant K to be

K =2 Co(2.OOO-N)2/(N—1)
where Co denotes the total concentration of living polymers. As

the factor 2.000-N is extremely small, K is enormously affected
by any minute errors in N.
Two objections are raised to the validity of this approach:

(1) 1t is technically unlikely to prepare and handle
high-molecular weight living polymers without inactivating at
least 2-37%. Hence, the small deviations of N from the expected
value of 2.00 (e.g., 1-3%Z) are meaningless.

(2) The results are extremely sensitive to the numeri-
cal value of the exponent a. Even a minute deviation of a from
the claimed value of 3.4 dramatically affects the calculated
equilibrium constants. To demonstrate this fact, the K's were
calculated on the basis of a's slightly different from 3.40,
namely 3.37 and 3.42, both values reported by Morton and Fetters.
The results are given in Table I and are graphically shown in
Figure 1. The circles represent the K's claimed by the authors —
their precision is remarkable. Inspection of Figure 1 shows that
the uncertainties of the data are comparable to the range of log
K's investigated in that study. Hence, the claimed value of
AH = 37.4 * 0.8 kcal/mole has no foundation. In fact, AH ~
50 kcal/mole is obtained for a = 3.42 while AH ~ 25 kcal/mole is
deduced for a = 3.37.

Apart from the objections raised above, the value AH of 37.4
kcal/mole is unacceptable for two reasons. 6

(1) 1In conjunction with Kdiss = 10 'M that AH leads

to an impossibly large AS of +90 eu. For such a dissociation AS
may be at the most = 20 eu, and this leads to AH of 14-15 kcal/
mole.
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(2) Since the activation energy of dissociation must
be at least as large as AH, the value of Ediss of 37.4 kcal/mole

would lead to the rate constant of dissociation of 10—11 sec_l,

even for the largest plausible pre-exponential factor of 1015

sec ~. In such a case, hardly any dimer would dissociate in a

time of an experiment. For Ediss of 14-15 kcal/mole a reasonable

diss of about 100 sec.-1 is obtained. These two examples, as well
as the other discussed elsewhere (21), cast serious doubts on the
reliability of the other claims of Dr. Fetters, including those
reported at this meeting.* It is interesting to quote in this
context his recent statement printed on p. 740 of the Polymer
Preprints, ACS Meeting, Spring 1979, in Honolulu, Hawaii:

"Parenthetically, we wish to note that the initial associa-
tion state results obtained from viscometric technique were
declared some time ago to be invalid as a result of undefined
technical difficulties. Suffice it to mention that the author of
this erroneous assessment (reference to my book CARBANIONS,
LIVING POLYMERS, AND ELECTRON TRANSFER PROCESSES, Interscience
Publishers, 1968, persumably pp. 499 and 500) has himself recently
used this Technique; albeit without acknowledging the original or
later association work, the development of the capping technique
which he has exploited, nor his faulty commentary.”

The underlining is mine.

Let me pass now to some problems of co-polymerization of
lithium salts of living polymers. With Dr. Zdenek Laita we
studied the rate of cross-over reaction converting lithium poly-
styryl into 1,1-diphenyl ethylene, D, end-groups in benzene(23).
The stoichiometry of the reaction is

amansT,LiT + D > wmanspT,Lit

S8 denoting the styryl unit. Since lithium poly-styryl in ben-
zene is dimeric and the reaction is presumably carried out by the
minute fraction of monomeric poly-styryl, we expected 1/2 order
of the conversion, provided the excess of D is large. However,
the conversion obeyed a first order law, i.e.,

d In(vwws™,LiT)/dt = k,[D]; [D] = [D]_ = const.

Moreover, the pseudo-first order rate constant, ki’ was found to

*In the paper submitted to this meeting, Fetters claims_that the
viscosity could not be measured if its value exceeds 103 poise.
There is no inherent limit for viscosity measurements, even in
conventional types of viscometers, provided that the tubes are
sufficiently wide. His remark about the effect of 2.47% dilution
is again erroneous. Such an effect is clearly shown by the data
nof Table III of Ref. (26).
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12 ANIONIC POLYMERIZATION

be inversely proportional to the square-root of the initial con-
centration of WNVMS',L1+, The peculiar features were accounted
for by the following mechanism.

The polymers are present in the form of homo- and mixed
dimers, (vww§—, Lit ) (vwv SD-,Lit ) and (vww§™, Lit, v SD-,

.+ . .
Li ). These are in equllibrium with minute concentrations of the
monomeric polymers, vis.,

(NNVVS_,Li+) = u and (NVVVSD',Li+) = v, with v/u = f

2

Hence, -+ -+
(vww§ ,Li )2 = (l/Z)Klu , (vww§SDh ,Li )2 = (1/2)K2v

2

and
(v s”,LiT, v 507, L1

Klzuv

The rate of conversion is given by kaDu, D= [CH2=CPh2] = const.

Denoting the initial concentration of lithium polystyryl by C
and by g the fraction of lithium polystyryl present in any form
at time t, one finds

= 42 2 -
C, = u (K + 2K ,f + K £, g = (K + K, E)/ (K + 2K, f

o 1 12 12
+ K fz) and hence dlng/dt = (k D/C l/2)(1( + 2K, . f
2 8 a o 1 12
2.1/2 _ 1/2 .
+ K £7) /(K1 + Klzf)' For Kl2 = (Kle) this

expression is reduced to dln.g/dt = kaD/Klllzcoll2
being in agreement with the experimental findings of pseudo-first
order conversion and the pseudo-first order rate constant being

inversely proportional to the square-root of the initial concen-

-1/2

o .

the plot of ln.g versus time becomes

tration of lithium polystyryl, i.e., C
1/2
For kl2 # (Kle)

curved, but its initial slope would still be inversely propor-
tional to [lithium polystyryl]ollz.

The interesting feature of this kind of reaction is their
memory. The observed rate at a chosen concentration of
polystyryl depends on its initial concentration. This is evident
from inspection of Fig. 2; the effect arises from the influence
of products of the reaction on its rate. This is a general phe-
nomenon. In the system discussed here, the formation of the
mixed dimer decreases the concentration of the reactive monomeric
lithium polystyryl and thus retards the reaction.

Mixed dimerization also affects the kinetics of anionic co-
polymerizatlon of styrene and para-methyl styrene, a system
studied by 0' Driscoll(24). The reaction was performed in benzene
with lithium counter-ions and the plots of ln.[styrene] or
1n(para-methyl styrene] vs. time were both linear. Their slopes,

denoted by Xl and XZ’ were, however, different from each other.
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14 ANIONIC POLYMERIZATION

This is seen in Fig. 3. These results were accounted for by
Yamagishi and myself(25) in the terms of the previous treatment.
Denoting again by u and v the concentration of the monomeric
living polymers terminated by styryl or para-methyl styryl unit,
respectively, and by Co the concentration of all the polymers, we
find

2 2
Klu + 2K12uv + K2v = Co
kllu + kZlV = Al and k12u + k22v = AZ’
with Al and AZ being constant and the other symbols having their

usual meaning. Since u and v are variables, but not related to
each other through the equation,

vistyrene] = k. ul[para-methyl styrene]

k21 12

the first three equations have to be identical. This leads to
the conditions

_ 1/2
Kjp = KKy)
and
=k ' =
ki1/kyp = Kplkyy deen, myr, =11
Moreover
_ 1/2 _ 1/2
Al = cho and Az = Y2Co

with Yl and Y2 as two different constants, independent of the

concentrations or composition of the monomers and the concentra-
tion of the initiator, i.e., independent of C_ . Let it be
stressed again that all these conclusions are mathematical
consequences of the empirical findings revealed in Fig. 3, and the
assumptions of the existence of {nert homo~ and mixed dimers in
equilibrium with the active growing monomeric polymers.

In conclusion I thank the National Science Foundation for
the years of continuous support of our work.
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Current Status of Anionic Polymerization

MAURICE MORTON
Institute of Polymer Science, The University of Akron, Akron, OH 44325

Because of the strong interest in homogeneous anionic
polymerization, especially during the past 20 years, there have
been substantial advances, both in the understanding of the
mechanisms involved as well as in the utilization of these
systems for the synthesis of new materials. This overview will
attempt to highlight the more important advances in both of the
above areas, although admittedly with somewhat of a bias toward
those particular endeavors pursued in our own laboratories.

Kinetics and Mechanism of Polymerization

Homogeneous anionic polymerization involving organoalkali
initiators has been carried out in two classes of solvents, i.e.,
polar (ethers, amines), or non-polar (hydrocarbon) media. In the
case of the polar solvents, it has been possible to use a wide
range of organoalkali compounds, since they are soluble in these
media; but this is not the case for hydrocarbon solvents which
are mainly suitable for organolithium initiators. In all such
studies, these anionic systems have a distinct advantage over
other systems, since it is possible, under proper conditions, to
avoid any chain termination reactions, so that the concentration
of growing chains can correspond to the concentration of the
initiator. Hence the kinetics of the polymerization reaction can
thus represent the kinetics of the propagation reaction.

Evidence for the absence of termination or transfer reactions
in the organolithium-initiated polymerization of styrene and iso-
prene is shown in Table I for representative examples of these
polymers. It can be seen that these polymers exhibit the
expected low My/My values, except in the case of the isoprene
polymerized in the H,furan, where a slow side reaction seems to
occur between the solvent, on the one hand, and both the initi-
ator (Mp vs Mg) and the growing chains (My vs Mp),on the other
hand.

1. Kinetics in Polar Media. These polymerizations, initi-
ated by organoalkali compounds mainly in ether sclvents, have

0097-6156,81/0166-0017$06.00/0
© 1981 American Chemical Society
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18 ANIONIC POLYMERIZATION

TABLE I

Molecular Weight of Alkyllithium-Initiated Polymersd,2

Monomer Solvent Temp. Molecular Weights (x1073)
(°c)
b
Ms® My My© My/Mp

Styrene Benzene 0 142 136 144 1.06

" " 0] 320 324 355 1.10

" Hy-furan -80 280 295 310 1.05
Isoprene n-Hexane 29 53.8 53.2 61.2d -

" " 29 190 - 216 1.14

" H,-furan 0 130 172 2174 -

8Stoichiometric mol. wt. bOsmotic cLight scattering
de values3

been intensively investigated, and there is now general agreement
that ionic dissociation actually occurs, especially in the case of
the more electropositive metals, i.e., sodium through cesium.

Thus the growing anionic chain can assume at least two identities:
the free anion and the anion-cation ion pair (several types of
solvated ion-pairs can also be considered). Furthermore, the
kinetiecs of these propagation reactions, which generally show a
fractional dependency on chain-end concentration ranging from one-
half to unity, can best be explained by assuming that the monomer
can react with both the free anion and the ion-pair (4, 5, 6), but
at different rates. Thus, for example, in the polymeTrization of
styrene by organosodium, the rate of polymerization (Rp) can be
expressed as

1/2

1 1 +
R/ 51 [RSyNel 2 = Kpke % + Ky [RSMal (1)
where S represents styrene monomer
[RSyNa] represents the total concentration of growing chains
of both types, i.e., the concentration of initiator
used.
= rate constant for propagation by free ilons

rate constant for propagation by ion pairs

oY + 5
n

Ke = lonization constant.

Equation (1) yields directly, from experimental data, the

+
value of the ion pair rate constant, k—, while the free anion rate
constant, kg , can be calculated if Ke is known. The latter has
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2. MORTON Current Status of Anionic Polymerization 19

actually been determined experimentally (4, 5, 6). Hence, in the
above system, it has been found (4, 5, 6) that k- is several
orders greater than ki (ca. 10% vs. 102°M-1S-1) and that K¢ is of
the order of 10~7, wheén Hyfuran is the solvent. The fact that
much experimental data obey the kinetics of Equation (1) lends
credence to the proposed mechanism.

2. Kinetics in Non-Polar Media. Polymerization of vinyl
monomers in non-polar solvents, i.e., hydrocarbon media, has been
almost entirely restricted to the organolithium systems (7),
since the latter yield homogeneous solutions. In addition, there
has been a particularly strong interest in the polymerization of
the 1,3-dienes, e.g., isoprene and butadiene, because these
systems lead to high 1,4 chain structures, which yield rubbery
polymers. In the case of isoprene, especially, it is possible
to actually obtain a polymer with more than 90% of the cis-1,4
chain structure (7, 8, 9), closely resembling the microstructure
of the natural rubber molecule.

Early studies (1) of the kinetics of polymerization of
styrene, isoprene and butadiene in hydrocarbon solvents indicated
a half-order rate dependency on growing chain concentration,
although there were conflicting data at that time (10, 11) which
suggested even lower fractional orders for the dienes. ~Since the
apparent half-order dependency could not be rationalized, as in
the case of the polar media, by an ionic dissociation mechanism,
some other form of association-dissociation phenomenon offered a
possible answer. In view of the known tendency of organolithium
compounds to undergo molecular association in non-polar media,
the following scheme was proposed by us (}):

(RM;Li), i:‘:z RM;Li (2)
RM;Li + M -E3 RMjaiLi (3)

Furthermore, the proposed dimeric association of the polymer
lithium species was actually confirmed (1) by viscosity measure-
ments on the polymerized sclutions, using the well-known rela-
tion (12) which applies to melts or concentrated solutions

n = K3+ (4)

where n 1is the viscosity, M is the molecular weight, and K is a
constant which includes the concentration of the polymer.
Because of the large exponent in Equation (4), this method was
found to be a sensitive measure of the state of association of
the polymer 1ithium chain ends, and this was found to be very
close to 2 for all three systems studied, i.e., polystyrene,
polyisoprene and polybutadiene.

Typical values of N, the "association number", or weight-
average number of chains associated at their ends, are shown in
Table II. The values of N were obtained from the relation
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20 ANIONIC POLYMERIZATION

N = (ta/tt) ;’3°l+

where tg = flow time of "active" (non-terminated) chains.
tg " " " terminated chains.

The somewhat higher values of N exhibited by the polybuta-
dienyl lithium were ascribed to the occurrence of some cross-
linking during the polymerization of this monomer, and this was
confirmed by use of a special "capping" technique, as shown later.

TABLE II
Association in Organolithium Polymer Solutions (l, g)
(250C)
Monomer Solvent RLi Flow Time (sec.) N
(x103)
Active Terminated
Styrene Benzene 1.23 825 81.1 1.98
Isoprene n-Hexane 2.08 836 81.1 1.99
" Hy-furan 1.95 3150 3130 1.00
Butadiene n-Hexane 4.97 1770 112 2.89
" n-Hexane 0.25 1030 75.5 2.16
" Hy-furan 1.90 2580 2570 1.00

Unfortunately, we found later (7, 13) that the scheme pro-
posed in Equations (2) and (3) was not valid for isoprene and
butadiene, since their kinetic order was considerably below one-
half, ranging from one-sixth to one-fourth, depending on the
solvent used. Rate plots for isoprene in 3 different solvents,
butadiene in n-hexane and butadiene in benzene, are shown in
Figures 1 to 4, respectively. There can be no doubt about the
low kinetic order exhibited by these reactions, much less than
the one-half order originally claimed. It is regrettable
that attempts were subsequently made by others to relate these
low fractional orders for isoprene (14) and butadiene (15) to
assumed higher states of association than 2, in order to make
these kinetics fit the mechanism proposed in Equations (2)
and (3). There was even some work (16) which purported
to prove the existence of such higher states of association
for these dienes. However, all such claims were shown to
be invalid by overwhelming experimental evidence (7, 17)
which definitely confirmed that not only polystyrene,
but polyisoprene and polybutadiene were associated in
pairs at their organolithium chain ends, in hydrocarbon media,
at lithium concentrations commonly used to prepare high polymers.
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Figure 1. Dependence of rate (R,) on organolithium concentration: isoprene in

benzene ([]); cyclohexane (O); n-hexane (N ); 30°C; (M), = 2.0 (7).
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Figure 2. Dependence of R, on organolithium concentration. Butadiene in n-
hexane at 30°C; [M], = 2.0.
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Figure 4. Dependence of R, on organolithium concentration. Butadiene in ben-
zene at 30°C; [M], = 2.0.
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In view of the evidence described above, and elaborated
below, there is no reason to-day to relate the reaction order in
the organolithium polymerization of the dienes to the state of
association, as exemplified by the scheme described by Equations
(2) and (3). This appears also to be true in the case of styrene,
as Indicated by some recent results (18) which also appear else-
where in this publication. In other words, there seems to be no
basis for assuming that organolithium polymerizations in non-
polar media proceed by this type of mechanism, i.e., where only
the unassociated species is active. In fact, it had been
proposed (19) sometime ago that it would be more reasonable to
assign such activity to the associated complex, and that the low
fractional kinetic orders have no direct connection with the
association-dissociation equilibrium.

3. Molecular Association in Organolithium Polymerization.
The data in Table II confirm the presence of an association
between the organolithium chain ends of polystyrene, polylsoprene
and polybutadiene in non-polar media (such association is
apparently destroyed in the presence of solvating solvents, such
as Hy-furan). Furthermore, the above polymer chains seem to be
assoclated as dimers, although slightly higher association
numbers appear to be observed for nolybutadiene. Since it was
suspected that some crosslinking was occurring in the case of
the polybutadiene, a special "capping" technique was devised to
overcome this difficulty. Solutions of polystyryl lithium were
prepared and their flow times determined. These chains were then
"capped" with a few units of butadiene or isoprene, and this
could be done very efficiently in view of the fast "crossover"
reaction between butadiene or isoprene and the polystyrene lithium
chain ends (20). Hence the association behavior of the new
chain ends should be the same as that of polybutadienyl 1lithium,
without the risk of a crosslinking reaction interfering. Some
typical data (21) are shown in Table III.

It is apparent from these data that all of the polymers,
including butadiene, exhibit an association as dimers, and that
there is nc reason to expect any higher states of association
for polylsoprene or polybutadiene. This is confirmed not only by
the viscosity data on the active vs. terminated "capped" polymers,
but also by the fact that there was no significant increase in
viscosity when the polystyryl 1lithium was "capped" by butadiene
or isoprene, i.e., all three types of chain ends are associated
in the same way, as dimers.

The change in flow time that should occur when a dimeric
association of chain ends might change to a higher state, e.g.,
tetrameric, was well illustrated by data based on linking poly-
isoprenyl lithium by means of silicon chloride linking agents (17)
ranging from dimethyldichlorosilane to tetrachlorosilane (silicon
tetrachloride). Such data are shown in Table IV. It is obvious
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at once that the tri- and tetrachlorosilanes cause a sharp
increase in the flow times of the active polymers, presumably by
linking the chain ends together into tri- and tetra-branched
species. The actual extent of linking is, of course, shown by a
comparison of the My values of the primary end linked polymer
chains. These values also demonstrate the well-known fact (17)
that the silicon tetrachloride camnot efficiently link polyiso-
prenyl 1lithium into a "tetra-star" but does so in the case of
polybutadienyl lithium.

The fact that the difunctional dimethyldichlorosilane had no
effect on the flow time of the polyisoprenyl lithium offers per-
haps the most convincing evidence that these chain ends must have
been assoclated in pairs prior to the linking reaction. The
corresponding M, values provide the necessary confirmation that
the linking reaction has actually taken place. It should also be
noted that flow times of the terminated linked polymers can also
be used to detect the presence of some unlinked, but associated,
chains.

One additional item of experimental evidence for the dimeric
association of polyisoprenyl lithium was provided by a light
scattering study (21), in n-hexane at 25°C., where it was found
that the molecular weight of the terminated polymer was very
close to cne-half that of the active polymer. All of these data
seem to leave no doubt that the active chain ends in the organo-~
lithium polymerization of styrene, isoprene and butadiene, in
non-polar solvents, are associated as pairs, at least at chain-
end concentrations of 102 M or less. This conclusion has also
been supported by data obtained in four other laboratories (555
23, 24, 25), based on three different experimental techniques,
viz. cryoscopy (22), viscosity (23, 24), and low angle laser
light scattering (25). -

It must be concluded, therefore, that the kinetic scheme
proposed in Equations (2) and (3) camnot be valid for these
systems. Although the seeming correspondence between the half-
order kinetics and the dimeric association in the case of styrene
might validate the above kinetic scheme, even this hypothesis
has been recently contradicted (18). Thus Fetters and Young
(18) showed that even though the organclithium polymerization of
styrene in aromatic ethers, such as anisole and diphenyl ether,
had previously been found to obey half-order kinetics, these
solvents did have a marked effect in disrupting the dimeric
association of the chain ends. Hence it is doubtful that
Equations (2) and (3) can be applied even in the case of styrene.

Another complication introduced by the associative properties
of organolithium solutions in non-polar solvents is the fact that
the alkyllithium initiators are themselves associated and can be
expected to "cross associate" with the active polymer chain ends.
Thus some of our studies (26) on the effect of added ethyl
lithium on the viscosity of polyisoprenyl lithium solutions in
n-hexane support the following association equilibrium
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(CoHsLi)s + (PLL), &8 2(PLi-3C2HsLi) (3)

where PLi represents a polyisoprenyl lithium, and the equilibrium
highly favors the cross-complex (Ke ~6). Hence it is obvious
that such a cross-complexation would affect the kinetics of the
initiation reaction, rendering any such studies of dubious value.

4. Stereospecificity in Diene Polymerization

A. Chain Microstructure. In addition to their non-
terminating character, the homogeneous anionic polymerizations
discussed herein have one additional feature, viz., control of
chain structure of dienes. Although this does not seem to apply
to the tacticity of these polymers, it does apparently affect
the geometrical isomerism of the polydiene units. The most
striking example of such an effect is, of course, the synthesis
of a high cis-1,4 polyisoprene by lithium catalysis (8). It has
already been shown by many investigators (27, 28, 29,730) that
both the nature of the alkali metal counter—-ion and the type of
solvent affect the chain unit structure of the polydienes, the
more electropositive metals and/or the more soclvating (polar)
solvents favoring the side-vinyl chain unit structures (1,2 or
3,4). The effect of such solvents in increasing the ionic
character of the carbon-metal bond has also been correlated with
the ability of the dienes, e.g., isoprene, to copolymerize with
styrene (31), as illustrated in Table V. These data are
consistent with the previously discussed hypothesis that, in polar

TABLE V (31)

Effect of Alkali Metal Intiators and Solvents on
Copolymerization of Styrene with Isoprene at 25°C

Initiator Solvent Wt. % Styrene® % 1,4
n-CyHqli or Li H,-furan 80 30
Na H,-furan 80 32
Na Dimethyl ether 75 36
Li Diethyl ether 68 51
Na Hydrocarbons 66 45
Li Triethylamine €0 52
n-C,Hqli Diphenyl ether 30 82
1i or n-C4HgLi Hydrocarbons 16 95

aComposition of initial copolymer at equimolar charge ratio.

solvents, such as ethers, the propagating chain ends are ion pairs
in equilibrium with free anions.

In the case of the much-studied organolithium polymerization
of butadiene and isoprene, the effect of ethers and other polar
solvents is to change the chain structure from one containing
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>90% 1,4 to one having predominantly 1,2 (or 3,4) units. As
expected for these homogeneous systems, the placement of the
chain units is random (32). However, even in the case of non-
polar media, the chain unit structure may be affected by such
factors as the concentration of the lithium. A recent investiga-
tion (33), using high resolution proton magnetic resonance, has
shown That the cis-trans ratio in both polyisoprene and polybuta-
diene is affected both by the concentration of lithium and by the
bresence of different hydrocarbon solvents, the highest cis con-
tent being obtained at the lowest lithium concentration and in the
absence of any solvents. Typical results for polyisoprene are
shown in Fiéﬁ?é 5. It was also noted that the proportion of side
vinyl units in both polyisoprene and polybutadiene was not
noticably affected by these variables.

B. Structure Studies of the Propagating Chain End in
Organolithium Polymerization of Dienes. The remarkable effects
of solvents on the chain microstructure of the lithium-
polymerized conjugated dienes made it of great interest to study
the structure of the propagating chain ends in these systems.
This has been done, mainly by proton magnetlc resonance spectro-
scopy (22, 34, 35) on butadiene (22, 35), isoprene (34, 35, 36),
2,3-dimethylbutadiene (35, 36), several pentadienes (37, _38) and
2,4-hexadiene (37, 38).” Typical spectra for polybutadienyl
lithium are shown in Figure 6. As can be seen, the "transparent”
perdeuterobutadiene was used to build chains of about 20 units.
This was done in order to avoid anyeffects of initiator on the
first few chain units (25) The effect of the polar medium
( tetrahydrofuran) on the Y hydrogen of the chain-end unit is to
move the peak upfield, from 4.7 ppm to 3.3 ppm, and to indicate a
more delocalized carbon-lithium bond. This, of course, ties in
well with the high side-vinyl content of the polymers made in
such media,

On the basis of such spectra obtained in polar and non-polar
media, a mechanism was proposed (35) in which the carbon-
lithium bond participated in an equilibrium between a localized
and delocalized structure, the former being responsible for the
high 1,4 chain structure while the latter, highly favored in polar
media, accounted for the high side vinyl chain structure. A
schematic of this hypothesis is shown in Figure 7. It should be
noted that o-bonding is restricted to the o carbon in non-polar
media, but is proposed for both the o and the Y carbon in polar
media. This means that the o-m bond equilibrium illustrated in
Figure 7 should lead to a cis-trans equilibrium in the 1,4
propagating chain-end units only in polar media. This was
actually observed (35), together with the absence of any such
isomerization in non—polar media (38), although there is some
controversy (34) on this point. In fact, a cis-trans isomeriza-
tion of the 4,1 propagating chain-end units of polyisoprenyl
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Figure 6. 100-MHz H-1 NMR spectrum of polybutadienyllithium
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lithium has been advanced (39, 40) as a kinetic mechanism to
account for the effect of 1ithium concentration on the cis-trans
ratio of the chain microstructure formed in non-polar media.

An interesting phenomenon concerning the carbon-1ithium bond
of polydienyl 1lithium was observed in the case of 2,4-
hexadiene (37, 38). Figure 8 shows the H! magnetic resonance
spectra of an oligomer of 2,4-hexadiene initiated by s-butyl
lithium (the term "pseudoterminated” refers to the process of
adding butadiene-dg in order to remove the lithium atom from
the chain end without introducing the complexities possibly
caused by addition of a polar terminating agent, e.g., water,
methanol, ete.). It can be clearly seen that the Y-hydrogens
resonate prineipally at 3.3 ppm, which corresponds to their usual
chemical shift in polar solvents, as observed in the case of the
other polydienes. Hence it appears that the carbon-lithium bond
in this case is largely delocalized even in a non-polar medium.
This is alsc confirmed by the fact that these solutions are
strongly colored (red) and show only partial chain-end association
by viscosity measurements (ca. 60% dissociated)(37). The explana-
tion probably lies in the fact that the lithium In this case is
bonded to a secondary carbanion, which can be considered as much
less stable than a primary carbanion, so that a delocalization of
the bonding electrons occurs as a stabilizing mechanism.

Advances in Anionic Polymer Synthesis

Among the main accomplishments in the use of these non-
terminating anionic polymerizations have been the synthesis of
the following polymer structures:

a) Block copolymers

b) Star-branched polymers

¢) a,w-Difunctional chains for network formation

Some of our work in these areas is described below.

Block Copolymers

The most striking technological development based on anionic
block copolymers was probably the discovery (41) of "thermo-
plastic elastomers”, based on the ABA triblock copolymers, where
A is a polystyrene block and B refers to a polybutadiene (or
polyisoprene) block. The result is a well-defined and uniform
two-phase morphclogy, consisting of very small (~20 nm) poly-
styrene domains, which are aggregates of the polystyrene end
blocks and are therefore chemically bonded and regularly dis-
persed within the elastic polybutadiene matrix. A transmission
electron microphotograph of a thin film of a styrene-isoprene-
styrene triblock copolymer is shown in Figure 9. Such a "network"
therefore is permanently thermoplastic, yet has the properties of
an elastic network at room temperature and lower. In these
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Figure 7. Proposed mechanism for butadiene polymerization.
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Figure 8. 60-MHz H-1 NMR spectrum of poly-24-hexadienyllithium in dg-
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systems, the end-blocks typically have a molecular weight of
about 15,000, while the center elastic block has a molecular
weight of about 70,000.

Work in our laboratories over the past decade (42, 43) on
the above triblock copolymers, as well as on other chemical
variations, has thrown a great deal of light on their structure-
property relations. These studies have demonstrated the role of
such factors as block incompatibility, block size distribution,
glass transition temperature of the end blocks, and interfacial
energy of the two phases. Thus, for example, a greater incom-
patibility between the two phases leads to a better phase separa-
tion and hence to less softening of the glassy domains, by
solubilization of the elastic matrix, resulting in higher fracture
strength. On the other hand, too great a difference in solu-
bility parameters of the two phases leads to a higher viscosity
and concomitant processing difficulties. On top of all this, one
must take into account the interfacial adhesion between the
matrix and the glassy domains, which also exerts a controlling
influence on the mechanical failure of these materials. This
has been strikingly demonstrated in the case of triblock copoly-
mers based on polysiloxanes (43).

Among the variations in chemical structure of these triblock
copolymers developed in our laboratories were the use of
poly( a-methyl styrene )(43, 44) as end blocks, and poly(alkylene
sulfides) (43, 45) and polydimethylsiloxanes (43, 46) as center
blocks. The reactions of cyclic sulfides with organolithium is
illustrated in Figure 10. Both the propylene sulfide and the
methyl thietane can be used for the center block with styrene or
a-methylstyrene end blocks, but the chemistry shown in Figure 10

indicates that the propylene sulfide leads to formation of a
lithium thiolate, which is incapable of initiating a vinyl
polymerization. Hence this system requires a chemical linkage
of a styrene-(propylene sulfide) diblock into a triblock. With
the 4-membered cyclic sulfides, however, it is possible to carry
out a sequential polymerization of the three blocks, since the
opening of the cyclic sulfide in this case leads to a carbanion,
capable of initiating the polymerization of vinyl monomers.

The formation of triblocks based on polydimethylsiloxane (46)
is illustrated in Figure 11. It should be noted that the poly-a~
methylstyrene blocks were '"capped" with butadiene in order to
circumvent the relatively slower initiation of the hexamethyl-
cyclotrisiloxane by the poly-a-methylstyrene lithium. The high
degree of incompatibility of these two types of blocks led to the
desired phase separation, as shown by the transmission electron
microphotograph in Figure 12. However, these polymers also
exhibited a very high viscosity for this reason (47). In addi-
tion, they showed a rather low tensile strength, presumably due
to the poor adhesion between the glassy domains and the poly-
siloxane matrix (43).
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Figure 9. TEM of a styrene—isoprene styrene triblock copolymer
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Figure 10. Organolithium polymerization of cyclic sulfides.
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Figure 12. TEM of an a-methylstyrene—dimethylsiloxane—a-methylstyrene triblock
copolymer (46).

CHj
§—CI+H9L1 + CH2=!:—-CH=CH2 —_— s > §—CqH9 [CadeLj_ (I)
C13SiCH,CH,SiC 3 + 6CH,=CHMgBr
3 2bhp 3 2 —l
6MgBrCl + (CH,=CH)3SiCH,CH,Si(CH=CH,); (II)
IT + 6SiHCly —> (C14SiCH,CH, )3SiCH,CH,S1i(CH,CH,81Cl4)y (IIT)
I+ III —>

(§—CqH9[C3H8]X)g(SiCHchz)3SiCHzCHZSi(CH2CHZSi)3([CsHB]Xg—Cqu)g

Figure 13. Synthesis of an 18-arm, star-branched polyisoprene (49).
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Figure 14. Synthesis of uniform polyisoprene networks.
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Star-Branched Polymers

In recent years a variety of star-branched polystyrenes,
polyisoprenes and styrene-isoprene block copolymers have been
prepared by Fetters and coworkers (48). The synthetic route
involved organolithium polymerization followed by linking of the
lithium chain ends, either by a polyfunctional reagent such as a
chlorosilane or by divinyl benzene. In this way it was found
possible to prepare star-branched polymers of precise structure,
with up to 15 or more monodisperse branches, and to examine their
properties. A typical scheme is shown in Figure 13 for the
synthesis of an 18-arm star polyisoprene. The efficiency of the
linking reaction is demonstrated by the narrow, single peak of
the distribution curve in the gel permeation chromatogram (49).
Such precise polymers have helped to elucidate the solution
behavior, chain dimensions, and rheology of branched polymers.

Uniform Polyisoprene Networks

It has long been considered highly desirable to be able to
construct an elastic network having a relatively uniform size of
network chains. This is because of the random manner in which
crosslinks are introduced during the conventional process of
rubber vulcanization, and because there is no theoretical rela-
tion which can predict the effect of a distribution of network
chain size on the mechanical properties of the network. One way
to achieve such a network would be through the anionic polymeri-
zation of a suitable monomer, e.g., isoprene, by a difunctional
initiator, which could lead to a relatively monodisperse a,w-
difunctional polyisoprene suitable for linking into a uniform
network by a polyfunctional linking agent.

Such a network has recently been accomplished (50, éi), using
the scheme shown in Figure 14. Since the polyisoprene diols
showed a high degree of monodispersity in chain length as well as
difunctionality, and since sol-gel studies showed a high extent
of reaction with the tri-isocyanate, it could be assumed that the
resulting networks were of a high degree of uniformity. Measure-
ments of their mechanical properties indicated that these uniform
elastic networks exhibited both a more ideal elastic behavior as
well as a higher strength than comparable random networks.

ABSTRACT

The current status of homogeneous anionic polymerization by
alkali metal derivatives is reviewed along two lines:

a) Mechanism and kinetics. b) Synthesis of unique polymers.

In the case of the mechanism, a distinction is made between
polymerization in polar and non-polar media. In the former type
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of solvents (ethers, amines, etc.) it has been proposed that the
propagating chain end consists of an ion pair in equilibrium with
the free ionic species, both types of chain end being capable of
chain propagation, although the free carbanion is the more
reactive, by several orders of magnitude. In the case of non-
polar solvents (mainly hydrocarbons), the polymerizations are
largely restricted to the soluble organolithium systems, and
there is no evidence of the ion solvation necessary for ionic
dissociation. Instead, there is convineing evidence that the
propagating chain ends, in such cases as styrene, isoprene and
butadiene, are associated in pairs, as might be expected for such
polar species in non-polar media. There is no clear-cut evidence
whether the active chains are the associated or dissociated
species, or both, since there is no simple relation between the
state of association and the kinetic order, which can vary from
one-half to one-sixth, depending on the monomer and solvent used.
A brief review is presented of the unique synthetic capa-
bilities inherent in these homogeneous anionic systems, including
the following macromolecular structures: 1) block copolymers,
2) star-branched polymers, 3) a,w-difunctional polymers linked
into networks by polyfunctional linking agents.
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Synthesis of Controlled Polymer Structures

RALPH MILKOVICH
ARCO Polymers, Inc., Newtown Square, PA 19073

The development of anionic chemistry over the past 30 years
has led to the emergence of new processes and products of indus-
trial importance, the most significant being a family of thermo-
plastic elastomers. These unique elastomers are presently commer-
cialized by Shell Chemical Company as Kratons and by Phillips
Chemical Company as Solprenes. Their uniqueness is the result of
deliberate design of the polymeric structure and composition.

The evolution of anionically synthesized block polymers
started with an exciting academic discovery and culminated as an
industrial economic reality. The recognition of the significance
of the electron transfer reaction from sodium to naphthalene in
an ether solution, as shown in Figure 1, led to utilization of the
electron transfer to a polymerizable monomer. Figure 2 shows a
key step toward the realization that quantitative polymerization
reactions could be carried out leading to the synthesis of pure
block polymers of controlled structure (1, 2). The design and
synthesis of two-phase block polymers utilizing the "living"
polymer concept, will be discussed.

A more recent development, MACROMER®, a new tool that expands
our capability for synthesizing controlled polymer structures,
will also be discussed.

Anionic Two-Phase Block Polymers

Styrene-butadiene elastomers were developed because of this
country's need to have an independent reliable source of rubber
during World War II. This rubber was developed as a random co-
polymer containing about 25% styrene, and is still prepared by
emulsion technology. Today it is also being prepared by solution
anionic chemistry. The random copolymer has no useful properties
until it is compounded and vulcanized as in the production of
automobile tires, for example. If the basic ingredients of this
copolymer (the styrene and butadiene monomeric units) are segre-
gated into segments of homopolymers, several interesting struc-
tures can be realized, i.e.:

0097-6156/81/0166-0041$05.00/0
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abbabaabbbabaaabb
RANDOM COPOLYMER

aaaaaaaabbbbbbbbb
BLOCK COPOLYMER

This A-B block polymer can be synthesized anionically. The
"A" or polystyrene segment in this case is prepared by the reac-
tion of styrene monomer with butyllithium in an appropriate sol-
vent. The ratio of styrene to initiator used will result in a
polystyrene segment of predetermined molecular weight and a very
narrow molecular weight distribution. Once all the styrene
monomer is quantitatively consumed, a styryl anion will be present
at the end of the polymer chain if great care is taken to avoid
the presence of any other species reactive to anions. Now the "B"
monomer units, or the butadiene, are added to the "living" poly-
styrene solution and the polymer chains continue to grow in size
as the polydiene polymer segment is formed. Again, the ratio of
monomer added to active species present will control the size of
the diene polymer segment. Also, once the monomer is consumed, a
"living" polymer species is retained - this time it is a dienyl
anion. This anion can be further reacted with a large variety of
chemicals as shown in Figure 3.

In this example styrene-isoprene is being used instead of
styrene~-butadiene. The first reaction is a direct termination of
the styrene-isoprene terminal group with a protonating reagent to
form a diblock (3). In the second reaction this diblock can be
functionalized by reacting it with a variety of materials. Simple
functional groups such as carboxyl or hydroxyl groups can be
introduced. This anion can also be used as the basis for obtain-
ing typical vinyl-type activity. Macromonomers of this type are
trademarked MACROMER® by CPC International 4, 5).

Another reaction that can be carried out is a linking reac-
tion. It is a terminating reaction where one uses a di- or tri-
halide and forms a tri- or tetra-block polymer (3).

The most obvious reaction is simply to add more styrene and
convert the isoprene anion to a styryl anion and grow it to a
desired size and form the styrene-isoprene-styrene triblock of
which we are more familiar in all the theoretical work that has
been reported (6, 7). The last example employs a bifunctional
monomer, divinylbenzene, to form miniblocks of divinylbenzene as
it reacts with a number of diblocks into what is called a star-
block configuration (8). The active anionic sites are now on the
divinylbenzene. These materials are then terminated by proton-
ating agents to obtain the final product. The number of arms or
diblocks that united into a starblock of this type is controlled
by the relative amounts of the diblock to the divinylbenzene.

In Anionic Polymerization; McGrath, J.;
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8- 3+ CHa— CHa

CHZ_ CH2

Figure 1. Formation of sodium naphthalene complex.

2[$CH—CH,]" Na* ——Na* THCHz CHaCH™ Na'—=POLYMERIZATION

¢ ¢

Figure 2. Initiation of polymerization of styrene by electron transfer.

s-19L® H* $-1-H DIBLOCK

s-1OL® R $-1-R MACROMER ®
s1OLu® _x2x _ 575 TRIBLOCK
s-1OL® S $-1-S TRIBLOCK
s-10L® _ove (s-I), (DVB), STAR BLOCK

R = POLYMERIZABLE FUNCTIONAL GROUP
XZX = DIBROMOPROPANE

Figure 3. Chemical modification of styrene—diene living block polymer.
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Professor Fetters at the University of Akron has indicated
that starblocks having over 15 arms can be synthesized. He has
reported studies contrasting differences in properties of the
starblock configuration over other types of polymer configura-
tions (9).

The course and some effects of these various synthetic steps
in the synthesis of block polymers have been investigated via GPC
analysis. The very small hump on the left in Figure &4 represents
the polystyrene residue or block segment. It is there because the
added diene may have contained impurities that terminated a small
amount of the polystyrene. It forms a good detecting area to
indicate the possible size of that segment. The next hump on the
shoulder is the diblock and the larger peak is the triblock or
linked material. 1If the triblock were prepared by addition of
styrene monomer into an "A-B" block rather than a linking reac-
tion, the hump would not be as readily detected because of the
small change in molecular weight. The result would be the smooth,
symmetrical curve that we are more accustomed to seeing in the
literature. However, the presence of this diblock peak could be
desirable and very beneficial. Some triblocks are difficult to
thermally process. Perhaps the presence of some of the diblock
material will be a benefit in aiding the processing of the mate-
rial depending on its composition, molecular weight, and intended
application.

The GPC analysis in Figure 5 shows the result of a synthesis
of a starblock polymer. In this case the various steps and com-
ponents of a starblock synthesis are seen more clearly. The first
peak on the left is the polystyrene peak (some of it was termina-
ted when the isoprene was added to it) and the remainder grew to
a peak the size of the second one, the diblock. The presence of
the diblock is again due to impurities when the divinylbenzene was
added, or the technique used was not highly refined. The final
peak shows that it is substantially higher in molecular weight
than the diblock, and that it is certainly more than double its
molecular weight. It has been estimated to have about 10 or 12
arms and is an example of how one can utilize chemistry to de-
velop different configurations of block polymers.

The compositional and two-phase morphological relationships
of "A-B" blocks, the "A-B-A" and starblocks have been studied
intensively. It has been demonstrated that there is a substantial
difference between random copolymers and block polymers, and this
difference is based solely on the architectural arrangement of the
monomeric units. One of the most important differences is that
one Tg is observed in the random copolymer, which is related to
the overall composition of the polymer. The block polymer has
been shown to have two Tg's - one for polystyrene and one for the
polydiene segment, and that these Tg's are not affected by the
composition of the block copolymer. Since we can now synthesize
large quantities of these pure block polymers, more detailed
physical studies can be carried out. The two Tg's observed in
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DIFFERENTIAL REFRACTIVE INDEX

POLYSTYRENE STYRENE/ STYRENE/
ISOPRENE (SOPRENE

DIBLOCK LINKED
POLYMER

ELUTION VOLUME

Figure 4. GPC of block polymer formed by dihalide coupling reaction.
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DIFFERENTIAL REFRACTIVE INDEX

ll[A/\I

POLYSTYRENE STYRENE / STYRENE /iSOPRENE
ISOPRENE STAR POLYMER
DIBLOCK

ELUTION VOLUME

Figure 5. GPC of a starblock: Shell Dutch Patent 646,835, Table I1I, Example B;
Shell Canadian Patent 716,645, Table 111, Example B.
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block polymers indicate the presence of two distinct incompatible
entities. We know that when polystyrene and a polydiene are
blended together, two Tg's are observed. However, the mixture is
also opaque because the polymers are thermodynamically incompat-
ible. The block polymers, on the other hand, are optically clear,
indicating that if two distinct polymers are present as one mole-
cule, then one polymer segment must be dispersed very efficiently
in the other to the extent that it does not scatter light. After
much discussion with my collaborator, Dr. Geoffrey Holden, we
decided that the morphological concept as represented in Figure 6
explains the physical phenomena observed. The polystyrene seg-
ments are aggregates as spheres tied together by the elastic poly-
diene segments. Dr. Dale Meier, when he first saw some of the
data generated on the block polymers at the Shell Rubber Division
Laboratories in Torrence, California, was able to calculate on
what one would say the back of an envelope the number of domains,
the sizes of the domains, and the number of chains per domain. It
has been proven over the years that we were correct in our assump-
tions for the composition studied at that time. We now know that
the composition of block polymers can grossly alter their morphol-
ogy.

Although the "A-B" or styrene-diene diblocks have certain
advantages over random copolymers, it is after the second plastic
phase is added to form at least an "A-B-A" or a star-type block
polymer that the physical characteristics of block polymers as
thermoplastic elastomers are realized as is indicated in Figure 7.
The polystyrene molecular weights are all about 26,000 and the
polyisoprene molecular weights are about 94,000. These examples
were selected from patents (3, 7, 8) to provide some continuity in
showing these physical effects. Although the diblock has essen-
tially no tensile strength (about 100 psi), the triblock config-
uration (formed by adding styrene to a "1living" diblock then ter-
minating it) gives a polymer structure showing a dramatic increase
in tensile strength to about 3000 psi. The triblock prepared by
a coupling reaction using dibromopropane in this case shows a
lover tensile strength which is probably due to the presence of
diblock material. On the other hand, the starblock shows the
highest tensile strength. This could be due to the fact that
there are a multitude of thermal crosslinks for the same polymer
molecule because of the number of blocks linked, whereas the tri-
block has only one polystyrene segment at each end of the mole-
cule.

For these physical effects to occur in the most efficient
manner, several criteria must be satisfied:

e The polymer segments, first of all, must be thermo-

dynamically incompatible.

e The polymer segments must be linked together chem-

ically.

e The Tg's of the two polymer segments must be sub-

stantially different.
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o The molecular weight distribution of the plastic
or high Tg polymer segment must be very narrow
to achieve the maximum phase separation.

¢ The molecular weight of the plastic dispersed
phase must be above a critical molecular weight.

e To obtain high strength, more than one high Tg
polymer segment per molecule must be in a dis-
persed phase.

Graft Polymers

MACROMER® (10) is a trademark by CPC International of a new
family of monomers. Because they are synthesized via anionic
chemistry, their molecular weight is controlled by the ratio of
monomer to initiator and they also have very narrow molecular
weight distributions. The typical polymeric portions of MACROMER®
that have been investigated are polystyrene, polydiene, and blocks
of the two (5, 10). Some of the typical MACROMER® functional
groups that were examined are shown in Figure 8. These are shown
to indicate the wide variety of functional groups that are useful
for various polymerization mechanisms (4).

There are some problems associated with the synthesis of
MACROMERS® when the styryl anion is reacted with certain func-
tional monomers such as:

X X
H H
s
Ne—c
Maleic Anhydride i I or
c G
0/+\0/+\0
+
H
H
Vinyl X [ x
Chloroacetate c1 ? % 0 ?——C\H
H O H
4

With maleic anhydride or vinyl chloroacetate the various points of
anionic attack are indicated by the arrows - double bonds,
o-hydrogen, carbonyls, and of course, the halide. It was found
that some of these side reactions could be avoided by simply re-
acting the very basic styryl anion with a chemical which would
result in a lower base strength anion. This weaker anion will not
react with the carbonyl and a-hydrogens and other possible sites
of the functionalizing reaction and limit itself to simple halide
reactions. This was done by using ethylene or propylene oxide as
shown in Figure 9 for the synthesis of a polystyrene MACROMER®
with a methacrylate functional group (8). This intermediate
reaction step now opens up a whole new opportunity and challenge

American Chemical
Society Library
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Figure 6. Conceptual morphological structure of two-phase SIS block polymers.

TENSILE STRENGTH ELONGATION
AT BREAK AT BREAK
(PS1) __(psny
DIBLOCK 95 1300
TRIBLOCK (S) 3000 1100
TRIBLOCK (XZX) 2100 1300
STAR BLOCK 3800 1100

POLYSTYRENE MOLECULAR WEIGHT ~ 26,000 g/MOLE
POLYISOPRENE MOLECULAR WEIGHT~ 94,000 g/ MOLE

Figure 7. Physical properties of styrene—~isoprene block polymers.

o
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Figure 8. Typical MACROMER functional groups.
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to the polymer scientist. It offers the means to prepare func-
tionalized polymers that can be used in a variety of polymeriza-
tion mechanisms, i.e. free-radical, ionic, condensation, or
coordination systems to prepare controlled polymer structures,
rather than being limited in the case of the styrene and dienes
to anionic chemistry.

Since this work was directed toward potential commercializa-
tion, it utilized the various modes of copolymerization or poly-
merization systems - solution, suspension, and latex.

Some of the primary comonomers that were investigated in the
MACROMER® studies were the acrylates, vinyl chloride, styrenes,
ethylene, ethylene/propylene, acrylonitrile, and N,N-dimethyl-
acrylamide.

A concept has been presented for preparing a large macro-
monomer - the molecular weight can be 10,000 or 20-30,000 grams/
mole — with a single unsaturated group at the end of the polymer
chain. How can it be proved that a molecule this big, if indeed
it has functionality, will react and how will it react with typi-
cal commercially available low molecular weight monomeric species?

The best test for functionality would be in a copolymeriza-
tion study. A polystyrene with a methacrylate terminal functional
group was prepared. A review of relative reactivity ratios indi-
cated that vinyl chloride reacts very rapidly with methacrylates.
Therefore, a copolymerization of the polystyrene terminated with
a methacrylate functional group in vinyl chloride would be a good
test case, and one should observe the disappearance of the
MACROMER® if the reaction is followed by using GPC analysis.

The GPC traces that were taken during the course of a co-
polymerization reaction of vinyl chloride and an 11,000 MW poly-
styrene methacrylate-terminated macromonomer are shown in Figure
10. The very sharp peak on the left is the MACROMER® and the
curves on the right are the growing copolymer peaks. One sees
that by the time 55% of the vinyl chloride conversion is completed
that the MACROMER® is virtually completely copolymerized and that
its peak has almost disappeared. This at least indicates the
existence of a functional MACROMER®.

A second test was done by using butyl acrylate as the co-
monomer as shown in Figure 11. The reactivity ratios in this case
are such that the methacrylate functionality would react slower
with acrylates than with vinyl chloride. As predicted the butyl
acrylate is at 62% conversion before the MACROMER® peak is sig-
nificantly diminished. These data add validity to the hypothesis
that the placement of side chains in the backbone is dependent on
the terminal group of the macromonomer and the relative reactivity
of its comonomer.

An additional observation concerning MACROMER® is that it
will not homopolymerize, and thus did not have to be stabilized.

It was demonstrated that MACROMER® will copolymerize with
conventional monomers in a predictable manner as determined by the
relative reactivity ratios. The copolymer equation:
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Figure 9. MACROMER synthesis.
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Figure 10. GPC of S1IMA MACROMER/VCI product: 4.6% VCI conversion
(—); 9.8% VCl conversion (- — —); 55.4% VCI conversion (— - —).
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dM, - [Ml] riM; /Ma+1

dM, M,

M)
LY R
M2 T2

can be reduced to the approximation

dM; " My
dM, roM,

when M1 is very low in molar concentration. Thus MACROMER® M1)
copolymerization with other monomers (M;) can be described by r
values and the monomer feed compositions to give the equation

_ dM,/M, _ Percent Conversion M,
2 " dM,/M;  Percent Conversion M,

In a monofunctional MACROMER® having a 15,000 molecular
weight, the functionality can be about one-half of a weight per
cent of the total monomer itself. Therefore, considering a co-
polymer charge on a weight basis of 50/50 wt %, the feed will only
contain about 3 x 10~% moles of MACROMER®. This is unique in
itself; the opportunity to carry out copolymerization studies
where one monomer is of such a low relative concentration to the
other. This presents an opportunity to study areas of copolymer-
ization that may have been questioned in the past, i.e.: "Will
a functional group attached to a very large polymer chain react
with the same predictability as a typical low molecular weight
monomer?" and "Are conventional relative reactivity ratios still
valid when one of the monomers is in a very low molar concentra-
tion?"

Some experimental data that were obtained through a series of
polymerization studies with a methacrylate-terminated MACROMER
with vinyl chloride are shown in Figure 12. The Alfrey-Goldfinger
equation was used to calculate the copolymer composition for com-—
parison to the actual copolymer composition as estimated from GPC
analysis. A reasonably close agreement was achieved of the actual
and the theoretical copolymer compositions, which indicates that
the r values are in the region of r; = 10 and r; = 0.1.

Thus far, this phase of this research area has shown:

e That very large macromonomers having a selected

functional group can be quantitatively synthesized.

e That these macromonomers do indeed copolymerize

with conventional monomers.

e That the reactivity of the MACROMER® is predictable.

A polystyrene with a functionality such as a methacrylate
group copolymerized with a mixture of ethyl and butyl acrylate
should yield a graft structure meeting the criteria of a thermo-
plastic elastomer as shown in Figure 13. The data in this figure
show that as the MACROMER® content is increased, the tensile
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REFRACTIVE INDEX DIFFERENCE
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Figure 11. GPC of SIIMA MACROMER/BA product: 36.2% BA conversion
(—); 62.3% BA conversion (~ —-).

My CONVERSION COPOLYMER COMP. M,
FEED M2 M, ACTUAL (a) THEORY (b)
(%) (%) (%) (%) (%)
23.7 12.2 85.9 68.7 75.6
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Figure 12. MACROMER [M,}/vinyl chloride [M,] copolymerization.
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strength is increased. A yield strength is observed at 30%
MACROMER® content and increases with increasing MACROMER® content.
Of particular interest is the fact that at 30 or 40% MACROMER®
contents, tensile strengths of 1700 and 2200 psi at a reasonable
elongation percentage are obtained. These are equivalent to ten-
sile strengths obtained for typical vulcanized acrylic rubbers.
These rubbers were prepared via a suspension polymerization pro-
cess. We have achieved this thermoplastic effect here by using
the phase separation of a polystyrene MACROMER® and the acrylic
rubber moieties. Again, it should be stressed that these materi-
als are completely optically transparent, being clear and color-
less. Figure 14 shows the typical stress-strain behavior and
yield points of the acrylic based thermoplastic elastomer that one
observes in the styrene-diene-styrene triblock polymers. The use
of MACROMER® has enabled the synthesis of new, interesting mate-
rials that can be carried out on a large scale using suspension
polymerization technology. In this case a controlled graft struc-
ture is synthesized having parallel physical effects to block
polymer structures.

a—-a-a-—-a-a—-a—a—a—a-—a-—a

cooo
cooo

The side chains are of a predetermined size and composition via
anionic chemistry and based on the reactivity placed at the ter-
minus of the MACROMER® and the comonomer with which it will be
reacted. The number of side chains per backbone and a distance
apart can be reasonably estimated. This distance between side
chains must be sufficient that the backbone can manifest its Tg.
Considering the earlier comments of molar concentration of the
MACROMER® in a typical copolymerization recipe, there will not be
many MACROMERS® per backbone on a statistical basis.

Since these materials are incompatible and are chemically
linked, one would expect to have a domain type structure as con-
ceptualized in Figure 15. Physical blends of these polymers were
prepared and again, as in the case of the styrene-dienes, were
opaque and cheesy. The copolymer graft structures were optically
clear and tough, indicating that one of the phases is efficiently
dispersed in the matrix of the other and that the dispersed phase
is below the wavelength of light. The same physical phenomenon
associated with block polymers is shown to occur in a graft
polymer.

The use of MACROMER® technology is another synthetic tool
that the polymer scientist has in being able to prepare a wide
variety of new types of polymer structures which could be of some
potential commercial interest, such as:
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MACROMER WT % YIELD STR (PSI) TS (PSI) ELONG (%)
25 1300 730
30 270 1700 550
40 1200 2200 400
45 1800 2500 350
50 2700 3000 240

SI6MA I:l EA:BA

Figure 13. MACROMER/ acrylic copolymers.
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F{gure 14.  Stress—strain curves for 1:1 ethyl acrylate:butyl acrylate copolymers
with S16MA MACROMER at 30%, 40%, and 50% MACROMER contents.
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MACROMER

Figure 15. Morphological structure of controlled graft polymers.
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® Low Tg dispersed phase in high Tg matrix
(impact plastics),
e High Tg dispersed phase in low Tg matrix
(thermoplastic elastomers),
e High Tg dispersed phase in crystalline
polymer matrix,
e Low Tg dispersed phase in crystalline
polymer matrix,
e High Tg dispersed phase in high Tg matrix,
® Hydrophilic-hydrophobic, and
e Controlled branch homopolymer.
The high Tg dispersed phase in a high Tg matrix is quite inter-
esting and would be appealing to rheologists. Copolymers with
vinyl chloride or acrylonitrile were found to have enhanced
ability to be pressed into thin sheets. In fact, the acrylo-
nitrile styrene MACROMER® copolymer was successfully processed
through an Instron capillary rheometer. The hydrophilic-
hydrophobic material was developed by reacting the polystyrene
MACROMER® with N,N-dimethylacrylamide which developed into a very
interesting hydrogel (11). The final example is perhaps of more
of a theoretical interest. Thus, it is now possible with this
technique to prepare controlled branched homopolymers and compare
their solution, physical, and melt properties to straight linear
homopolymers.

Conclusion

The development of anionic chemistry has placed a number of
powerful tools in the hands of the polymer chemist. Polymer
molecules of predetermined molecular weight, molecular weight
distribution, composition, and configuration can now be synthe-
sized nearing the purity of simple organic molecules. Controlled
polymeric structures have been realized that are highly desirable
as models to advance theoretical studies and indeed have vast
economic values to industry as profitable consumer items.
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The need for well defined polymer species of low polydis-
persity and of known structure arises from the increasing inter—
est in structure-properties relationship in dilute solution as
well as in the bulk. A great variety of methods have been
attempted, to synthesize so-called model macromolecules or tailor
made polymers—over the past 20 years. The techniques based on
anionic polymerization, when carried out in aprotic solvents,
have proved best suited for such synthesis, because of the ab-
sence of spontaneous transfer and termination reactions that
characterize such systems. The "living"” polymers obtained are
fitted at chain end with carbanionic sitesl, which can either
initiate further polymerization, or react with various electro-
philic compounds, intentionally added to achieve functionaliza-
tions. Another advantage of anionic polymerizations is that di-
functional initiators are available, yielding linear polymers
fitted at both chain ends with carbanionic sites. In this paper
we shall review the various utility of anionic polymerization to
the synthesis of tailor made well defined macromolecules of vari-
ous types.

I -~ HOMOPOLYMERS
I -General

When a suitable monomer is polymerized by utilizing an ef-
ficient anionic initiator where the rate constant of initiation
is higher than the rate constant of propagation, a linear polymer
exhibitin§ a sharp Poisson—type molecular weight distribution is
obtained.l»2 Furthermore, the number average molecular weight of
the polymer is determined by the molar ratio of monomer—to-
initiator used. The range of molecular weights easily accessible
by anionic polymerization techniques extends from 1000 to 500,000
approximately. For very low molecular weights the initiation re-
action can no more be considered instantaneous and broadening of
the molecular weight distribution results. For very high molecu-
lar weights the amount of initiator involved is very small, and a
precise control of the molecular weight of the polymer becomes
difficult. This is true even when drastic measures are taken to
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60 ANIONIC POLYMERIZATION

avoild all kinds of "killing"” impurities in the reactor as well as
in the monomer and solvent used.

Some anionically polymerizable monomers are listed below,
roughly in the order of increasing electroaffinity, i.e. in the
order of increasing tendency to polymerize anionically.

Table 1
Anionically Polymerizable Monomers Listed in the Order of
Increasing Electroaffinity

Dimethylaminostyrene
Methoxystyrenes

Methylstyrenes (p, o, m, and a-methyl)
Vinylmesitylene

Styrene

p—chlorostyrene

Vinylnapthalenes

Isoprene (piperylene . . .)
Butadiene

Vinylpyridines (2 or 4)
Alkylmethacrylate (alkyl = C; to Cjg
Acrylonitrile

Oxiranes

Lactones

Cyanoacrylates

Thiiranes

The choice of the initiator best suited for a given polymer-
ization is of great importance. Fast initiation requires that
the nucleophilicity of the initiator be high enough for the mono-
mer to be polymerized. However too high a nucleophilicity some-
times increases the probability of side reactions. For example,
cumylpotassium is well suited to initiate the polymerization of
styrene; if the same initiator is used for methylmethacrylate
polymerization, a side reaction on the ester carbonyl is likely
to occur. Diphenylmethylpotassium, a much weaker nucleophile, is
still an efficient initiator for methylmethacrylate, without side
reaction, but it is unable to initiate rapidly and quantitatively
the polymerization of styrene.

Monomers devoid of polar groups generally undergo anionic
polymerization in a predictable manner. With polar monomers
sometimes side reactions occur during the process; transfer re-
actions in the case of acrylonitrile, or propylene oxide, and
even more so with alkylacrylates; deactivations (or "killing")
reactions in the case of halogen substituted styrene or dienes.

Anionic "living” polymerization can be carried out in polar
as well as in non~polar solvents, provided they are aprotic, and
contain no strongly electrophilic functions., The rate of chain
growth is much faster in polar than in non—-polar solvents.
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However, for the purpose of synthesis, they are almost equiva-
lent. Only for diene polymerizations, when high 1,4 unit con-
tents are usually desired, it is of importance to choose non-
polar solvents (and Li as a counter ion) as the polymerization
media.

2 - Functional Polymers

The terminal carbanionic sites of "living" polymers can
be reacted with various electrophilic compounds of yield (a)-
functional polymers. Esters, nitriles, acid chlorides, anhy-
drides, lactones, epoxides, benzyl or allyl halogenides have been
used for their high reactivity with metal organic sites, to yield
appropriate functions.2 Carbon dioxide is also an efficient re-
agent to yleld terminal carboxylic functions.

More sophisticated functions, such as acyllactam 4,5
vinyl silane 2, 1isocyanate i, phosphonic ester-z, etc. have been
attached at the end of polymer chains, in nearly quantitative
yields. Also polymers fitted with dyes or fluorescent groups at
chain ends have been synthesized.§

In all these functionalization processes attention must
be paid to avoid side reactions in order to attain high yields.
The reagents chosen should not contain any acidic hydrogen, nor
any group that could lead to a competing reaction.

Special interest has been devoted to the reaction of
oxygen on carbanionic sites.? It has been established that trip-
let oxygen acts as an electron acceptor, and that the reaction
may yield either terminal hydroperoxy or alcohol functions.
Depending on the reaction conditions, the latter group which
originates from a disproportionation process between a hydro-
peroxidate and a carbanion may be observed. By choosing proper
conditions one can get polymers terminated quantitatively with
hydroperoxide groups. The latter can be used in a later step as
a radical initiator to prepare new block copolymers.

Functional polymers have been of increasing interest in
recent years. The derived end groups can be used for spectro-
metric (UV or NMR) determinations of the molecular weight M,, or
for excimer investigations. Telechelic oligomers or polymers are
accessible via "1living” anionic polymerizations LQ, and they can
undergo chain extension reactions by means of difunctional rea-
gents, as will be seen below. Functional polymers can also be
used as starting points for block copolymer synthesis or for
model-network preparations. It also should be mentioned that
chemical functions are responsible for some new desirable polymer
modifications (e.g. flame retardant polymers).l

3- Cyclic (Ring Shaped) Macromolecules

The synthesis of well defined, ring shaped macromole-
cules has been independently achieved reacently in three differ—
ent laboratories.ll=13 A 1inear "1iving"” dicarbanionic precursor
polymer 1is reacted with a stoichiometric amount of an efficient
electrophilic coupling agent, such as dibromo-p-xylene or di-
methyldichlorosilane. The reaction has to be carried out at
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very high dilution in order to favor the intramolecular reaction
with respect to the intermolecular one. The cyclic macromole-
cules formed are mixed with a high molecular weight, linear
"polycondensate”, but careful fractional precipitation allows a
close to quantitative separation of the ring shaped macromole-
cules. The yields of cyclization depend upon the concentration
used, the molecular weight of the precursor, and the nature of
the solvent used. They generally range from 15 to 45%, for mol-
ecular weights of the order of 5000 to 50,000, and concentrations
chosen far below 1% by weight. This 1s, to our knowledge, the
first time that ring shaped macromolecules were not obtained that
were a result of a ring-chain equilibrium.lﬁ The anionic cycli-
zation 1is an irreversible reaction and it yields cyclic macro-
molecules exhibiting a molecular weight chosen at will, and a
narrow molecular weight distribution.l1-13

4 - Segmented Polymers

The reaction described above can also be carried out at
higher concentration whereby the probability of intramolecular
reaction (cyclization) vanishes. So called chain extension pro-
cesses result from the stoichiometric reaction of a "living” bi-
functional precursors with an efficient bifunctional electro~
philic deactivator. This polycondensation reaction induces a
very large increase of the molecular weight, but is also results
in an enhanced polydispersity.lé“lﬁ Fractionation is necessary
if well defined substances are required. However the average
distance between successive hinges along the chain fluctuates
only very little.

Functional hinges have been used recently, in order to
provide for ionizable sites at constant distances along the
chain.l? Low charge density polyelectrolyte chains were obtained
according to this method. Also graft copolymers with regular
placement of grafts have been synthesized using a similar
pathway, as will be seen below.l®

5 - Branched Polymers

Special interest has been devoted in recent years to
comb shaped polymers. This architecture consists of a backbone
carrying p randomly distributed grafts of known length.
Moreover, star shaped polymers, which have p branches of known
length connected by one of their ends to a central nodule are
also of interest. The size of the nodule should be kept small
with respect to the whole star molecule. The methods developed
to synthesize these tailor made polymers have been reviewed
recently.l_al_

The synthesis of comb polymers derives from that of
graft copolymers which is described below.20,21

For the synthesis of star shaped macromolecules, two
approached are possible:

- One can react a monofunctional "living" precursor polymer
stoichiometrically with a multi-functional deactivator,
whereby the number of branches p should be given by the
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functionality of the deactivator.22 Star molecules with
up to 12 branches were obtained by this method. 23,24
similarly star molecules with 4 branches linked to a
central lead atom were made by reacting the precursor
with tetra(diphenylethylene) lead.22 The star polymer
obtained using these methods are well defined, provided
the efficiency of the antagonist functions is
satisfactory.

Pb(CgHg-C-CgHs )4
CHjp

= Star—shaped macromolecules have also been synthesized by
using the monofunctional "living"” precursor as an initi-
ator for the polymerization of a small amount of a di-
vinyl monomer. A small crosslinked nodule is formed,
which is connected with the p chains that have contri-
buted to its initiation.2® It turns out that fluctua—
tions on the value of p within a sample remain rather
small, and consequently the star polymers obtained by
this method can also be considered as tailor—-made poly-
mers. Recently star molecules with deuterium labeled
central nodule have been synthesized according to the
same method. 2/

The synthesis of extremely high molecular weight star
polymers has been achieved by another method.28 First divinyl-
benzene is reacted at very low concentration with an anionic ini-
tiator (sec. BulLi) to yield a suspension of poly~DVB nodules fit-
ted with numerous initiating sites. Then styrene is added, and
each initiating site should give yield to a branch. However, the
polydispersity of the samples obtained is very high.

6 - Model Networks

Model networks are tridimensional crosslinked polymers
whose elastically effective network chains are of known length
and of narrow molecular weight distribution. The techniques used
to synthesize such networks are derived from those developed for
the synthesis of star shaped macromolecules, whereby the initia-
tor used must be bifunctional instead of monofunctional.Z2%,30
The first step involves preparation of a bifunctional "living"
precursor, of known molecular weight and low polydispersity.,
Crosslinking can be achieved either by the addition of stoichio-
metric amounts of a multifunctional electrophilic deactivator, or
by adding small a small amount of a bifunctional monomer (such as
DVB or ethylene glycol dimethacrylate), the polymerization of
which will be initiated by the carbanionic sites of the precur-
sor. In either case, the precursor chains become the elastically
effective chains of the networks. The experimental conditions
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can be chosen as to keep the proportion of defects (pendant
chains, loops. . . ) very low, and to prevent syneresis from oc-
curing upon crosslinking.

The latter method was also used to synthesize model net-
works with labeled branch pointség,gl for structure determination
by means of X-ray scattering or neutron scattering.

Anionic polymerization 1s also well suited for the syn-
thesis of networks exhibiting a known proportion of defects dis-
tributed at random in the network.3Z By using a given proportion
of a monofunctional initiator, together with the bifunctional
one, 1t 1s possible to introduce a known amount of pendent
chains, the average length of which is half that of the elastic
chains. By crosslinking a mixture of two (or more) "living" pre-
cursors of different length, one can introduce at will additional
polydispersity among the elastic chains. This is of great inter-
est for a detalled investigation of the structure properties re-
lationships in model-networks.

IT - BLOCK AND GRAFT COPOLYMERS
I - Block Copolymers

Fast growing interest in block copolymers originates
from the intramolecular phase separation, which 1s responsible
for some unique properties involving many potential applications.
In this fleld again major progress has been accomplished due to
the availability of the "1living” anionic polymerization tech-
niques.

A rather obvious method to synthesize block copolymers
1s to use a "1living" precursor as_the anionic initiator for the
polymerization of second monomer.33,34 However, this method
requires that the initiation reaction be fast, quantitative and
free of side reactions. This means that the nucleophilicity of
the carbanionic sites should be sufficient to attack the second
monomer added; in other words, the monomers have to be added in
the order of increasing electroaffinity.

On the other hand, it sometimes happens that the nucleo-
philicity of the end standing precursor carbanion has to be de-
creased to prevent side reactions. An easy way to achleve that
is an intermediate addition of 1,1-d1pheny1ethy1ene.3§ This pro-
cedure 1s used especially when the second monomer to be added is
a methacrylic ester, to prevent attack of the ester carbonyl.

4

I
CHp=C @
l H cu3

CHp~C® —— ~~cu2-c—cuz—c-cu2-c9

5 66 bor
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If the experimental conditions have been chosen properly
the molecular weight and the composition of the sample can be
chosen at will, and the fluctuations in composition as well as
the polydispersity in molecular weight remain small.

This method applies to a great number of systems some of
which are listed below.

Table II
Some Block Copolymers Obtained by
Anionic Polymerization Techniques

e Two amorphous glassy blocks
= polystyrene - polydimethylaminostyrene
- polystyrene - polyvinylpyridine (2 or 4)
- polystyrene - polymethylmethacrylate
- poly-2-vinylpyridine - poly-4vinylpyridine

® One glassy and one elastomeric block (or poly-a—methyl-
styrene)
~ polystyrene (or poly-a-methylstyrene) - polyisoprene
= polystyrene - polybutadiene
- polystyrene —-polybutylmethacrylate
- polystyrene (or polyvinylmesitylene)-
polydimethylsiloxanee
- polystyrene - polypropylene sulfide
- polymethylmethacrylate - polybutylmethacrylate
= polyvinylpyridine - polypropylene sulfide

® One glassy and one crystalline block
- polystyrene — polyethylene oxide
- polystyrene - polycaprolactone ( polypropiolactone )
= polymethylmethacrylate — polycaprolactone

® One crystalline and one elastometric block
- polyisoprene (or polybutadiene) — polyethylene oxide
= polycaprolactone - polydimethylsiloxane

o Two crystalline blocks
= polyethylene oxide - polycaprolactone

The synthesis of triblock copolymers B—A—~B can be
achieved by means of a bifunctional initiator: a bifunctional
a,w—-dicarbanionic poly—A precursor is formed, and is used in a
second step as the initiator for the polymerization of monomer B,
with the same conditions to be observed as above. A number of
efficient bifunctional initiators are commonly used, in polar
solvent media. Recent work, carried out in several
laboratories36-38 , almed at the preparation of efficient bifunc-
tional initiators soluble in non polar solvents. Such systems
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are especially useful when a polydiene (elastomeric) center block
is wanted, as in Kraton-type thermoplastic elastomers.

Another way of synthesizing B-A-B triblock copolymers is
to use a coupling reaction.3% Monocarbanionic poly-B precursor
is used to initiate the polymerization of A, The living two
block copolymer is then reacted stoichiometrically with an ef-
ficient bifunctional coupling agent, such as dibromo-p-xylene or
dimethyldichlorosilane, or even phosgene. This coupling reaction
ylelds the triblock copolymers.

Another way of synthesizing block copolyers it to have
two polymers which possess mutually reacting chain ends. A pic-
turesque example Is the mutual deactivation of "living" cationic
polytetrahydrofuran and of "living" anionic polystyrene.g_

There are however many other examples of reactions
between w~functional polymers, yielding two~block, triblock-or
multiblock copolymers, depending upon the functionality of both
precursors. Functionalization can be achieved anionically, or by
polycondensation, or by using transfer reactions. However, the
anionic techniques are the only method to achieve an adequate
molecular weight control and a low polydispersity.

Chemically unlike polymers are incompatible, and it
sometimes happens that the reaction medium is heterogeneous at
the beginning. However, once some block copolymer is formed it
acts as a "compatibilizer” and the reaction medium gradually be-
comes homogeneous. Many examples of such reactions could be
quoted. A recent one is the hydrosilylation reaction carried out
between a polystyrene fitted at a chain end with vinylsilane
groups, and an a,w~dihydrogenopolydimethylsiloxane. This process
is carried out at high concentration and it yields Bolystyrene-
polydimethylsiloxane-polystyrene block copolymers.é_

H
ol I I

Polystyrene -C-Si-CH=CH; + HSi-OPDMS~0Si-H
I

!
P

catalyst, e.g. HoPtClg

I ! | I

CH-S1-CHp~CHy~51-0{PDMS-0S1~CH)~CHy-S 1~ [PSt yrene
I I | |
P

There are also cases where a functional polymer is
required to initiate the polymerization of a second monomer. An
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obvious example of this procedure is given by the polymerization
of a lactam (pyrrolidone) in the Zresence of a polymer fitted at
a chain end acyllactam functions. »2 lactams as well as Leuchs
anhydrides (oxazolidine diones) polymerize according to a so—
called "activated monomer” process onto a "promotor” function.

In recent years several attempts have been made to pre-
pare polymers possessing chain end functions capable of giving
rise to free radical or to cationic sites.tl This research has
been mostly aimed at extending the possibilities of synthesis of
block copolymers, in which only one of the blocks is obtained
anionically. The synthesis of w-hydroperoxy polymers’ has al-
ready been mentioned. Peroxy-or peranhydride functions have also
been introduced into polymer chains.42 Subsequent radical poly-
merization of a second monomer results in block copolymers.

Reaction of living polystyrene with excess phosgene
yields a polymer chain fitted with functional acyl chloride end
groups. Upon addition of silver hexafluoroantimonate an end-
standing oxocarbenium site is formed, that can be used to initi-
ate the cationic polymerization of THF.43

2 - Graft Copolymers

The synthesis of graft copolymers can be achieved either
by "grafting from” or by "grafting onto” processes.gg The former
method seems more versatile, but it does not allow an adequate
structure control, and it often yields rather polydisperse
samples. On the contrary “grafting onto” methods allow a precise
control of the size and of the number of grafts, but it is only
applicable to a limited number of systems.

"Grafting from” reactions

This method requires fitting a backbone chain with metal
organic sites, capable of initiating the polymerization of
another monomer, to yield the grafts. Metalation of a
polymer—_»ﬁﬁ,ié backbone has been performed by various
procedures: direct metalation, metal halogen interchange, ad-
dition of organometallics substitution reactions involving
lithium-organic compounds activated with TMEDA. Once the back-
bone is metalated it often aggregates and becomes insoluble.
Therefore when a monomer is added to form grafts, the initiation
process is generally slow and it does not occur quantitatively.
This induces large fluctuations on the length of the grafts, and
it prevents any estimation of the number of grafts actually form
ed.

A special case of "grafting from"” reaction is the chemr
ical modification that can be induced on a metalated backbone
chain by micromolecular reagents. A recent example46 of such re-
actions is the oxidation of metalated sites on a polystyrene
chain, yielding vinylphenol units. It has been shown that in
this case metalation (using Buli, TMEDA) is located on the phenyl
rings.
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"Grafting onto"” reactions

This grafting method is based upon the reactivity of the
carbanionic sites of a "living” polymer onto_electrophilic func-
tions distributed along the backbone chain.%! Living polystyrene
or polydienes could thus be grafted onto backbones bearing ester
functions, or anhydride functions, or epoxide groups.ﬁ— Also
benzylhalide functions?1>49 are well suited for such reactions;
they can be obtained bg cationic chloromethylation of polystyrene
under mild conditions.20 Nitrile and pyridine groups were also
shown to react under proper conditions with "living"” polymer
carbanions of high nucleophilicity.§§

Backbone and grafts can be characterized independently,
and the graft copolymers obtained can be quoted therefore as
model macromolecules. It was shown also that grafting occurs at
random47, and that fluctuations in composition are negligible,
the molecular weight distribution of the graft copolymer being
homothetic to that of the backbone chain. Very high molecular
weights can be attained easily by such "grafting onto” reactions,
even though the extent of grafting is limited by steric factors.

Recently this grafting methods has been used to synthe-
size amphiphilic graft copolymers in which hydrophilic grafts are
linked to a hydrophobic backbone. Partly chloromethylated poly-
styrene is used to deactivate either monofunctional "living"
polyethylene oxide2! or monofunctional "living” polyvinylpyri-
dine. 1In the latter case subsequent quaternization yields poly-
electrolyte grafts.éz

As already mentioned, well defined comb~like homopoly-
mers can be made by the same techniqueggagl; here a living poly-
styrene is reacted on a partly chloromethylated polystyrene back-
bone, whereby random distribution of the grafts along the chain
occurs. It was also successfully demonstrated that one can syn—
thesize comb polymers with grafts distributed at regular inter—
vals along the chain.l® Here the backbone is a "segmented” poly-
styrene with electrophilic functions remaining on the hinges, ob~
tained by a chain extension reaction; monofunctional "living"
polystyrene is then reacted with the functions remaining on the
hinges, to produce the grafts. It has been established that the
placement of the grafts (regular or at random) does not influence
significantly the morphology of the comb polymer.

CONCLUSION

Anionic polymerization techniques have contributed to a
very large extent to the development of tailor-made molecules of
various types. The long life time of the active sites is a
factor of decisive importance for such synthesis: it enables
one to choose at will the molecular weights of the polymers to be
made, and it ensures narrow molecular weight distribution of the
samples. It involves the possibility of functionalizations at
one or more chain ends, and of coupling reactions with bifunc-
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tional electrophilic deactivators. It permits subsequent initia-
tion of a second monomer to yield block copolymers. The occur—
ence of difunctional initiators gives rise to further applica-
tions, expeclally for the synthesis of triblock copolymers and of

model networks.
The main limitation of these methods is the rather small

number of monomers that undergo anionic polymerizations without
transfer or termination steps. Nevertheless, research on the
various applications of anionic polymerization as an efficient
tool for the synthesis of tailor made polymers has been pursued
very actively over the past 20 years, and it has yielded a great
number of results of significance which has also opened a broad
field of potential applications.
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Relationship of Anion Pair Structure to
Stereospecificity of Polymerization

S. BYWATER

Division of Chemistry, National Research Council of Canada,
Ottawa, Canada K1A OR9

Spectroscopic measurements can be made on the
active centers 1in anionic polymerization. Oligo-
meric model compounds, for example, of butadiene or
isoprene show the existence of variable proportions
of cis and trans forms at equilibrium dependent on
counter-ion and solvent. The new active center
formed immediately on monomer addition may not,
however, be in its equilibrium configuration. In
this case, the rate of isomerization to the stable
form becomes important in microstructure deter-
mination if it is assumed that the structure is
"frozen—in" at the next monomer addition. Charge
distribution and counter-ion position also change
with reaction conditions, which must have some
influence on the proportion of 1,4 and vinyl units
in the polymer. Particular examples of correl-
ations between ion-pair properties and polymer
microstructure are discussed.

One of the interesting features of anionic polymerization is
the variation in microstructure of the polymers formed under
different conditions. Both vinyl and diene monomers show these
effects, most markedly with acrylates, butadiene and isoprene and
particularly with lithium as counter-ion. Early models for
stereospecificity are essentially static ones, for example with
the lithium/hydrocarbon/isoprene system, the formation of a Six~
membered intermediate with coordination of the C-Li bond to the
incoming monomer in its cis form (1). The configuration of each
terminal unit would then be determined in the reaction leading to
its formation with no subsequent changes possible. Similarly with
acrylates, complexation of the lithium with carbonyl groups on
incoming monomer and units of the polymer chain is the dominant
feature of mechanisms for isotactic polymer formation Q&).
Probably the first departure from these static models was
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72 ANIONIC POLYMERIZATION

suggested by Bovey et al (3) in acrylate polymerization. They
were able to show using specifically deuterated monomers that
although in hydrocarbon solvents monomer attack did occur so as to
maintain aligned ester-groups in monomer and polymer, with traces
of ethers present, the monomer could approach with ester groups
opposed. This would normally produce a racemic diad. Subsequent
rotation of the terminal group to maximize electrostatic inter-
actions and heace bring back a meso configuration was found to
occur. In isopreme polymerization too, there were indications
that the simple picture was not adequate, for the cis-1,4 conteat
was found to be dependent on reaction conditions, particularly on
the initiator concentration (4), The fact that butadiene under
similar conditions gave a mixed cis/trans polymer also suggested
the mechanism was more complex. Both these observations suggest
that kinetic as well as thermodynamic factors are important in
stereostructure determination.

In order to increase the understanding of these processes, a
valuable tool is the study of configurations and isomerization
rates of low molecular weight models of the polymer chain. The
ability fro study such compounds is one of the major advantages of
studies in anionic polymerization. The active centers are stable
under many conditions and can be studied at leisure by a number of
techniques, particularly NMR and optical spectroscopy. The dienes
provide a good example. Addition of sec. or t-butyllithium to
isoprene or butadiene under controlled conditions yields a model
one unit active chain usually with small amounts of two unit
material (5,6). The latter can be removed if necessary by
converting to the mercury compound which can be distilled to
remove dimer. The mercury compound can subsequently be
reconverted to the lithium (or other alkali metal) derivative by
simple treatment with an alkali metal (7). With the acrylates,
due to extensive attack of lithium alkaé on the ester group, this
approach cannot be used, but models can be made by metallation of
suitable compounds such as methylisobutyrate (8).

N.M.R. studies on diene models show that the preferred
configuration of the lithium compound in hydrocarbons is traans
although some cis structure does exist in equilibrium i.e. the
active center itself does exist in two forms (9,10).

M+
H " _CH,
\N_/ \ o
—C \
R-CH, / \ R—CHZ/ H
(trans)
ot
(cis)

In polar solvents such as THF, generally the cis form is more
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stable for the whole series of alkali metals (11) (the lithium
derivative of butadiene in diethylether is an exception). Lf the
lithium isoprene model is transferred from hydrocarbon solvents to
THF at low temperature, its configuration is frozen in the form
stable in hydrocarbons. On warming however, at -40° a slow
isomerization occurs to the form stable in THF (lg). This gives
an estimate of the isomerization rate under a specific set of
conditions. More important are the rates in hydrocarbon solvents.
These can be determined in a different way. Di-isopreanyl mercury
as prepared by the technique described above is mainly in its cis
form and when reacted with lithium suspension in hydrocarbon
solvents at low temperatures gives cis-isoprenyl lithium which
slowly isomerizes to the equilibrium trams-rich mixture. Rates
can be measured between -20° and 0° (13). Estimates can also be
made of the isomerization rates of a two unit active chain which
turn out to be somewhat differeant, These latter rates are
probably closer to that of high polymer.

The microstructure of polyisoprene prepared by lithium
initiation in hydrocarbons is 95% 1,4 under all conditions. The
trans 1,4 content however falls from about 20% to zero as the
monomer/initiator ratio increases leading finally to a 95% cis 1,4
polymer. This variation caan be explained with the following
scheme.

e ik + M <lis, clis¥*

I

ot P ANGE M —— ~~etrans, cis*

where ~—cis* represents a cis active center, an internal unit
appearing unstarred. The newly formed active center is entirely
in the cis form i.e the reaction is stereospecific. This point
can actually be proved within experimental error. When new
monomer adds, a cis ceanter is converted to a cis chain unit and of
course a trans one to a trams unit. It is unlikely that monomer
addition would change its coafiguration. Now if monomer addition
is slow, the initially formed cis active center may have time to
rearrange to the more thermodynamically stable trans form and in
the limit of very slow polymerization rate, the population
distribution will be the equilibrium one. If however the rate of
monomer addition is fast compared to isomerization the whole
active center population will remain cis and with it the polymer
configuration. On this simple picture the low rate plateau would
give a 66% trans content in the polymer and the high rate limit
zero percent if rates of addition of monomer to the two types of
center are equal. TIn fact it can be shown that they are not, the
cis active centers adding monomer eight times faster than the
trans centers. Knowing the relative monomer addition rates,
isomerization rates and equilibrium populations it is possible to
calculate the cis-trans ratio in the polymers and compare it with
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experiment. Good agreement is found; the importance of kinetic
and thermodynamic factors in this case is well established.
Attempts to repeat these measurements on butadiene polymerization
led to the result that the isomerization rates were faster - too
fast to measure by the techniques in use. No detailed examination
was therefore possible but qualitatively it is clear that this
will result in a microstructure much closer to the equilibrium
population of active center configurations i.e. less cis 1,4 units
in the polymer than with isoprene although this again is probably
a cis-stereospecific reaction.

Polymerization of dienes in polar solvents is a more complex
problem for large amounts of vinyl unsaturation occur in the
polymer. Some 1,4 structures do persist particularly in the
ethers of lower dielectric constant so it is of interest to
inquire if cis/trans isomerization of the active centers is again
of importance. This can be shown to be the case in butadiene
polymerization in THF. Optical spectroscopy provides the needed
tool. Cis and trans active centers both show the near-UV
absorptions characteristic of delocalized allylic ions and their
pairs. The absorption maxima are however shifted, the trans
centers absorbing at longer wavelength (14,15). 1If at -40° a
relatively large amount of monomer is added to a polybutadienyl-
sodium solution at equilibrium, an almost instantaneous shift of
the absorption maximum occurs to longer wavelength, which slowly
returns to its original position when polymerization is over. It
appears that in this solvent trans centers are preferentially
formed on monomer addition which cannot relax to the more stable
cis form at this temperature. The situation is exactly opposite
to that observed in non-polar solvents. At higher temperatures
however equilibrium is maintained. Again we are dealing with a
reaction which has a preferential product which can be different
from the the equilibrium form, in this case indicated by lowering
the temperature rather than increasing the monomer concentration.
Parallel measurements on polymer microstructure show that these
changes are reflected in the product. Although the total 1,4
content is low, it is almost entirely trans at low temperatures
(16). Differing rates of monomer addition to cis and trans
centers are also indicated by a sharp change of the temperature
coefficient of polymerization rate at -30° where "freezing-in" of
structure first becomes importaant - the trans centers add monomer
faster in this solvent. 1In view of these observations care should
be taken in interpretation of literature data on microstructure,
often determined at one particular temperature and monomer/
initiator ratio. The results may not be typical of the reaction
under all conditions.

In polar solvents the other important variable is the 1,4 to
vinyl ratio. Vinyl unsaturation is always an important part of
the polymer structure but its amount does depend on counter-ion.
It is tempting to correlate this with charge distribution at @ and
Y positions of the delocalized allylic active centers. In 13c MR
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spectra of the 1:1 adduct of t-butyllithium and butadiene for
example the resonance of the Y-carbon moves upfield and that of
the o-carbon moves downfield on moving from a hydrocarbon to an
ether solvent. 1In THF further shifts of the same type occur on
changing the counter-ion from Lit to K* (11). These chemical
shift changes can be interpreted as being caused by redistribution
of charge from o to Y positions in the ion pairs (Table 1).

Table 1

Charge distribution on butadiene one unit model and % 1,2
structure in polybutadiene.

% of charge?d % 1,2
at Y diethylether dioxane THF
Li (benzene) 22 - - -
Li (THF) 37 73 87 96
Na (THF) 43 - 85 91
K (THF) 47 58 55 83
Cs (THF) 50 44 41 74

a) as percentage of total charge at o+Y

It will be seen that there is an almost equal distribution of the
charge between a and Y positions in THF for the heavier alkali
metal counter-ions. ILf we suppose that increased charge produces
an increased reactivity at a given position, then more vinyl
unsaturation will be produced in THF than in hydrocarbon solvents
and the highest vinyl content with heavier alkali metal counter-
ions. The order in THF is however reversed, i.e. the highest
vinyl structures are produced by lithium catalysis (17) although
microstructure determinations in this solvent normally apply to
reactions with an appreciable free anion contribution and hence
cannot be simply interpreted. In dioxane (18) and diethylether
(]9) however this complication should be absent and charge
distribution surely must follow the same pattern with counter-ion.
Again the highest 1,2 content in the polymer occurs with lithium
as counter-ion. The large counter-ions produce a fairly evenly
balanced 1,4/1,2 ratio as might be expected from an even &Y
charge distribution and a large counter ion tending to block both
positions. It seems plausible to suppose that a highly solvated
lithium cation and moderately solvated sodium cation in ether
solveats situated closer to the o-position effectively block the
terminal position leaving preferential attack at the Y position.
Butadiene is a relatively simple case being a symmetrical
monomer. With isoprene on the other hand a further complication
arises because the monomer can add at its 1 or 4 position giving a
3
4,1 active center (~CH,~CH=C=CHX*) a) or a 1,4 center
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H
(“CHz-g”gH*CﬁéX+) b). As the addition is in practice not
reversible the mode of monomer addition decides immediately if the
active centre will produce a) 1,4 or 3,4 b) 4,1 or 1,2 units, the
final internal choice in each case only being decided at the next
monomer addition. All evidence on configurational preference so
far obtained has been on type a) centres normally formed almost
entirely by reaction of butyl lithium with monomer in hydrocarbon
solvents (22). The presence of both 1,2 and 3,4 units in polymers
formed in polar solvents shows that here both modes of addition
occur (Table II). Between 20 and 30% of the vinyl units have a

Table 1L

Total vinyl unsaturation and proportion of 1,2 structure in
polyisoprenes.

diethyl ether dioxane
Counter-ion total vinyl Z 1,22 total vinyl % 1,2
Li 65% 20 93% 18
Na 83% 26 91% 13
K 62% 32 627 19
Cs 47% 33 53% 23

a) Percentage of total vinyl

1,2 structure in diethyl ether and dioxane. With the free anion
the proportion rises to ~407 according to results obtained in
dimethoxyethane where it appears to be responsible for most
polymer formation. It should be noted that these figures cannot
be used to calculate the proportion of the two types of active
centres present because again their reactivities with monomer may
be different. Their reactivities at a and Y positions may be also
different leading to different 1,4 (4,1) to vinyl ratios.
Structures of type b) form have not so far been prepared although
there is some evidence that they prefer to be in the trans form
even in THF in coantrast to type a) centres (19). Isolation of
models of type b) is required to confirm their configurational
preference and to measure the different rates of monomer addition
of the two before a good understanding of the mechanism of
isoprene polymerization can be obtained.

While for the dienes we have seen much information can be
obtained from simple one unit active polymer chain models, this is
less helpful in the case of vinyl monomers where microstructure
depends on the relationship between two or more monomer units in
the chain and orientation of the incoming monomer. Little work
has been done in this field (18). A mechanism has, however, been
proposed to explain the changzg in microstructure observed in poly
a-methylstyrene formed by lithium catalysis in THF which does
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attempt to explain these changes in terms of isomerization of the
terminal unit with respect to the penultimate one (21). At low
monomer concentration and high temperature, equilibrium between
terminal meso and racemic diads would be maintained and micro-
structure determined by the thermodynamic stability of the meso
and racemic units. The racemic form is supposed to be more stable
by 700 cal/mole, its concentration increasing from 72% at 0° to
87% at -100° at equilibrium. At higher monomer concentrations and
lower temperatures kinetic factors were claimed to dominate with
the meso form being less easily formed with a higher activation
energy. Once again the importance of both kinetic and thermo-
dynamic effects is emphasized, illustrating the widespread impor-
tance of both of them in stereospecific polymerization models.
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Some Aspects of Ion Pair—Ligand Interactions
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State University of New York, Syracuse, NY 13210

Changes in the inter- and intramolecular interaction
and in the structure of carbanion pairs on adding
cation-binding ligands (ethers, crown ethers, poly-
amines) is briefly reviewed.

The complexity of anionic polymerization arises from the
existence of a variety of species in the type of solvents often
used in these reactions: free ions, different kinds of ion
pair, triple fons, ion pair dimers, etc. Cation-binding ligands,
added to catalyze the polymerization or to modify the product
structure, further increase the number of species:

A v = 4| = A",M  Ion Pairs
AN e /= A A Triple Ions
N — 2 VYR

-t — -t Ion Pair
nALM — (& ,M )n Aggregates

A-.M+ +L & A-,M+,L Externally Complexed

Tl X Tl« Tight Ion Pairs

A-,L,M+ Z:) A+ M+,L Solvent-or Ligand
Separated Ion Pairs
and Free Ions

The ionic equilibria are influenced by many factors: con-
centration of ionic species, nature of cation and anion (charge
delocalization, bulky substituents), dielectric constant, donicity
number and specific structural features of the solvent molecules,

0097-6156/81/0166-0079$05.00/0
© 1981 American Chemical Society

In Anionic Polymerization; McGrath, J.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1981.



80 ANIONIC POLYMERIZATION

the presence of salts or cation binding ligands (e.g., glymes,
crown ethers, polyamines, cryptands, podands), temperature,
pressure, etc. Any of these variables can alter the relative
amounts of the ionic species, each of which can propagate the
chain with its own characteristic rate constant and stereo-
specificity.

Modification of ifon pair structures by ion-binding ligands
have been studied ty several techniques, e.g., optical, infrared
and raman spectroscopy, conductivity, electron spin resonance-
and 1H, 13C and alkali nuclear magnetic resonance spectroscopy,
dipole moment measurements, viscometry and mechanistic studies.
Much of the information pertinent to anionic polymerization has
been derived from non-polymerizable ionic systems, e.g., car-
banior salts derived from fluorene, diphenylmethane, triphenyl-
methane and 4,5-methylenephenanthrene as well as salts of other
charge delocalized carbanions, radical anions, enolates,
phenoxides, carbazyl, etc. These and other investigations have
immensely contributed to a deeper understanding of the mechanism
of anionic polymerization and have been extensively reviewed
elsewhere (1-7).

Some aspects of ligand interactions with carbanion pairs
leading to different types of ion pair complexes will be briefly
reviewed. The discussion will focus chiefly on crown ethers and
polyamines as ligands interacting with alkali and alkaline earth
cations. The polyamines have been used extensively in reactions
with organolithium reagents (8), while crown ethers, together
with the linear glymes, have been employed in several studies of
salts of carbanions, oxyanions, sulfides, carboxylates, etc.
Optical spectroscopy has been one of the important tools in
obtaining information on complex formation constants and on the
nature of the ion pair-solvation and ligand complexes.

Crown ether complexes of fluorenyl carbanion salts

Solvent or ligand interactions with tight ion pairs produce
externally complexed tight ion pairs and/or ligand separated ion
pairs. The stability of the complexes depends on solvent,
temperature, type of crown and the nature of the cation. For
example, in ethereal solvents benzo-15-crown-5 and fluorenyl
sodium (F1-,Nat) form the two isomeric complexes I and II de-
Picted in reaction 1, but the ratio I/II is highly solvent
sensitive (9) (if the bound solvent in II is included in the
structure of II, the two complexes of course can actually not be
considered isomeric).

In these equations, Cr refers to a crown ether ligand while
S denotes a solvent molecule. The notation Sp following F1-,Nat
signifies that in solvents such as dioxane, ethyl ether, tetra-
hydropyran (THP) or tetrahydrofuran (THF) the tight ion pairs,
especially when small alkali ions are involved, contain extern-
ally complexed solvent molecules. These must be removed before
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K

- o+ -+
Fl1 ,Na ,Sn + Cr T—-9 Fl ,Na ,Cr + nS
@

'\\lxz Ksj/ (1)
F1~,Cr,Na', 5, + (n-m)S
(11)

a crown ligand can form the external tight ion pair complex I.
The energy of desolvation is expected to increase in the order
ethyl ether { THP { THF { DME (1,2 dimethoxyethane) (2). The
loose ion pair complex II is likely to retain one or two solvent
molecules since the cation may slightly protrude from the other
side of the crown cavity to allow interaction with solvent
molecules. Hence, a better cation-solvating solvent is likely
to shift equilibrium 2

- + -+
Fl ,Cr,Na ’Sm z:::z F1 ,Na ,Cr + mS (2)
11 1

in favor of the loose ion pair complex II. This explains the
observed_values (9) for the ratios K, = II/I with benzo-15-crown-
5 and F1~, Na*, viz., O (ethyl ether), 0.52 (THP) and 1.8 (THF).
The effect of dielectric constant, D, on the formation
constant of a loose ion pair complex is probably not large in
spite of the increase in the interionic ion pair distance. The
microscopic rather than the macroscopic dielectric constant
determines to a large extent the difference between the coulomb
attraction energy of two ions in a tight and loose ion pair.
For example, the formation constant of the loose ion pair complex
I1I between fluorenyl sodium and triisopropanol amine borate at
250C 1is nearly identical in THF (K = 102 M1, D = 7.4), THP
(K = 104 M1, D = 5.6) and dioxane (K = 74 d1, D = 2.4) (10).

OCH(Cﬂs)CH2

/N

F1, B-OCH(CH,)CH,-N, Na', S

OCH(CH3)CH2

I11
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For complex III, the Nat is probably as accessible to solva-
tion by solvent molecules as is the Na in the tight F1-,Nat ion
pair. Hence, no externally bound solvent molecules need to be
removed. This may be different in other systems. For example,
the formation constant of a loose ion pair complex between F17,
Nat and tetraglyme (tetraethylene glycol dimethyl ether) is
nearly four times lower in dioxane than in THF (10). This may
be caused by specific solvent effects rather than by the differ-
ence in solvent dielectric constant. The flexible glyme ligand
wraps itself around the Nat ion, and this may make it more
difficult for solvent molecules to rerain bound to Nat in the
glyme-separated ion pair.

The specific structure of the cation binding ligand is
critical in determining the type of ion pair complex. For
example, in comparison to benzo-15-crown-5 (see above),benzo-18-
crown~6 and F1~,Nat form exclusively a loose ion pair complex,
at least in THF and THP, although with F1-,Xt both ion pair
complexes are formed (9,11). Substituents close to the crown
cavity can also affect the stability of the ion pair-ligand
complex. -An interesting example is the crown ether IV, an
excellent chelating agent for Lit (12). It was observed (13)
that in chloroform the tight lithium picrate ion pair converts
to the crown -

Iv

separated fon pair complex on addition of IV. However, in THP

a crown complexed tight fon pair is formed in spite of the
better cation-solvating properties of THP which normally favor
a loose ion pair complex. Apparently, the bulky methyl groups
prevent the Li* 1on in the loose ion pair from complexing THP
molecules. Hence, while in chloroform the formation of the
loose ion pair ~ IV complex requires energy to overcome the
coulomb forces on enlarging the interionic ion pair distance, in
THP it would also require the removal of THP molecules bound to
the tight lithium picrate ion pair. Apparently, complexation to
IV does not provide enough energy to accomplish both, and in THP
only the crown-complexed tight ion pair is stable. Examples of
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this kind show the difficulty in predicting the nature of the ion
pair-complex.

An important observation is the concentration dependency of
the ratio II/I (see equations 1 and 2). In a study of the com-
Plex formation between benzo-15-crown-5 and fluorenylsodium in
THF, 2-methyl-THF and THP the ratio of the two complexes I and
II was found to depend not only on solvent but also on the
total ion pair concentration (14). The results were rationalized
by assuming the formation of dimers of II on increasing the ion
pair concentration as shown in reaction 3. Aggregation of com-
plex I 1is

Ka
2 FI,Cr,Na' =2 (F17,Cr,Nah), (3)

hindered by the externally complexed crown molecule. The
aggregation constants, Ki, depend on the solvent dielectric
constant, their values at 25°C being 62 Ml in THF, 87 H'l in
Me-THF (D = 6.24) and 168 M1 in THP.

The tendency of ligand-complexed loose ion pairs to
aggregate is often reflected in the solubility behavior of these
complexes. For example, while F1~,Li* has a high solubility in
THF, its loose ion pair complex with dibenzo-l4-crown-4 has a
solublility less than 10~4M (14). Difluorenylbarium is soluble
in THF up to 0.05 M, but the solubilities of the mixed tight-
loose ion pair complexes with glymes and crown ethers (e.g., F1™,
Batt,G,F17) are only in the order of 0.001-0.01 M (15). Similar
findings have been reported for polyamine complexes with organo-
lithium complexes (see next section). Hence, while external
ligand complexation to a tight ion pair can dramatically enhance
salt solubility in apolar media (16), solubility may decrease
when interaction with ligands produces loose ion pairs.

Differences in aggregation constants between tight and
loose ion pair solvation or ligand complexes make it more
difficult to compare results of investigators working on the
same systems but in different concentration ranges. For example,
U.V~visible spectrophotometric data can easily by obtained at
ion pair concentration between 10-3-10"3 M, but infrared or nmr
measurements on ion pairing are frequently carried out at 0.1 M.
Conclusions drawn from these studies as far as ion pair
structures are concerned may differ because aggregation at higher
concentration can lead to shifts in equilibria between different
ion pair species.

The structure of the fon pair complex is also sensitive to
the anion, especially the extent of charge delocalization and
the presence of substituents close to the anionic site. Loose
ion pair formation requires a considerable increase in the inter-
ionic ion pair distance, and a charge localized anion, therefore,
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will favor external ligand complexation since this requires less
stretching of the ionic bond. For complexes of benzo-15-crown-
5 with potassium fluorenyl and potassium picrate, the complex
formation constants leading to the 1:1 externally complexed tight
ion pairs are nearly identical for the two salts, i.e., 8000 w1
for potassium fluorenyl (9) and 6000 M1 for potassium picrate
(17). Addition of a second crown produces the loose ion pair
A-,Cr,Kt,Cr. However, the complexation constant for adding the
second crown is 1800 M1 for the fluorenyl carbanion and only
200 M-1 for the picrate salt. The lower value for picrate may
in part be due to less charge delocalization, e.g., the free ion
disgsociation constant for potassium fluorenyl in TEF is 1.6 x
1007M (18) as compared to 9.2 x 108M for potassium picrate an.
The two NOj substituents close to the 0',M+ bond in picrate may
also hinder the enlargement of this ionic bond and the inser-
tion 6f a crown ether molecule because of electronic or steric
effects.

Crown or solvent complexation leading to loose ion pairs
can by itself cause a drastic change in the charge distribution
of the anion. A good example is found in reaction &4 studied by
Boche et al (19). At room temperature the sodium enolate tight
ion pair with

s
ya Na -~ S o S 8
K V/4 ., 4:'
= s &= c Na' (&)
\ o \ FARN
3 CH, ¢ s

its olefinic nonafulvene structure is stable. At low tempera-

ture, stronger solvation forces cause formation of a loose icon

pair. This in turn promotes charge delocalization and stabil-

izes the CH3CO-substituted sodium cycleononatetraenide structure
which is aromatic in character.

Loose ion pairs of such charge-localized oxyanion salts as
potassium t-butoxide may be difficult to form. This alkoxide 1is
a tetrameric aggregate in THF (20), and crown addition breaks it
down to the more reactive monomeric form. It is unlikely that
with benzo-15-crown-5 a 2:1 crown-K' loose ion pair can be
formed similar to that found with potassium picrate or potassium
fluorenyl. However, external complexation itself will slightly
stretch the 07,K* bond, and this can have a profound effect on
the anion reactivity (21).

While crown complexation to a tight ion pair usually in-
creases the interionic ion pair distance, it may shorten the
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ionic bond when the ligand replaces part of the solvation shell
of a loose ion pair. This in turn can decrease the fraction of
free ions formed on ion pair dissociation. Hence, in reactions
such as anionic vinyl polymerization or proton transfer reactions
where free anions often are the reactive species, crown ether
addition can lead to a decrease rather than an increase in re-
activity. An example is found in the interaction of dibenzo-18-
crown~6 and fluorenyl sodium in THF (22). The latter salt is a
loose ion pair in THF with a free ion dissociation constant, Ky
equal to 4.0 x 10"°M. The crown ether converts the solvated
loose ion pair into a crown-complexed loose ion pair (the U.V.
absorption band remains at 373 nm, characteristic for a loose
ion pair of F1~ V+ (23)), but K4 drops to 3.3 x 107 6yM. Replace~
ment of the bulky THF molecules around the Nat by the more
planar crown molecule allows for a slightly shorter interionic
distance, thereby decreasing the dissociation constant.

Polyamine interactions with carbanion pairs

Polyamine complexes of organolithium compounds have been
extensively studied (8). Recent work by Fontanille et al (24)
has shown that also in these systems two isomeric ion pair
complexes can be formed. The spectrophotometric ' ion pair
probe" used was 9-propylfluorenyllithium (PF1™ ,LiY), which was
complexed with tetramethyl ethylene diamine (TMEDA), hexamethyl
triethylene tetramine (HMIT) and tetramethyl tetraaza cyclotet-
radecane

\ﬂ/
VW \/—\l/_\l/_\/ < >

e \ /
\
[TMEDA] [HMTT] / \_/

[T™MTCT]

(IMTCT) in cyclohexane or toluene as solvent. The amines are
powerful Lit chelating agents and strongly catalyze the polymer-
ization of polystyryllithium in cyclohexane by anion activation
(8,25).

The U.V.-absorption spectrum of 9-propylfluorenyllithium in
toluene is concentration dependent, showing at 1073M in the 320-
400 nm region only one absorption band at 368 nm. It belongs
to the (PFl‘,L1+)2 dimer which is stable under these conditions

In Anionic Polymerization; McGrath, J.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1981.



86 ANIONIC POLYMERIZATION

but dissociates on dilution into the monomeric ion pair PFl-,Li+.
The absorption maximum of the latter species is 353 nm and the
dissociation constant of the dimer at 25° equals 2.9 x 10-6m
(26). On addition of minute amounts of an ether solvent, E, the
368 nm dimer breaks down or rearranges into a dietherate, viz.,
PFl‘,Li+,THP2, which is an externally solvated tight ion pair

absorbing at 359 nm. The same absorption band appears on adding
THP to the 353 nm monomeric ion pair. At higher THP or THF con-
centration two more solvent molecules are bound forming the
loose PFl'H'Li+ ion pair absorbing at 386 nw. The changes are
shown in reaction 5.

(PFl_,Li+)2 (368 nm)
E

[

rr1, 1t E, = PRt ()

2

== [359 nm] [386 nm]
‘gf”; nm nm

2pF17,L1" (353 nm)

The dimer (PFl-,Li+) does not dissociate on dilution when
cyclohexane is the solven% (24). However, addition of small
quantities of TMEDA forms the externally-complexed 1:1 PFl',Li+,
TMEDA tight ion pair, A;355 nm. Although TMEDA is an excellent
Lit chelating agent, even in pure TMEDA only a small fraction of
loose ion pairs (“0.05) can be detected in the optical spectrum.
Similar observations were reported earlier for the unsubstituted
fluorenyllithium (2). Models suggest that formation of a complex
of Lit with two TMEDA ligands in which all four nitrogen atoms
can simultaneously interact effectively with the cation is
hindered by the presence of the eight bulky methyl substituents.
Nevertheless, a precipitate.which slowly forms in pure TMEDA
was shown to be a PFl",Li+ (TMEDA)5 complex (24). 1t dissolves
in toluene with release of one TMEDA ligand and formation of the
359 nm externally complexed PF1~,Lit, TMEDA ti§ht ion pair.

Addition of the polyamine HMIT to PF1™,Li" in cyclohexane
converts the 368 nm (PFl',Li+)2 dimer into a species absorbing
at 357 nm. This is the only complex in solution when the ratio
r = HMTT/PF1™,Li* has reached the value 0.5. This suggests that
two PF1’,L1+ ion pairs are complexed to one HMIT-ligand as shown
below. Complex V derives its

S ARV aRW
¢ . s\

N
N

. 4 N\ . v
. +
Lt ‘L

PFL PFL
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stability in part from the ion pair-ion pair interaction. By
adding excess HMIT the 2:1 complex is converted into a 1:1 loose
ion pair complex absorbing at 383 nm (386 nm in toluene) as shown
in reaction 6.

-+ -+
(PFI7,LeY), + BMIT = (PF1T,LiT),EMIT

368 nm 357 nm (6)
(er1”, 14y T + BT =2 2 PR, mrT,LeY

357 nm 383 nm

It could not be ascertained whether the lcose ion pair complex
is monomeric, but on standing in cyclohexane it precipitates
out of solution.

The cyclic polyamine TMTCT immediately converts the 368 nm
dimer into a TMTCT-separated ion palr complex, Ap 387 nm. The
1:1 complex precipitates from cyclohexane at 10‘9 M, but is
soluble in toluene. When TMTCT is added to a toluene solution
of the 1:1 tight ion pair complex PF1~,Li*,TMEDA, the 357 nm
band within a few minutes is replaced by the 387 nm band of the
TMTCT separated ion pair complex:

PFl—.Li+,TMEDA + TMTCT — pFl’,mc'r,L1+ + TMEDA ¢))

The second order rate constant for the reaction was found to be
k(259) = 250 M sec'l. The reaction is slow in comparison to
exchange reactions involving crown ether complexes in ethereal
solvents (2,11). The rate constant for reaction 7 is most
likely determined by the energy needed to remove the externally
bound TMEDA ligand before TMTICT can interact to form the loose
ion pair complex.

Intramolecular ionic interactions

Anionic polymerization initiated by electron transfer (e.g.,
sodiumnaphthalene and styrene in THF) usually produces two-ended
living polymers. Such species belong to a class of compounds
called bolaform electrolytes (27) in which two ions or ion pairs
are linked together by a chain of atoms. Depending on chain
length, counterion and solvent, intramolecular ionic interactions
can occur which in turn may affect the dissociation of the ion
pairs into free ions or the ligand-ion pair complex formation
constants.

One of the first examples of intramolecular interactions in
anionic polymerization was encountered in the propagation of
two-ended polystyrylcesium in THF (28). Intramolecular triple
ions are formed which increase the ionic conductance but lower
the propagation rate. Reactive free anions assoclate with ion

Pairs on the same chain to form less reactive triple ionms.
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Intramolecular triple ion formation was studied by Collins
and Smid using cesium bolaform salts of fluorenyl carbanions
(29). The cesium salts of &, w-bis (9-fluorenyl) polymethylenes
(VI, n = 2,3,4 and 6), when dissolved in THF,

ORI
© ©

give a considerably higher conductance than the one-~ended 9-
propylfluorenylcesium , due to reaction 8. The conductomet-
rically

+ .- -+ - 4 .- +
Cs ,Fl (CHZ)nFl s — Fll—,Cs ,j. + Cs ®
(CHZ)n
+ .- - . - 4 -
Cs ,F1 (CHz)nFl — F1 ,Cs ,Fl (9

I"(Cﬂz);l

determined cyclization constants, K., of reaction 9 were found
to be 3.3 for n = 231.1 for n = 3§ iO.B for n = 4 and 8.0 for
n=6. With Nat as counterion, cyclization is hindered by +
sodium bound THF molecules. Two-ended living polymers with Na
as counterion generally behave like the one-ended species, at
least in ethereal solvents (4).

Lithium salts of VI dissolved in toluene exhibit significant
intramolecular ion pair aggregation (26). While the dimer of
9-propylfluorenyllithium in toluene dissociates into the monomeric
ion pairs below 1073 M salt concentration, the lithium salts of
VI remain intramolecularly aggregated. The 368 nm absorption
band characterigtic for the aggregated specles persists even
down to 4 x 107° M, and not even a shoulder is visible at 353 nm,
the absorption maximum of the monomeric ion pair. However, the
intramolecular aggregate breaks down or changes on addition of
swall amounts of THP or THF. Externally solvated tight ion pairs
(My 361 nm) are formed which convert into loose ion pairs
(A 385 nm) on addition of excess THP or THF. Experiments with
THP reveal that in the second process two additional THP
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molecules become bound to Lit., The ratio K1/K2 of the ion pair
separation constants of reactions 10 are close to the statistical
factor 4,

K

1
+ .- - .+ + .- - +
Li',F1 (CH,)) F1',Li + 2 THP &= Li",Fl (cH,) F1 |1
K
+ - - + 2 + - - +
Li',F1 (CH,) F1'[[11” + 2 THP &2 117||F1 (cH,) F1 | lLe

(10)

implying that the two ion pair separation processes are not
affected by the ion pair present at the opposite side of the
chain. The bolaform salt with n = 2 is the only exception.
This salt remains intramolecularly aggregated even in pure THP,
but the stronger solvating THF molecules convert the intra-
mlecular aggregate (Ap 368 nm) directly into a loose ion pair
(Ap386 nm) without formation of the THF-solvated tight ion pair
(361 nm). The ratio K) /Ky (see equations 10) is only 0.32 for
the n = 2 salt when THF is added. Apparently, a considerable
amount of energy is required to break up the intramolecular
aggregate, but when this is accomplished by solvating one of
the Lit ions, the second Li* ion can be more easily solvated.

A similar behavior is found when tetraglyme is added to a
THP or THF solution of the sodium salts of VI. The glyme
ligand converts the tight ion pair into a glyme-separated ion
pair (30). The ratio Kj/Ky for the two reactions shown in 10
(but with Lit replaced by Nat and the two THP molecules by one
tetraglyme ligand) 1s again close to the statistical factor 4
except for the salt n = 2 in THP. K For the latter system K1/K2 =
15.3, implying that the second Na ' ion is more difficult to
separate once the first ion pair becomes a glyme~separated loose
ion pair (30). The same is found when this bolaform salt is
dissolved in 1,2 dimethoxyethane (DME). In this solvent the
monomeric analogue 9-alkylfluorenylsodium 1s at 25°C a loose
ion pair (2), but for the n = 2 bolaform salt an optical
spectrum 1s recorded which shows equal fractions of tight and
loose ion pairs. Apparently, when a DME or glyme ligand sepa-
rates one Nat from a F1- ion, the second cation is trapped be-
tween the two fluorenyl anions and is only externally complexed
by a DME or glyme ligand (30).

With divalent counterions the two terminal carbanions of the
bolaform salts are associated with the same cation. The behavior
of the n = 2 salt again deviates from that of the other salts
(31). In THF at 25°C the compound di(9-n-butyl fluorenyl)barium
(the two carbanions are not connected by a chain) is a tight ion
pair while at -100°C the only stable species appears to be the
mixed tight-loose ion pair (reaction 11).
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THF

BuF1™,Ba',F1"Bu &—2 BuF1 ,Ba''||F1 Bu (11)
25°C -100°c
AH = ~8 kcal/mole

The second separation step leading to the fully separated ion
pair requires more energy. The behavior for the barium bolaform
salts (reaction 12) is similar except for n = 2 (31). For

THF

F17,Ba ' ,F1I" &= TF1,Ba"'||F1”
o
(CH2)4,6 L(CHZ)E_Gl

25°% -100°¢

AH = <8 kcal/mole

this salt the tight ion pair ()_ 361 nm) is stable down to
-100°C and no 386 nm band can b& detected in the spectrum.
Interaction of THF with Srtt is considerably stronger than
with Batt (32), and for the two salts with n = 4 and 6 (reaction
13) the ion pairs are already solvent separated at -30°C (31)
(the 357 nm maximum is completely replaced by the 386 nm band).

THF

F1T,se T == RT|[se||m”
L., I
(CH) % ()78

AH = -12 to -14 kcal/mole

On the other hand, for strontium di(9-fluorenyl)ethane (n = 2)
the tight ion pair spectrum (A;361 nm for this salt) remains
practically unchanged down to -90°. When this temperature is
reached, a small fraction (0.05) of loose ion pairs (3,391 nm)
can be detected in the optical spectrum. On further cooling, the
391 nm peak gradually increases with time, and when kept at

about ~100°C the only absorption maximum in the spectrum after
one hour is that of the 391 nm loose ion pair. Following this
conversion (an isosbesti¢ point is observed), precipitation
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gccurs. The precipitate dissolves, and the spectrum again shows
only the 361 nm peak when the temperature is raised above -90°¢.
In difluorenylstrontium itself the solvation is a steg:ise
process, 1.e., F17,St™ F1" =2 F17,sr™||F1” = r17||se||F1”
(31). In the n = 2 bolaform salt the first separation step is
¢Ifficult, but once bound THF molecules force srtt to separate
from the first F1~ ion, the cyclic structure probably opens up
due to the shortness of the (CHp)s chain. This would leave a
free F1~ ion on one end of the chain. Since the conductance of
the salt is known to be very low, this latter species most
likely will rapidly dimerize to form a non-conducting cyclic
aggregate consisting of loose ion pairs only,as shown in re-
action 14. This aggregation shifts the equilibrium in favor of
the loose ion pairs.

n,set Rt = \T,set||m)

L(Cﬂz)‘J slow I__(CHZ)Z_I

2
(14)
F1_CH,CH,F1 l
++ ++
Sr Sr - = +
& F1CH,CH,F1 ||sr
F1™CH,CH,F1

The structure of the aggregate is of course speculative, but its
formation or that of higher aggregates may eventually cause the
observed precipitation. It is not impossible that for the n = 4
and 6 bolaform salts these types of aggregate are also formed,
rather than the cyclic structures of reaction 13, but this was
not further investigated. Concentration dependent studies may
shed more light on the mechanism of these interesting solvation
processes.

It 1s clear that the reactions with divalent cations are
considerably more complex than those involving monovalent
cations, especially when ligands are added to promote ion pair
separation (32). Complex rate phenomena can be expected in
anionic vinyl polymerization in the presence of divalent counter-
ions. Some of these interesting systems will be described else-
where by other investigators in this symposium.
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The Influence of Aromatic Ethers on the
Association of the Polystyryllithium and
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RONALD N. YOUNG
Department of Chemistry, The University of Sheffield, Sheffield S3 7HF, U.K.

The influence of diphenyl ether and anisole on
the association of the polystyryllithium and 1,1-di-
phenylmethyllithium active centers has been measured.
Severe disaggregation of the polystyryllithium di-
mers, present in pure benzene, was found to occur at
levels of ether addition at which several reliable
kinetic studies reported in the literature unequiv-
ocally demonstrate a 1/2 order dependence upon poly-
styryllithium. These results indicate that a
necessary connection between the degree of aggre-
gation of organolithium polymers and the observed
kinetic order of the propagation reaction need not
exist.

The active centers of the polydienyl- and polystyryllithium
species, which can be characterized as having polarized covalent
carbon lithium bonds, appear (1-8) to form d1mer1c aggregates in
hydrocarbon solvents at concentrations (<10~ M) appropriate for
polymerization. It is becoming more widely recognized that the
kinetic consequences of the aggregation involving carbon-lith-
ium species are but imperfectly understood regarding both the
initiation and propagation processes.

It has been known for a considerable time (8,9) that the
rates of diene propagation involving the lithium counter-ion in
hydrocarbon solvents frequently depend upon the chain end con-
centration raised to a small power, such as 1/4 or 1/6. It has
often been concluded that a small equilibrium concentration of
unassociated chain ends is solely responsible for propagation and
that the kinetic order of the reaction is a reflection of the
extent of active chain end aggregation. The majority of results
which seemingly show that the polydienyllithium species are di-
meric, would seem to place this attractive kinetic rationalization
in jeopardy insofar as the diene systems are concerned.

0097-6156/81/0166-0095$05.00/0
© 1981 American Chemical Society
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However, the polymerization of styrene in hydrocarbon sol-
vents has been shown (8,10) to exhibit a 1/2 order dependency on
polystyryllithium concentration. Hence, the concept that only
the unassociated chain ends are reactive may be valid for this
system since association studies have shown (1,2,7,8) that the
polystyryllithium chain ends are associated as dimers. (Szwarc
has stated (11) that polystyryllithium is "probably tetrameric in
cyclohexane." This assessment, though, failed to consider the
light scattering results (7,8) of Johnson and Worsfold).

Several studies have appeared (12,13,14) in which the pro-
pagation reactions involving styryllithium were examined in mixed
solvent systems comprising benzene or toluene and ethers. The
kinetics were examined under conditions where the ether concen-
tration was held constant and the active center concentration
varied. In most cases, the kinetic orders of the reactions were
identical to those observed in the absence of the ether. Thus,
in part, the conclusion was reached (13,14) that the ethers did
not alter the dimeric association state of polystyryllithium. The
ethers used were tetrahydrofuran, diphenyl ether, anisole, and
the ortho and para isomers of ethylanisole.

We have examined the influence of diphenyl ether and anisole
on the association of the polystyryllithium and the 1,1-diphenyl-
methyllithium active centers in benzene solution. The analytical
tool used was the vacuum viscometry method (1,2,3,5) which utili-
zes concentrated solutions of polystyryllithium and the termi-
nated polymer in the entanglement regime. Our results show that
the presence of these ethers can alter the association states of
the foregoing active centers. These findings parallel previous
work (2) involving tetrahydrofuran.

Experimental Section

The procedures used for styrene and benzene purification are
given elsewhere (15) as is the technique used to study theassoci-
ation states (1,2,5). The viscometric method relies on the fact
that in the entanglement region, non-polar polymers in solution
and the melt exhibit Newtonian viscosities which are dependent on
My’ 7. A compilation of n-M,, data presented elsewhere (16) re-
veals that for near-monodisperse polymers, the predominant value
of the exponent is 3.4. Furthermore, Doi (17) has recently ex-
tended de Gennes (18) tube model and has shown (17) that ne« Mws'“.
The value of the exponent means that even small changes inassoci-~
ation states can be, in principle, measured with a high degree of
accuracy. The concentrated solution viscosity measurements were
done at 20°C as were the polymerizations. The molecular weights
(M,) of the base polystyrenes used in this work ranged from 1.2x
105 to 1.7x105 (based on GPC measurements) while the correspond-
ing polymer concentrations ranged from ca. 42 to 30 percent.

The initiator was purified, by distillation (19), sec-butyl-
lithium (Lithco). The ethers and 1,1—dipheny1ethyi€he were puri-
fied by sequential exposure to CaH;, dibutyl magnesium (Lithco)
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and polystyryllithium. This purification routine took about one
week to complete. GC analysis, after purification, failed to re-
veal impurities in these compounds. The polymerizations were
conducted in the presence of the ethers with benzene as the sol-
vent. The polystyryllithium active center was converted to the
1,1-diphenylmethyllithium chain end by the addition of ca. 0.1

ml of 1,1-diphenylethylene.

The GPC analysis was conducted using a seven column Styragel
arrangement with tetrahydrofuran as the carrier solvent. Solu-
tion concentrations of 1/8% (w/v) were used. The flow rate was
1 ml min~!. The characteristics of this column arrangement are
presented elsewhere (20,21). The Styragel columns were cali-
brated using eleven polystyrene standards. BAll of the polysty-
renes prepared in this work were analyzed by gel permeation
chromatography.  Without exception, all samples were found to
have values of Mz/Mw €1.07 and values of My/Mp <1.05. None of
these samples showed the presence of a low molecular weight tail,
i.e., chromatograms indicating Gaussian distributions were ob-
tained.

Results and Discussion

A potential problem for this work is active center termi-
nation due to reactions with the ethers, i.e., metallation. It
has been reported (13) that polystyryllithium undergoes a moder-
ately rapid termination reaction at 20°C in the presence of ani-
sole or the ethylanisole isomers. These authors, however, did
not recognize that toluene, their solvent of choice, is known
(22,23,24,25,26) to act as a transfer agent in polymerizations
involving alkali metals. (More recent results (27,28,29) have
verified these observations regarding the lithium counter-ion.
n-Butyllithium has also been shown (30) to react with toluene.

In regard to this latter point, Cubbon and Margerison noted (31)
that adding E-butylllthlum to toluene led to the formation of
solutions which "developed a yellow-orange color.") If the
spectrum of benzyllithium in toluene in the presence of anisole
resembles that in benzene where the A max is reported (32,33) to
be 292 nm, the decay in absorbance with time noted (13) at 330
nm may be attributable to transmetallation involving toluene
rather than the foregoing aromatic ethers.

Chain termination proved not to be a problem during the
period over which our measurements were made. This was estab-
lished by the constancy of the absorbance of polystyryllithium
at 334 nm and that of the 1,1-diphenylmethyllithium active center
at 440 nm. Furthermore, the flow times of the solutions were
found to remain constant over the measurement period (ca. 24 hrs.)
An additional indication that chain termination was not a signi-
ficant problem was provided by gel permeation chromatography. As
mentioned previously all of the polystyrene samples exhibited
M, /My, and My,/Mn ratios of 1.07 or less and none of the samples
showed the presence of a low molecular weight tail. This demon-
strates that no detectable chain termination toock place during
polymerization.
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Figure 1 contains chromatograms of polystyrenes prepared
anionically in the presence of anisole and diphenyl ether. The
narrow molecular weight distributions of these samples demon-
strate that no detectable termination took place during the poly-
merizations. This lack of a termination step, regarding anisole,
is in agreement with the polymerization results (34,35,36,37)
where this ether was used as a co-solvent.

The above comments should not be taken as claims that anisole
and diphenyl ether cannot be metallated by organolithium species.
For example, alkyllithiums are known (38,39,40) to react with
anisole, usually in the ortho position. However, these reactions
are generally slow, particularly at ambient temperature and when
the ether is diluted with a hydrocarbon solvent. Our results
merely indicate that active center deactivation via metallation
of these aromatic ethers is not a serious problem during the
time span of our measurements with species that are, at least,
partially delocalized (33).

Table I contains the association values, Ny, for the poly-
styryllithium and 1,1-diphenylmethyllithium active centers in the
presence of diphenyl ether or anisole. The influence on polysty-
ryllithium association by the aromatic ethers is, as expected,
less dramatic than observed (2) for tetrahydrofuran (THF) where
the value for the equilibrium constant K, of the following, was
evaluated to be about 2x10%;

(SLi)2 + 2nE X 2 (SLi*nE) (1)

where SLi denotes polystyryllithium and E represents a complexing
agent such as an ether. The equilibrium constant can be calcu-
lated by the following relation:

_2(2-Ny) %c )

T (N,-1) E2D
where Cy represents the total concentration of active centers.
As was the case for tetrahydrofuran (2), reasonably uniform val-
ues of K for the aromatic ethers were obtained only for the case
where n equals one.

The data of Table I shows that anisole has proportionally a
greater effect on the association of the 1,1-diphenylmethyllithium
active center than does diphenyl ether. This difference may, in
part, be due to steric effects involving the latter ether and the
1,1-diphenylmethyllithium active center. Also, data of Table I
indicate that the association state of the 1,l1-diphenylmethyl-
lithium chain end is nearly two.

Studies have been made (12,13,14) of the kinetics of propa-
gation of styrene under conditions entirely analogous to those
described for the measurements of association state. The arche-
type of this sort of investigation is the classic work of
Worsfold and Bywater (10) on the polymerization of styrene by
n-butyllithium in benzene. These authors extended (12) their
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Table I

The Influence of Diphenyl Ether and Anisole
on the Association of the Poly(styryl) - and
1,1-Diphenylmethyllithium Active Centers

(sLi]® [DPE]b [DPE] N € x @ N € kf
10° 102 [SLi] v 102 v 102
1.7 1.98 1.97

2.1 1.99 1.98

2.9 6.3 22 1.91 1.3 1.86 3.3
2.1 6.3 30 1.89 1.4 1.82 4.2
2.6 17 65 1.77 1.2 1.69 2.5
2.6 25 96 1.66 1.5 1.59 2.4
1.6 16 100 1.68 1.9 -g-

1.8 20 111 1.66 1.6 1.58 2.7
2.3 28 122 1.64 1.2 -g-

2.0 33 165 1.58 1.1 -g-

1.5 33 220 1.50 1.4 1.41 2.3
1.9 44 h 232 1.48 1.1 -g-

[$OCH3] [$OCH; ]
102 [SLi]
3.3 7.1 22 1.82 5.2 1.65 25
2.7 12 44 1.68 5.6 1.44 27
3.1 18 58 1.61 4.8 1.35 23
2.5 20 80 1.57 4.1 1.29 22
3.0 28 93 1.55 2.8 1.27 15
2.5 25 100 1.56 2.8 1.24 19
aActive center concentration.
b

Diphenyl ether concentration.

“association number for polystyryllithium.

d . car s
Based on Equation (2) for polystyryllithium.

®association number for the 1,1-diphenylmethyllithium active
center.

fBased on Equation (2) for the 1,1-diphenylmethyllithium active
center.

gDiphenylethylene was not added to these runs.

Anisole concentration.
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work to the situation where tetrahydrofuran was present in ben-
zene solution in constant concentration (10'3 molar); a one-half
order dependence of rate upon polystyryllithium concentration was
observed for an ether : lithium ratio over the range 1.2 to 17.5.
In an analogous study, Geerts, Van Beylen and Smets (13) found
that the propagation of styrene also exhibits a one-half order
dependence of rate upon active center concentration when anisole
or 4-ethylanisole was present over the range of [ether]: [lithium]
from 33 to 1030, and also in the presence of 2-ethylanisole for
the range 40 to 3980.

Comparison of the association numbers found from the vis-
cosity measurements with the invariancy of the kinetic orders
from the value one-half clearly demonstrates the mistake (13,14)
of expecting the existence of a simple and necessary connection
between these two parameters. The assumption (14) that diphenyl
ether does not affect the degree of association of polystyryl-
lithium even at the ratio of 150:1 can be seen to be incorrect.

A potentially valuable contribution to our understanding of
the generality of a connection between the order of the propa-
gation rate with respect to the organolithium centers might come
from the study of o-methoxystyrene in a hydrocarbon solvent in
the absence of any added ethers or other complexing agents. Smets
and co-workers (41,42) using toluene as solvent reported that
when their results were plotted in the form log rate vs. log
[chain end], "a distinctly curved line was obtained, the order
with respect to the concentration of poly-o-methoxystyrene vary-
ing from 0.67 to_0.51 over a concentration range from 4.5x10-"
(sic) to 1.8x10™% mol/lit" (Table I of ref. 41 shows that the
lowest active center concentration was 5.3x16:uML‘1). This re-
sult was interpreted as indicating that "at the higher concen-
tration the ion-pairs occur predominantly in the associated form
while increasing amounts of free-ion-pairs are present at lower
concentrations." Scrutiny of their data however, does not pro-
vide convincing evidence that their plot is non-linear. We have
replotted their data (Figure 2); and a least mean squares analy-
sis shows that the gradient is 0.62 and that the relevant corre-
lation coefficient is 0.9994. If there is indeed a connection
between the degree of aggregation and the observed kinetic order,
then it must be concluded that (a) the degree of aggregation is
constant over the concentration range 5.3x10-* to 1.8x10-? molar
and that (b) the number-average mean degree of aggregation, Np,
is less than two, possibly 1/0.62 i.e., 1.6 (it can readily be
shown that Np=2/(3-N,) for systems containing near-monodisperse
molecular weight distributions).

Having assumed that the aggregated chain ends are incapable
of growth, Smets and co-workers (41,42) used a curve fitting pro-
cedure to deduce that the dissociation of the dimeric poly-o-
methoxystyrenyllithium is governed by the constant 10-3 molar.
Calculation shows that if this value is correct, the degree of
dissociation varies from about 0.15 to 0.61 over the range of
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0.21 /.

1
0 0.5 1.0
3+ log[PLi]

(41, 42). Rate units are in minutes.
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concentration studied. These results are clearly incompatible
with those outlined in the preceding paragraph.

In summary, we must conclude that in the case of ether-modi-
fied systems based on styrene studied to date, there is no direct
relationship between the degree of aggregation and kinetic order
in polystyryllithium. There is insufficient reliable data avail-
able to draw definite conclusions for reactions carried out in
pure hydrocarbons; a fresh study of the polymerization of o-meth-
oxystyrene might shed new light on this situation.

In connection with the subject of the relation between
association state and kinetic order, it is germane to mention ob-
servations of Roovers and Bywater (45). They measured the dis-
sociation constant for the tetramer—E%E dimer case for polyiso-
prenyllithium in benzene. The technique involved a study of the
electronic spectra at 272 and 320 nm. If the process they mea-
sured can be directly related to the association-dissociation
equilibrium, their results can be used to calculate the dissoci-
ation constant forsthe correct dimer';;i monomer system. This
value is ca. 2x10~° at 30.5°C. If this value is accepted, then
the situation is encountered where the degree of dissociation of
the polyisoprenyllithium chain ends varies from about 0.10 to
0.62 over a chain end concentration range of 10-% to 10-° molar.
However, over this active center concentration range, the kinetic
results (44,45, Figure 18 of 15) show a 1/4 order dependency of
rate on polyisoprenyllithium. Thus, the polyisoprenyllithium-
benzene system is also apparently one where a constant fractional
kinetic order is observed even though a variable fraction of the
active centers can exist in the unassociated state.

A report has appeared (46) which disputes a preliminary
statement of ours (47) regarding the effect of diphenyl ether on
the association state of polystyryllithium. This claim (46) was
based on only two measurements. We will comment briefly on those
measurements. (The authors of that report (46) refer to our work
(47) as having been done by "the Akron team" and "the Akron
group"”. No rational justification for the use of that peculiar
terminology exists since the first two authors of the preprint in
question (47) listed as their affiliation the University of
Sheffield. A portion of the work reported in the foregoing pre-
print (47) has been published, ref. 5 of this paper).

The authors of ref. 46 reported flow times for polystyryl-
lithium-benzene solutions before and after the addition of di-
phenyl ether; whereupon the active centers were terminated and
the flow times again measured. Table III of the note in question
(46) says that in pure benzene, Ny, is 1.96 and 2.0 —in apparent
agreement with the generally held belief that polystyryllithium
is exclusively dimeric in benzene. Following the addition of di-
phenyl ether to achieve the specified concentration (0.15M), the
authors in their Table III then reported values of Ny, of 1.88 and
1.95 (based on their flow times T,). From these values, it was
concluded that diphenyl ether does not influence the association

state of polystyryllithium.
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However, the addition of diphenyl ether to achieve the afore-
mentioned concentration is accompanied by an increase in solution
volume of ca. 2.4%, i.e., a decrease in polymer concentration.

The data of Graessley and co-workers (48,49) show that nmcy'sM
(where c denotes polymer concentration) for polystyrene in butyl-
benzene. Thus, the apparently trivial dilution occasioned by the
addition of the diphenyl ether ought to have resulted in apparent
values for N, of about 2.1 rather than the reported values of
1.96 and 2.0, unless the solution contained some polymer termi-
nated by adventitious impurities. To place this anomaly in
sharper perspective, the results of Graessley, et al. (48,49) pre-
dict that the two average flow times of column 1 (T;) in Table
III of the note in question (46) should be higher than those re-
ported by about 400 seconds, i.e., 18 and 26% higher than the two
average values reported. This is based on the respective average
flow times of the terminated solutions and the differences in
polymer concentration existing between these active and termi-
nated systems.

If the foregoing assessment is based on the initial flow
times, T, then the terminated flow times, T3, of Table III of
ref. 46, would be about 20 and 15 percent lower than the values
listed. Thus, the association data given by these authors (46)
do not accurately reflect the concentration change brought about
by the addition of diphenyl ether.

The data of Tables II and III of ref. (46) alsoc show (48,49)
that the viscosities of the four polystyryllithium solutions
possessed viscosities ranging from about 3x10° to 1.7x10° poise
with three of these systems having viscosities greater than ca.
3.0x10" poise in the evacuated Ubbelohde viscometers needed for
these measurements. Solutions with viscosities in the range of
10% to 10% poise do not lend themselves to accurate flow time
measurements due to difficulties in filling the viscometer bulb,
the very slow rate of flow of these solutions between the fidu-
cial marks, and drainage problems, viz, the adherence of the
polymer solution to the viscometer interior. These problems are
not avoidable by the use of large diameter (>1 cm) tubing.
Hadjichristidis and Roovers {50) used Ubbelohde viscometers to
study concentrated polyisoprene sclutions and concluded that in
practice the technique is limited to systems having viscosities
less than 103 poise. (Unless the solutions are driven by an in-
ert gas). Our experience is entirely in concordance with this
assessment, as is that of others (51).

Finally, two comments made (46) in reference to our prelim-
inary statement (47) should be assessed:

(a) "purified, and not commercial, ether has to be used,
otherwise some carbanions are destroyed." Our purification pro-
cedure is presented in the experimental section of this paper.
The implication that we would use an unpurified ether is an un-
called for invention of the authors of ref. 46.

3+ 54
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(b) "Prolong (sic) action of the ether gradually destroys
the carbanions as revealed by the decrease of optical absorption
at 344 nm." We wish to note that this termination reaction seems
not to have influenced the viscosity results of Wang and Szwarc
(46) nor those of Yamagishi and co-workers (14) where species
analogous to diphenyl ether were used. These authors (46) seem,
though, to imply that termination has influenced our results re-
garding diphenyl ether. We have, as noted, considered this possi-
bility in our work.

In summary, we wish to suggest that in the case of the tetra-
hydrofuran and aromatic ether modified systems based on styrene
studied to date, there does not appear to exist a direct relation-
ship between the mean-degree of active center association and
kinetic order. We do not mean, with this assessment, to imply or
claim that the concept that only the unassociated active centers
of polystyryllithium in hydrocarbon solvents are the active en-
tities is incorrect. However, our association results (this work
and ref. 2), combined with the available kinetic findings for
these ether modified polymerizations, seemingly indicate that re-
action orders need not necessarily yield direct insight into the
states of active center association. In our opinion, greater
understanding of the apparent complex nature of these organoli-
thium based reactions will be forthcoming by a more judicious
approach to the identification of the active centers in these
polymerizations; and approach, which in effect, was advanced by
Brown some years ago (52,53). Along this line, Kaspar and
Trekoval (54,55) have concluded from their kinetic analysis that
styrene can react directly with the polystyryllithium dimer in
benzene solution.
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The Photoisomerization of Allylic Carbanions

RONALD N. YOUNG
Department of Chemistry, The University of Sheffield, Sheffield S3 7HF, U.K.

The 1,3-diphenylallyl carbanion, which serves as a model for
the propagating center derived from the monomer 1,3-diphenyl-
butadiene, exists in solution as a mixture of tight (contact)
and loose (solvent separated) ion pairs [1,2,3,4]. In solvents
of low dielectric constant, such as ethers, the extent of
dissociation into the free ions is negligible. The spectra of
the loose ion pairs are indistinguishable from those of the free
carbanions: the occurrence of dissociation is, of course, revealed
by the consequent electrical conductivity. The perturbation of
the molecular orbital energy levels arising from association into
tight ion pairs is considerable [5]. The ground state of the
tight jon pair is stabilised with respect to that of the loose
ion pair to an extent that is much greater than that found for
the similar comparison of the excited states, and in consequence,
the absorption maxima of the tight jon pairs are blue-shifted by
an amount that increases with decreasing cation radius. By way
of illustration, Figure 1 shows the spectrum of 2-methyl-1,3-
diphenylallyllithium in 2-methyltetrahydrofuran (MTHF): the
absorption band at 468 nm is due to the loose ion pair and that
at 532 nm to the tight pair. The conversion of the tight ion
pair to the Toose involves an exothermic solvation process and
accordingly, the equilibrium between these species exhibits a
corresponding temperature dependence.

The existence of two kinds of ion pair has been confirmed
by NMR spectroscopy [4]. Early studies showed that the preferred
conformation of the 1,3-diphenylallyl carbanion is trans,trans
[4,6,7,8] but more recent work has shown [9] that there is, in
fact, some 7% of the cis,trans isomer present at 209C. On
lowering the temperature, the proportion of cis,trans isomer
present is decreased. The introduction of a substituent, such
as a methyl group, into the allylic 2-position makes the cis,
trans conformer much the most stable since the steric interaction
is least [10]. Whereas the trans,trans conformer is planar the
cis-trans is somewhat twisted and the ensuing reduction in charge
delocalisation causes a blue-shift of the absorption maximum.
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The values for the loose ion pairs are respectively 565 and
535 nm: the tight ion pairs manifest a similar dependence of
absorption maximum upon conformation.

The diphenylallyl carbanion is conveniently formed by the
abstraction of an allylic proton from the corresponding diphenyl
propene. Under certain conditions it was found that the initial
product formed from trans 1,3 diphenyl-2-methyl propene was the
trans,trans anion which isomerised completely into the cis,trans
conformation within a few minutes [3]. Clearly, the abstraction
reaction proceeds under kinetic and not thermodynamic control.

Recently we discovered [11] that photolysis of the diphenyl-
allyl carbanion with white 1ight causes isomerisation of the
trans,trans conformer to the cis,trans (scheme 1). When the
source of the illumination is removed, conformational relaxation
proceeds at a rate which is markedly sensitive to the nature of
the ion pairing, being much slower for loose than for tight ion
pairs. The results of an extension of this work will be
presented in this paper together with an outline of the possible
relevance of this photochemical phenomenon to the stereochemistry
of the polymerisation of dienes.

Experimental

Solvents were dried under high vacuum by stirring over
sodium potassium alloy along with a 1ittle benzophenone to serve
as indicator. The Tithium salts of 1,3-diphenylallyl and
1,3-diphenyl-2-azaally1l were prepared by treating 1,3-diphenyl
propene or benzylidene benzylamine respectively with n-butyl-
lithium; the Na and K salts were obtained by reduction of these
same precursors with the appropriate metal. All-glass reactors
were employed and were fitted with side-arms bearing 1mm
pathlength glass cells. An unsilvered Dewar vessel fitted with
optical windows which was partly filled with alcohol and mounted
in the cell compartment of the Perkin Elmer 554 spectrometer,o
served as thermostat. The temperature was controlled to +0.2°C
by pumping coolant from a larger thermostat through a thin
coil of copper tubing immersed in the alcohol. Photolysis was
effected by means of a 50W quartz-halogen Tamp situated some
5 cm from the sample: a typical exposure time was 30 to 60
seconds. The conformational relaxation in the dark following
photolysis was monitored from the change of absorbance with
time at the absorption maximum of ejther conformer.

Results

Exposure of a solution of loose ion pairs of the diphenyl-
allyl anion to white 1ight results in partial isomerisation of
the solute into the cis,trans conformation (scheme 1). Whereas
the trans,trans ion is planar, the cis,trans ion js non-planar
as a consequence of steric interaction between the hydrogen
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Absorbance —

450 500 550 nm

Figure 1. Absorption spectrum of 2-methyl-1,3-diphenylallyllithium in MTHF:
+21°C(—); —2°C (e e 8); —40°C (- —=).

Scheme 1.
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atoms shown. At temperatures above about -20° this process is
in competition with thermal relaxation which converts the cis,
trans product back to the trans,trans. At lower temperatures
the rate of relaxation becomes negligible. On prolonged
illumination (typically a minute with the sample located 5 to

10 cm distant from the 50W source) a photostationary state is
established between these two conformers [12]. This equilibrium
is strongly temperature dependent (Figure 2) favouring the
cis,trans form at higher temperatures and the trans,trans at
lower temperatures. As the temperature is lowered, the solutions
begin to show an orange fluorescence whose intensity increases
with decreasing temperature. In contrast, solutions of the
tight ion pairs do not fluoresce. The excitation spectra of
solutions containing both tight and loose ion pairs in both
conformations match the absorption spectrum of the loose pair
having the trans,trans conformation.

The temperature dependence of the photoisomerisation can be
rationalised in terms of the scheme shown in Figure 3.
Absorption of 1ight causes the transition trans,trans - trans,
trans*. At higher temperatures where sufficient thermal energy
is available, the barrier to twisting (E3) may be overcome;
from the perpendicular state thereby reached, deactivation may
lead to either the trans,trans or cis,trans ground states. At
low temperatures the only path for the loss of excitation
energy from trans,trans* is fluorescence, perhaps accompanied
by non-radiative processes. Assuming that these have rate
constants ki and ks respectively, essentially independent of
temperature, and that that for crossing the barrier ks follows
a normal Arrhenius law, then the intensity of the fluorescence
should be proportional to

F = ka/{ky + ky + A3 exp - E3/RT) (m

At very low temperatures, photoisomerisation becomes negligible,
and the fluorescence intensity is proportional to

Fo = kz/(ki + k2) (2)
Combining equations (1) and (2):
-1
(Fo/F) = 1 = Ay(ky + kp) exp - E4/RT (3)

If this mechanism is indeed correct, then a plot of In{Fp/F - 1}
vs 1/T should be linear. Figure 4,shows that this is indeed

the case and that E3 is 19 kJ mo1 '. A more stringent test of
the mechanism would, of course, be to determine the dependence
of fluorescence 1ifetime upon temperature; such a study is in
progress. It is interesting to note that even when a large
mole fraction of the cis,trans conformer has been generated by
photolysis at a suitable temperature, such a solution exhibits
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no fluorescence corresponding to the transition cis,trans* —»
cis,trans. Apparently, there is no significant barrier to
twisting of the excited cis,trans conformer.

The related 1,3-diphenyl-2-azaallyl carbanion also exists
in solution as an ion pair, Although the absorption maximum in
the electronic spectrum is sensitive to the choice of solvent
and counterion, surprisingly, no case has been found to date of
a solution which simultaneously shows two absorption bands
attributable to the coexistence of tight and loose ion pairs.
The explanation of this observation is obscure. However,
photolysis does effect the transformation of the conformation
from trans,trans to cis,trans. No fluorescence has been
observed from solutions of this azaallyl ion. A further
difference from the diphenylallyl system is that the photo-
stationary state is insensitive to temperature.

When a photoisomerised solution of either the diphenylallyl
carbanion, or of its 2-aza analog, is stored in the dark the
normal (thermal) conformational equilibrium is reestablished by
a process obeying first order kinetics. The reaction can be
conveniently monitored spectrophotometrically. In the case of
the diphenylallyl ion, the relaxation rate is much greater for
the tight ion pairs than for the loose. It seems probable that
the transition state may involve the association of the cation
specifically with one of the terminal allylic carbon atoms. Such
a species could be regarded as comprising a styrene moiety
together with a benzylic anion, the two being connected by a
single carbon-carbon bond about which the barrier to rotation
would be expected to be relatively low.

The Arrhenius parameters for the cis,trans » trans,trans
relaxation are collected in Table 1 for a range of combinations
of cation, anion and solvent. In the case of the relaxation of
the 1,3-diphenyl-2-aza-allyl carbanion, the absence of separate
absorption bands for the two kinds of ion pair prevents the
drawing of a general comparative conclusion. It would seem
probable that the 1ithium salt is loosely paired in THF but
tightly paired in diethyl ether from a simple consideration of
the relative solvating power of these solvents: this view is
apparently supported by the pronounced blue shift of the
absorption maximum in ether (Amax 535 nm) with respect to that
in THF (Amax 562 nm). It is,accordingly surprising, that the
Arrhenius parameters for these two systems are found to be so
similar. In the poorer solvating solvents diethyl ether and
MTHF, the E parameter is lower for the sodium salt than for the
Tithium: that the Tithium salt has a higher A factor might be
ascribed to the release of some bound solvent on forming the
transition state.
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TABLE I

Arrhenius parametersa for thermal relaxation of conformation
from cis,trans to trans,trans 1,3 diphenyl-2-aza-allyl anion

Li Na K
Solvent E log A E log A E log A
Ether 79.7 14.8 66.4 11.7 62.9 11.5
MTHFD 89.2 15.2 73.8  12.4
THF 82.5 14.8 82.9 13.8 56.8 9.9
pMe® 78.0 13.7
CH3NH, 80.4 13.1 85.3 13.9 73.6 12.5

4The activation energies E are expressed in kJ mol1~! and
pA as sec” -1

MTHF is 2- methy]tetrahydrofuran

COME s 1 ,2-dimethoxyethane

Worsfold and Bywater [13] have demonstrated that the
stereochemistry of the prOpagat1on of polyisoprenyllithium in
hydrocarbon solvents is in part controlled by the rate at which
the cis active ends relax to the more stable trans forms
(scheme 2). The interesting possibility is accordingly raised
that by perturbing the cis Z trans equilibrium of the propagating
centers of a diene photochemically during polymerisation, it
might be possible to alter the stereochemistry of propagation.

Having made extensive studies of the behaviour of models of
the propagation center of 1,3-diphenylbutadiene this monomer
would be the most appropriate one to investigate. Unfortunately,
it seems that it cannot be isolated because of extremely facile
dimerisation via the Diels Alder reaction. A cursory
examination has, however, been made of the polymerisation of
1-phenylbutadiene by butyllithjum in THF, yielding the following
results.

% 3,4 addition % 3,4 addition

Temperature in darkness when illuminated
0°c 28 17
-37° 23 13

These results are encouraging and work is in hand to repeat and
extend these studies.
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Solvation of Alkyllithium Compounds

Steric Effects on Heats of Interaction of Tetrahydrofurans
with Polyisoprenyllithium and Polystyryllithium

RODERIC P. QUIRK
Michigan Molecular Institute, Midland, MI 48640

The enthalpies of interaction of tetrahydro-
furan (THF) and 2,5~dimethyltetrahydrofuran
(Me THF) with 0.03M benzene solutions of poly-
(styryl)lithium (PSLi) and poly(isoprenyl)lithium
(PILi) have been measured as a function of R
([THF]/[Li]) at 25°¢C using high dilution solution
calorimetry. At low R values (ca. 0.2) the enthal-
py of interaction of THF with PILi (-5.8
kcal/mole) is more exothermic than with PSLi (-4.5
kcal/mole). However, the decrease in enthalpy for
Me,THF versus THF is larger for PILi (3.2
kcdl/mole) than for PSLi (2.2 kcal/mole) at low R
values. The enthalpies decrease rapidly with in-
creasing R values for PILi, but are relatively
constant for PSLi. It is suggested that THF inter-
acts with intact dimer for PILi, but for PSLi this
base coordinates to form the unassociated, THF-
solvated species.

Lewis bases effect dramatic changes in microstructure,
initiation rates, propagation rates, and monomer reactivity
ratios for alkyllithium-initiated polymerizations of vinyl
monomers (1-6). Some insight into the molecular basis for these
observations has been provided by a variety of NMR, colligative
property, and light-scattering measurements of simple and poly-
meric organolithium compounds in hydrocarbon and basic solvents
(7,8). In general, simple alkyllithiums exist predominantly as
either hexamers (for sterically unhindered RLi) or tetramers
(for sterically hindered RLi) in hydrocarbon solvents and as
tetramers in basic solvents (9-12). Polymeric organolithium com-
pounds such as poly(styryl)lithium exist as dimers in hydro-
carbon solution and are unassociated in basic solvents such as
tetrahydrofuran (13-15). The state of association of poly-
(dienyl)lithiums in hydrocarbon solution is a subject of current

0097-6156/81/0166-0117$05.00/0
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118 ANIONIC POLYMERIZATION

controversy (15,16), although the most recent results indicate
dimeric association for this species also (ll,l§). In spite of
this impressive wealth of data on association phenomena for
organolithium compounds, the fundamental nature of base-organo-
lithium interactions responsible for changes in degree of associ-
ation and for the dramatic effects of bases on reactions is not
understood.

We have measured the enthalpies of interaction of tetra-
hydrofurans with polymeric organolithiums to characterize the
specific nature of base-alkyllithium interactions and these
results are reported herein.

Experimental
Isoprene (99 + %, Aldrich) and styrene (99%, Aldrich) were

purified by initial stirring and degassing over freshly crushed
CaH, on a high vacuum line followed by distillation onto dibutyl-
magnesium (Alpha Inorganics). Final purification involved distil-
lation from this solution directly into calibrated ampoules and
sealing with a flame. Benzene (Fisher, Certified ACS) was stored
over conc. H2504, washed successively with H,0, dil. NaHCO3
solution, and” H,0, followed by drying over dnhydrous MgSOA.
After filtration, further purification involved stirring under
reflux over freshly ground CaH,, distillation onto sodium disper-
sion, and stirring and degassing on the vacuum line, followed by
distillation and storage over poly(styryl)lithium. Tetrahydro-
furan (99%, Aldrich; and Burdick & Jackson, Distilled in Glass)
and 2,5-dimethyltetrahydrofuran (Aldrich) were stored over benzo-
phenone ketyl and potassium-sodium amalgam and distilled in the
dry box immediately before use.

Polymerizations were carried out at 30°C in all glass,
sealed reactors using breakseals and standard high vacuum tech-
niques (3). For the calorimetric measurements, a 1 liter sample
of a 0.03M solution of each polymeric lithium compound with M

= . . n
of ca. 4,000 was prepared in benzene solution using sec-butyl-
lithium as initiator and transferred to the glove box.

Calorimetric measurements were performed in a recircu-
lated, argon atmosphere glove box using apparatus and procedures
which have been described in detail previously (19,20,21). Solu-
tions of organolithium reagents were analyzed using the double
titration procedure of Gilman and Cartledge (22) with 1,2-
dibromoethane.

Results and Discussion

Poly(styryl)lithium. The calorimetric data obtained for
the interaction of tetrahydrofuran (THF) and 2,5-dimethyltetra-
hydrofuran (2,5-Me THF) with 0.03M solutions of poly(styryl)-
lithium in benzene” as a function of R ([base]/[lithium atoms])
are shown in Figure 1. These data, as well as the corresponding
data for poly(isoprenyl)lithium, are referred to dilute
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Figure 1. Enthalpies of interaction of THF () and 2,5-dimethyltetrahydrofuran
( ®) with 0.03M solutions of polystyryllithium in benzene at 25°C: R = {base]/[Li]
where [Li] is the concentration of carbon-bound lithium atoms in the solution.
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solutions of the base in benzene at 25°C as the standard state
to correct for the heats of solution of the bases. The absence
of side reactions (which would consume poly(styryl)lithium and
give spurious enthalpies during the calorimetric measurements)
was determined by the double titration procedure (22) of the
base/poly(styryl)lithium solutions immediately after the calori-
metric runs. For example, double titration analysis indicated
that the final concentration of active organolithium was 0.026_M
for a 0.027M solution of poly(styryl)lithium after a calorimef-
ric run with tetrahydrofuran. The time required for a calorimet-
ric run was generally less than 30 minutes. The accuracy and
precision of our calorimetric methods were determined at regular
intervals by comparison of our data with well-accepted values
for the heats of solution of standard substances (21). The
accuracy of our calorimetric data for heats of interaction of
bases with polymeric organolithium compounds was established by
demonstrating that our results are reproducible (% 0.1

kcal/mole) and independent of the source or method of purifica-
tion of the tetrahydrofurans. The results are sensitive to the
amount of non-carbon bound lithium as shown by the data in
Figure 2. The effect of the presumably lithium alkoxide impuri-
ties is most apparent at R values greater than 1.0.

It is well established that poly(styryl)lithium is predomi-
nantly associated into dimers in hydrocarbon solutions (_l_ﬁ,lé),
while it 1is monomeric 1in tetrahydrofuran (14). Furthermore,
concentrated solution viscosity measurements have shown that the
equilibrium constant (K ) for the process shown in eq 1 [PSLi =
poly(styryl)lithium] has% value

Keq
%(PSLi)Z + THF &= PSLiesTHF (1)

of approximately 160 (l4). Using this equilibrium constant, it
can be calculated that upon addition of tetrahydrofuran (1.2
mmoles) to 200 ml of a 0.03M solution of poly(styryl)lithium,
more than 98% of the tetrahydrofuran will be converted to PSLie
THF. Therefore, it would be expected that the enthalpies of
interaction which we have measured refer to the process shown in
eq 1, i.e., the conversion by tetrahydrofuran of dimeric poly-
(styryl)lithium to solvated, monomeric poly(styryl)lithium.

The data in Figure 1 show no dramatic concentration depen-
dence for the interaction of either tetrahydrofuran or 2,5-
dimethyltetrahydrofuran with poly(styryl)lithium. The absence of
distinct breaks within the range of R values from 0.2 to 2 can
be regarded as evidence that the initial base coordination
process (eq 1) is followed by successive coordination with other
tetrahydrofuran molecules as shown in eq 2.

PSLieTHF + nTHF €= PSLie(n + 1)THF (2)
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Figure 2. Enthalpies of interaction of THF with 0.03M solutions of polystyr:yl—
lithium containing 1% (W) and 8% (@) noncarbon-bound lithium base impurities.
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The relatively large difference in heats between tetra-
hydrofuran and 2,5-dimethyltetrahydrofuran (2.2 kcal/mole) indi-
cates that the base coordination process for poly(styryl)lithium
is quite sensitive to the steric requirements of the base
(19,20).

Poly(isoprenyl)lithium. The calorimetric data obtained
for the interaction of tetrahydrofuran and 2,5-dimethyltetra-
hydrofuran with 0.03M solutions of poly(isoprenyl)lithium in
benzene as a function of R are shown in Figure 3. Double
titration analyses for 0.026M solutions of poly(isoprenyl)-
lithium after separate calorimetric runs with both tetyrahydro-
furan and 2,5-dimethyltetrahydrofuran indicated that the final
concentrations of active organolithium were 0.026M. Thus, no
decomposition is occuring during the calorimetric runs, at least
within the error limits of the double titration procedure (23).

The state of association of poly(dienyl)lithium compounds
in hydrocarbon solutions is a matter of current controversy
(15-18). Aggregation states of two (16,17,18) and four (15) have
been reported based on light-scattering and concentrated solu-
tion viscosity measurements. The most recent concentrated solu-
tion viscosity studies (16,17), which include results of various
endcapping and linking techniques, provide convincing evidence
for predominantly dimeric association of poly(isoprenyl)lithium
in hydrocarbon solution. The effect of tetrahydrofuran on the
degree of association of poly(isoprenyl)lithium has also been
examined by concentrated solution viscosity measurements (13).
These results indicate that the equilibrium constant for the
process shown in eq 3 [PILi = poly(isoprenyl)lithium] exhibits
an equilibrium

Kegq
%(PILi)Z + THFZPILi-THF 3

constant of approximately 0.5. Thus, in contrast to the large,
favorable equilibrium constant for complexation of tetrahydro-
furan with poly(styryl)lithium, the equilibrium constant for
poly(isoprenyl)lithium is 1less than one. This suggests that
considerable complexation might be occurring to the intact dimer
(aggregate) as shown in eq 4. Obviously, calorimetry can not by
itself define the complexation process. However, the effect of
structural

(PIL]’.)2 + THF.(_;(PILi)Z-THF (4)

variations on complexation enthalpies can provide insight which
can be useful in deducing the nature of the complexation process.

The enthalpies of coordination of tetrahydrofuran with
poly(isoprenyl)lithium exhibit a dramatic concentration depen-
dence as shown in Figure 3. The enthalpies decrease from -5.8
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Figure 3. Enthalpies of interaction of THF (IR) and 2,5-dimethyltetrahydrofuran
(® ) with 0.03M solutions of polyisoprenyllithium in benzene at 25°C.
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kcal/mole at R = 0.2 to -3.1 kcal/mole at R = 0.5. A similar
concentration dependence is exhibited by the heats of inter-
action with 2,5-dimethyltetrahydrofuran. The surprisingly large
difference in enthalpies between tetrahydrofuran and 2,5-
dimethyltetrahydrofuran (3.2 kcal/mole) represents the largest
sensitivity to steric requirements of the base which we have
observed. In order to interpret these results, it is assumed
that whatever the coordination process is for a given organolith-
ium compound with tetrahydrofuran, the same coordination process
is occurring for 2,5-dimethyltetrahydrofuran (i.e., observed
steric effects represent differences in degree and not in kind)
(19,20). On the basis of the steric effects for poly(styryl)lith-
ium versus poly(isoprenyl)lithium (see Table 1I), it can be
deduced that the coordination process for interaction of tetra-
hydrofurans with poly(isoprenyl)lithium involves primarily coor-
dination to the intact dimer (aggregate). This conclusion is
based on the expectation that coordination to unassociated poly-
(isoprenyl)lithium would be less hindered than coordination to
unassociated poly(styryl)lithium.

Table I. Steric Effects on Enthalpies of Interaction

-AH(kcal/mole)? AAHb

Organolithium THF 2,5-Me , THF (kcal/mole)
poly(isoprenyl)lithium 5.8 2.6 3.2
poly(styryl)lithium 4.5 2.3 2.2

®All enthalpies obtained at 25° by addition of 100yl (ca. 1
mmole) of base into 200 ml of 0.03M RLi ([base]/[Li] ca. 0.2).

bThe difference in enthalpies for THF versus 2,5-Me, THF for a

given RLi. 2

This supposition is supported by results for linking reactions
of polymeric organolithium compounds which indicate that the
steric requirements of a poly(styryl) chain end are larger than
those for a poly(dienyl) chain end (24,25). Since a larger
sensitivity to base steric requirements is exhibited by poly-
(isoprenyl)lithium and it is known that the coordination process
for poly(styryl)lithium involves coordination to give the unasso-
ciated species (eq 1), it 1is concluded that tetrahydrofuran
coordination with poly(isoprenyl)lithium must involve inter-
action with an associated species (presumably the dimer) to
explain the large sensitivity to the steric requirements of the
base.

These results indicate the utility of high-dilution, solu-
tion calorimetry for examining and characterizing the nature of
base coordination with organolithium compounds. The large, exo-
thermic enthalpies of coordination of bases with polymeric
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organolithiums are consistent with the dramatic effects of bases
on organolithium-initiated polymerizations of vinyl and diene
monomers. Further work is in progress to determine the effect of
the penultimate unit on the base coordination process and to
characterize the coordination process for a variety of different
bases.
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Anionic Polymerization of the Strontium Salt of
One-Ended Living Polystyrene in
Tetrahydrofuran and Tetrahydropyran

C. DE SMEDT and M. VAN BEYLEN

Laboratory of Macromolecular and Organic Chemistry, University of Leuven,
Celestijnenlaan 200 F, B-3030 Heverlee, Belgium

ABSTRACT

Similarly to the previously reported barium salt, the
strontium salt of one-ended 1living polystyrene (SrSy) was
prepared by converting on a strontium mirror dibenzylmercury into
dibenzylstrontium. The latter was reacted with a-methylstyrene
and the resulting oligomer was converted into the one-ended
polystyryl salt by reaction with styrene. Conductance
measurements in THF and THP in the temperature range of
respectively -70°C and -40°C to +20°C indicated that in analogy
with the barium salt, two equilibria are simultaneously
established in both solvents:

SrSy = (srs)t + s~ (Xp)
and 28rsy = (srs)t + (SrS3)” (K2)

The ionic dissociation of strontium tetraphenylboride SrB)
(SrBy =% srB¥ + B~) was also investigated in THF in the
temperature range of =70°C to +20°C and provided the respective
A'y 8 and Kg + Viscometric measurements on mixtures of SrS)
SrB

and strontium titraphenylboride (SrBg) in THF clearly indicate
the formation of a mixed salt SrSB, which dissociates according
to

SrSB = (Srs$)t + B (Kp)

Conductance measurements on the mixed salt provided an accurate

value for At + and for Ky.

oSrS
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Kinetic measurements in THF in the absence and in the
presence of variable amounts of added SrBy indicated that,
simlilarly to BaSj, propagation occurs mainly via the free S~
anions, the reactivity of the other species being negligible.
Addition of SrBs slows down and eventually inhibits the
propagation through formation of the mixed salt SrSB, the
dissociation of which can no longer give free S~ anions,

Even in THP where the ionic dissociation of SrSy and
therefore also the amount of free S™ anions was shown to be very
small, propagation involving the free S™ anions still accounts
for the observed kinetics and no propagation by specles, other
than S~ anions, could be detected experimentally.

The polymerization kinetics of alkali salts of living vinyl
polymers in ethereal solvents, such as tetrahydrofuran (1),
tetrahydropyran (2), dimethoxyethane (3), oxepane (4) and dioxane
(5) have been studied and different comprehensive reviews or
books dealing with anionic polymerization have been published
(6). 1In all cases reported, except in the least polar solvents
like dioxane, both ion pairs M, Catt and free ions M~ were found
to contribute to the propagation. In some cases even triple ions
were shown to participate in the anionic propagation process
(1a,7).

In ethereal solvents the alkaline—earth salts of living
polymers (one-ended as well as two-ended) show a kapp (=kopgd/C)
inversely proportional to the carbanion concentration. B.
Francols and coworkers proposed the formation of inactive
aggregates of ion pairs (57, M2+, S3)n and a propagation
proceeding through free ifons (8,9,10). For the polymerization of
the one-ended living BaZt, (poly~S™)2 in THF B. De Groof, M. Van
Beylen and M. Szwarc presented another mechanism which fully
accounts for the observed kinetics and conductances and which
assumes the formation of M2+, (poly~S~)3 triple ions next to M2+,
(poly-S~) and free poly S~ ions and a propagation mainly by the
free polystyryl anions, the reactivity of other specles being
negligible or at least not observable (11). Other systems were
however, reported in which the reactivity of species, other than
free ions, cannot be neglected (12,13).

In the present comminication the strontium salt of one—ended
living polystyrene (SrSy) was studied in tetrahydrofuran (THF)
and tetrahydropyran (THP), in order to check the validity of the
triple ion mechanism. The fonic dissociation of SrSy; in THP was
expected to be smaller than in THF and therefore it was thought
that perhaps a contribution to the propagation from specles,
other than the free S™ anions,would be detectable.

The marked difference in behavior between two—ended and
one-ended living polymers of alkaline-earth metals needs to be
stressed. Whereas the rate of polymerization seems to be
independent of the degree of polymerization in the case of
one-ended polymers, such a dependence was disclosed in the case
of the two—ended living polymers (8,9).
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Experimental

1. Preparation of the strontium salt of one—ended living
polystyrene (SrSs)

The preparation of the strontium salt was carried out under
high vacuum following the procedure described previously for the
barium salt (11), with this modification that a greater excess
(9.5 fold) of a~methylstyrene (a~MeS) was used at a temperature
of 31°C. After 22 hr the remaining a-MeS was evaporated at the
vacuum line together with the THF (10). After redissolving in
THF, a 60~fold excess of styrene was added in 6 steps. An
approximate molecular weight (M,) of 6000 was determined for the
single "S" arm by vapor—-pressure osmometry after protonation of
the salt, in good agreement with the calculated molecular weight
(Mp, ca1¢=6300). From GPC data a value of My, /Mp = 1.36 was
obtained. To obtain the SrSy in THP, the THF was removed and the
salt redissolved in THP, This procedure was repeated once to
ensure complete removal of THF (14). The same e~values as found
in THF (see Table I) were used.

Table I

The main absorption maxima of the strontium salts in THF at 20°C

sT(X), Aay? ex 10" Ref .
no (mol of x')'l
2+ -
St (PhCH2 )2 332 1.46 this work
322 1.2 a
2+ -
St (PhCHz"'aMeS )2 334 1.27 this work
Srzb(poly-s-)z 348 1.23 this work
348 b
350 c
se2* (PhcH, CH,CPh ) 447 d
r 2¥%2¥ 2 g
(a) K. Takahashi, Y. Kondo, R. Asami, J.Chem.Soc.(Perkin II), 577
(1978); (b) C. Mathis, L. Christmann-Lamande, B. Frangois, J.Polymer
Sci.(Pol.Chem.Ed.) 16, 1285 (1978); (e) C. Mathis, B. Frangois, C.R.
Acad.Sci.(Sér.C) 288, 113 (1979); (d) Preparation of SrS2 by addi-
tion of styrene to the adduct of 1,l-diphenylethylene to Srz*(PhCH;)2
led to the same xmax = 348 nm, cthough not all of the Srzb(PhCHZCH2
Cth-)2 was converted into StSZ.
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2., Preparation of strontium tetraphenylboride

Two methods were used:

a) Strontium tetraphenylboride (SrBy) was prepared by the
method outlined in ref. 15. Since SrBy 1is less soluble
than BaBg, the precipitated salt on the filter was also
recovered and purified.

b) A second method consisted of making first diphenyl
strontium (Sr(Ph)s) by reacting diphenyl mercury on a
Sr-mirror in THF. After removal of the excess of Sr and
Hg, the Sr(Ph)s solution was reacted with an equimolar
amount of B(Ph)3 in THF. The SrBy formed precipitated
partially. It should be pointed out that conductance
measurements with SrBy prepared according to method a or
b led to the same results.

3. Purification of solvents and monomer

Tetrahydrofuran and tetrahydropyran were refluxed for 24 hr
over Na-K alloy and distilled onto fresh alloy. Before use the
solvents were distilled once more onto SrS2 and subsequently
distilled under vacuum into ampules. An all-glass apparatus
equipped with breakseals was used for the latter operation.
Styrene and a-methylstyrene were distilled under vacuum and dried
twice over CaHy under high vacuum. Styrene was further purified
by distilling it in the presence of SrSy, while a-methylstyrene
was further dried over Na-K alloy.

4, Conductance and kinetic measurements

All measurements were carried out under high vacuum. The
details of the procedure and the apparatus used are given in ref.
11,

Results and Discussion

Conductance measurements

1. Strontium salt of one-ended living polystyrene (SrSz) in
THF

The conductance measurements cover a concentration range
from 8 x 1076 up to 7.5 x 1074M and a temperature range from
=70°C to +20°C. Adopting the procedure of Kraus and Bray (16)
one finds a pronounced deviation from linearity, resulting in a
constant value of A at high concentrations (fig. 1). In analogy
with the Ba-salt this phenomenon can be explained by admitting
that the ionization of SrSy 1is due not only to 1ts dissociation
into SrS* cations and free S~ anions (eq. 1) but also to the
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formation of unilateral triple ions Sr$3~ (eq. 2), both fonic
equilibria being simultaneously maintained:
Sr§o == (srs)t + s~ K1 (1)

2 srSp == (srs)* + (Srs3)” Ko (2)

Thus, if the degree of dissociation (eq. 1) can be neglected (at

sufficiently high nominal concentrations C), the fraction of salt

converted into triple ifons becomes independent of C.

Treatment of the data by the relation derived by Wooster

(12) for systems involving unilateral triple ions viz, cA? =

A2y + (2Aghom A o)ch where Ag 1s the sum of the limiting

conductances of SrSt and S~ and Ao the sum of those of srst and

SrS3~ respectively, ylelds a straight line (fig.2), confirming

the formation of unilateral triple ions. The constants Kj and Kp

were calculated respectively from the intercept and the slope of
this straight line. Alternatively, as outlined in ref. l1, the
value of Ko may also be calculated from the relation A; =

[Ka172/(1 + ®y1/2)]1), which reduces to Ay = Kpl/2ex; 1f Kpl/2¢<1

and where A] is the equivalent conductance in the concentration

range where the fraction of triple ifons and the equivalent
conductance remain constant and independent of C, whereas K| may
also be derived by determining, as in ref. ll, the concentration

C; for which [SrS3”)] = [ST], since then K] = K3Cy. The Kj-values

derived from the Wooster plot and the Kp-values obtained using

the equation Kpl/2 = = A1/)\, are the most reliable ones (ll). The
respective Kj and K9 values are tabulated in Table II. Kj
obtained using the value of Cy and Ky derived from the Wooster
plot are given in parentheses. The Lo and Ay values needed for
these calculations are collected in Table III and were defined as
follows:

- + + - _ .

AO’SI‘SZ = XosS5~ t Aossrs’ = 2Xg,5- (=21.0 at 20°C) see further
part &4
conductance
of SrSB

- +
Ag,triple = Ao,SrS3- + Xo,srst (=18.8 at 20°C) where

Ao»Srsa' = Xgpg~/1.26 (18)

To obtain the values of A, and A, at different temperatures we
used the following equation, rather than the Walden product which
is known to decrease with temperature (1b,19).

2o7(20°C)  agt ya*+(20°C)

Ao (T°C) Aot ,Nat(T?C)

A Van't Hoff plot providing the corresponding thermodynamic
parameters for the fonic dissoclation of SrSy; (eq. 1) is shown in
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Figure 1. Kraus and Bray conductance plot for Sr*, (poly-S’), at different
temperatures in THF,

—
1 ! | | | | i | ]
0 2 4 6 8

Figure 2. Plot of equivalent conductance vs. concentration of Sr**, (poly-S°); in
THF at 20°C (a); Wooster conductance plot in THF at 20°C (b).
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figure 3. (AH}° = =1.87 kcal/mol and AS;° = —46.4 e.u.). A
curvature of the Van't Hoff plot such as observed for the triple
ion formation constant Ky has been reported in many other cases
and may reflect the decrease in exothermicity of the dissoclation
at lower temperatures as expected on the basis of the increase of
the dielectric constant with decreasing temperature. Why this is
not the case for Kj is difficult to say in cases where specific
solvation occurs next to solvent polarization. If it were
possible to go to lower temperatures a similar decrease of the
exothermicity might eventually also show up for Kj.

Table II

sr?*, (poly-sT), in THF and THP. Equilibrium comstants K, and K, (THF)

and KZ (THP) at different temperatures.

T,°C R x 109, M K, x 10° R, x 10°
(THF) (THF) (THP)

20 1.6 (1.6) 3.3 (3.0) 1.2 (1.4)
15 1.9 (1.8) 3.4 (3.0) 1.2 (1.3)
10 2.0 (2.0) 3.5 (3.1) 1.2 (1.4)
5 2.2 (2.1) 3.7 (3.3) 1.2 (1.4)
o 2.3 (2.1) 4.1 (3.7) 1.2 (1.4)
-5 2.4 (2.3) 4.0 (3.6) 1.2 (1.4)

-10 2.6 (2.6) 4.3 (3.9) 1.2 (1.4)

-15 2.8 (2.7) 4.6 (4.1) 1.1 (1.3)

-20 3.1 (3.0) 4.9 (4.3) 1.1 (1.3)

=25 3.3 (3.2) 5.1 (4.5) 1.1 (1.3)

=30 3.6 (3.7) 5.6 (4.9) 1.1 (1.3)

=35 3.9 (3.3) 5.8 (5.0) 1.1 (1.3)

-40 4.1 (3.7) 5.9 (4.9) 0.92(1.1)

-45 4.4 (4.2) 6.0 (5.1)

-50 4.8 (4.7) 6.1 (5.2)

~55 5.4 (5.3) 6.9 (5.9)

~60 6.2 (5.6) 7.0 (5.8)

~65 6.5 (5.9) 7.1 (5.8)

-70 7.3 (6.6) 7.5 (6.1)

The SrSy-salt is more dissoclated in THF than the BaSp-galt
(11,15), probably due to greater solvation of the smaller st
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cation in the SrSz—-salt than of the Ba2* cation in the
corresponding salt. For alkali ions the solvation energy
(specific and/or through solvent polarization) exceeds the
Coulombic interaction energy which binds the ions into ion pairs,
and therefore in THF the dissociation of ion pairs is exothermic
(1b). This is also the case with the SrSs salt, though the
solvation of the (SrS)* cation is much smaller than e.g. that of
the Nat cation. This is confirmed by comparing the corresponding
AH) °-values (-1.87 and -8.2 kcal/mol respectively). In the case
of BaS2 it was already shown that the gain in solvation energy of
the (BasS)* fon is smaller than the Coulombic interaction energy
(AH}° = +0.9 kcal/mol) (11).

Furthermore, the entropy change AS)° for the dissoclation of
the alkaline earth polystyrene salts is substantially less
[ASl°,Sr32 = -46 e.u.; Aslo,BaSZ = =40 e.u. (11)] than for the

dissociation of the Nat,$™ contact ion pair (AS® 2 - 60 e.u.)
(14,1b). This smaller decrease i1s attributed to the fact that
upon dissociation of the M2+,(S-)2’ salts, a S~ anion remains
bound to the M2% cation preventing the MZL to be reached from all
sides by the solvent molecules. The difference between AS]°,grg
and ASl°,Basla1so accounts for the greater solvation of the
smaller (SrS)* cation formed upon dissociation.

2

2, Strontium salt of one-ended polystyrene in THP

In THP, which has a lower dielectric constant than THF, and
in which conductance measurements were carried out at
temperatures ranging from -40°C to +20°C, the constant value of
the equivalent conductance was maintained throughout the whole
concentration range studied (3x10~° to 8x10~%M) (fig.4). From
these constant A) values, Ky was obtained (see Table II). Since
the intercept of the Wooster plot (fig.4) is indistinguishable
from zero, it was impossible to determine Kj. The slope of this
plot gives K3 (values given in parentheses). The relevant Ay and
Ao values are listed in Table III and were obtained from those in
THF using the Walden rule. The viscosities of THF (19) and THP
(20) were taken from the literature. Our measurements in THP
thus confirm the mechanism proposed in the equations (1) and (2)
and clearly indicate the lower dissociation (eq.l) of SrSy in THP
than in THF.

3. Strontium tetraphenylboride in THF

Conductance measurements on strontium tetraphenylboride
(SrBy) were performed over a concentration range of 5x107M to
2x10~6M and at temperatures extended from ~70°C to +20°C. 1In
Figure 5 the results are graphically presented as a 1/A vs. CA
plot giving an accurate intercept, as a result of the high
degree of dissociation of SrBy in THF. In this way the values of
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Figure 4. Plot of equivalent conductance vs. concentration of Sr*, (poly-S°); in
THP at 20°C (a); Wooster plot for Sr*', (poly-S™), in THP at 20°C (b).
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Figure 5. Plot of 1/A vs. CA for Sr(BPh,), in THF at different temperatures.
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Table III

Limiting equivalent conductances Ao and Xo in THF and THP at different

temperatures.

T Ao' SrS2 Xo ,triple Ao' SrS2 Xo, triple
°c (THF) (THFY (THP) (THP)
20 21.0 18.8 12.4 1.1

15 19.6 17.6 11.2 10.1

lo 18.4 16.5 10.3 9.2

5 17.2 15.4 9.3 8.3

] 16.0 14.3 8.4 7.5

-5 15.0 13.5 7.6 6.9
-10 14.0 12.6 6.9 6.2
-15 13.0 1.7 6.2 5.6
-20 12.0 lo.8 5.5 5.0
-25 1.2 lo.0 5.0 4.4
~30 10.2 9.1 4.4 3.9
-35 9.4 8.4 3.7 3.3
-40 8.8 7.9 3.5 3.1
-45 8.0 7.2
-50 7.3 6.6
-55 6.5 5.7
-60 5.8 5.2
~65 5.2 4.7
-70 4.6 4.1

Ay and the corresponding K4 values for the dissociation were
SrBy = (srB)* + B~ Kq (3
SrBy

determined. They are summarized in Table IV. In addition, Table
IV shows the relevant thermodynamic parameters.

The enthalpy of dissociation of the contact ion pair of
difluorenyl strontium (SrFlpy) was reported to be AH°q o = -l4.4
kcal/mol at 20°C, that of the mixed tight—loose ion pair being
much less negative (AH°q c-g,s = —21 kcal/mole) (21). 1In view
of the fact that the SrBz and the BaBj salts are much more
dissociated than the corresponding fluorenyl salts and that the
enthalpy values of SrBy and BaBy are -0.7 kcal/mol and 0.0
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Table IV

Dissociation constants and /\o-values of Sr(B@l‘)2 in THF at different

temperatures

T R, 10° A, A x n.A .10

°c * ZH ca’mol” 07! em?mol ™'
20 3.05 51.0 12.1 2.49
15 3.22 48.0 11.3 2.46
10 3.31 45.4 10.9 2.46
3.63 42.7 10.2 2,45
o] 3.85 40.¢ 9.5 2.44
-5 3.98 37.6 8.8 2,43
-10 4.00 35.4 3.5 2,44
-15 4.00 33.3 8.2 2.45
=20 4.15 31.1 7.8 2.46
=25 4.29 29.0 7.3 2.46
=30 4.52 26.8 6.8 2,46
=35 4.62 24.8 6.4 2.46
=40 4.69 22.9 6.1 2.46
=45 4.77 21.0 5.6 2.46
-50 4.99 19.2 5.2 2.46
~55 5.23 17.5 4.8 2.45
-60 5.11 15.9 4.5 2.46
-65 5.25 14,3 4.0 2.44
-70 5.25 12.8 3.7 2.44

’A: : limiting equivalent conductance of [Sr(B@A)]"

Thermodynamic parameters of Sr(B@A)2 in THF
AK:1 » - 0,69 kcal/mol
° - -
ASd 23 e.u.

kcal/mol (15) respectively, we may conclude that these salts are
at least of the mixed tight-loose type, for which there is but
little change in the solvation state upon dissociaton. Moreover,
since the entropy of dissociation for the contact ion pairs is of
the order of ~-50 to -60 e.,u., we may again say that the
tetraphenylboride salts of Sr and Ba, showing an entropy change
of respectively ~23 and -22 e.u., are also for entropic reasons
not of the contact type.

In fact, the Ay -value of (SrB)* being 12.1 and that of
@aﬂf 26.1 may be taken to indicate a double solvent separated ion
pair structure for the Sr-salt and a mixed contact-solvent
separated pair structure for the BaB3. The double solvated
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catfon of the Sr salt represented as B~//Sr2t// will upon
dissocation indeed be less mobile than the smaller B™,Balt//
cation. The assumption outlined above is also reflected in the
greater K4 grp (=3.05x10"9M) in comparison with K4, BaB
(=1.65x10734) 2 at 20°C. 2

In conclusion, the following equilibria might be written for
the dissocation of SrBy and BaBy, respectively:

B=//sc2*t/ /8- == B~ + //st2t//B~ K4 (4) .
SrBap

B~,BaZt//B~ === B~ + //Bal* B~ K4 (5)
BaB2

4, The mixed salt SrSB in THF at 20°C

When mixed with SrBp, the strontium salt of one-ended living
polystyrene SrSy, like the barium salt BaS; with added BaBy (l3),
forms a mixed salt SrSB according to the equilibrium:

SrSy + SrBy; T= 2 SrSB K, (6)

The formation constant K, of the mixed salt SrSB was determined
by measuring the viscosity of a solution of such mixture. Indeed
the length of the SrSy molecule is twice as high as that of SrSB
(and also of dead poly=S) so that we may consider SrSB equivalent
to dead poly-S. To ascertain a sufficient viscosity, a SrSj salt
of molecular weight of about 58,000 per "S"-arm was used (Mj,/M, =
1.26). Adopting the same method as outlined in ref. 15, a
calibration curve was then constructed (fig.6, Table V), giving
the specific viscosity of mixtures of living and rigorously dried
dead polystyrene, obtained by termination of some of the
investigated SrSp, as a function of their composition r (r=SrSy/
total poly-S) for a constant total weight concentration of
polystyrene (83.5 gr/l). Subsequently the viscosity of a mixture
of living SrS9 and dead polystyrene of the same total
concentration was measured without and with addition of SrBj.
Equivalent amounts of living SrSy and SrBj, as were used in the

case of barium, were not taken in this case, in view of the lower
solubility of SrBs. It should again be stressed that the
molecular weight distribution of any mixture of living and dead
polymer is the same as that of the corresponding mixture of SrS»
and SrBy of the same specific viscosity, thus justifying the
method used to determine the K, value for any molecular weight
distribution. The mixtures of SrSy and terminated S used in
determining the calibration curve have the same molecular weight
distribution as the mixture of SrSy and SrSB resulting from the
addition of SrBz. Indeed samples of the same stock solution were
used to carry out these experiments. Thus, it was avoided that
changes in molecular weight distribution would affect the
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Figure 6. Viscosity of a solution containing SrS; and the terminated dead poly-S

at various 1 values (t = [SrS,)/total poly-S) but at constant weight concentration

of total polystyrene (whether as SrS, or dead poly-S). The dashed line corresponds

to a mixture of living strontium polystyrene ([SrS,] = 4.3 X 107*M), dead poly-

styrene ([2(terminated S)] = 2.9 X 10%M), and a certain amount of SrBs; (=
2.4 X 10V'M).
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Table V

Viscosity data of the study of the mixed salt SrSB
in THF at 20 * ¢

r nspec
o (¥ 5.42
o (®) 5.16
0.09 5.60
0.33 5.76
0.50 6.36
0.79 6.69

(e) .
L 5.63

(a) obtained by termination of living SrS. with methanol

2
(b) obtained after complete spontaneous termination

of the living SrS2 solution

(e) ratio obtainmed from the calibration curve (£ig.6)
for the mixture of polystyrene (liviang + terminated)

with SIBZ (= 0.28)

results. The results are shown in fig.6 and from the r value
determined for the above described mixture, K, was calculated to
be 100,

The mixed salt SrSB was assumed to dissociate according to
the equilibrium

SrsB =~ (srs*) + B~ Kp ¢))

The conductance of a mixture [SrSp] = 2,19x107%M and [SrBy] =
2,08x10"%M was measured and the corresponding [SrSBl,

concentration and K could be calculated from the following set
of equations:
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[SrsB]2
= K, = 102
([srB2lp = 1/2[srSBI)([SrSy]1, = 1/2[SrSB])
[(srs)*1[B™1/[srSB] = Ky,
[(srB)*1[B71/(ISrBy1o-1/2[SrSBI-[(STB)*]) = Ky crn 3.05x10™5M
B

[(srB)*] + [(5r5)*] = [B7]
- +
[B7)=2o,8™ + [(STB)*1Ng grp* + [(SrS)+]A:’SrS+ = L.103.a

where L is the measured conductance and a is the cell constant.
The following A, values were used: Ag g~ = 38.9 (19),

Ag,SrB+ = 12,1 (see part 3), xc';,SrS-" ="10.5 (see below). Seven
concenttations were measured (3.10°4M «» 1.1073M) and each time
Ky was calculated resulting in a mean value of Ky = 6,72x10734
(see Table V).

Table VI

Conductance of Srz’. (pOIy-S-) (30,‘-) in THF at 20°C.

*L x 16° | [5e2* (poly-s7) (30, 7)] I amfy.1o? | f10®  |1x10® |k, (caleulated

-1 4 2 =1~ -2 2,-1.-1 -1 from L)
Q 107, M ca’mol @  lmol Qcm * jeml Q Q < 16°
353 3.54 17.9 5.59 6.33 369 1.55
220 1.80 21.9 4.56 3.95 232 6.68
140 0.905 27.8 3.60 2,51 148 6.86
99.9 0.562 31.9 3.13 1.79 106 6.96
68.9 0.348 35.5 2.81 1.24 13.4 6.76
40.7 0.180 40.6 2.46 0.73 43.6 7.24
21.9 0.091 43.1 2.32 0.39 23.7 5.83
Cell constant : 1.795 x 10-2 cm.|

*-values corrected for the conductance of the minute amount of remaining Sr:(Bﬂa)z
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Alternatively A, and Ky for the mixed salt may be calculated
from a plot of 1/A vs. [SrSB] A which ylelds a straight line
(fig.7). The following values may be derived from this plot:

l/int:ercept:+ Ag = Xt sest + Ag,B” = 49.4 and since A5 g~ =
38.9 (19) Ag srst will be equal’ to 10.5, while the slope =

l/Kb.l\2 = 6.36 ylelds Ky, = 6.44x107°M, The measured conductance
(L) were corrected for a minute fraction of remaining SrBp(~5%).

It is noteworthy at this point that only dissociation of
SrSB according to equation (7) was taken into account and not
according to the equilibrium:

srsB = (srB)t + s~ Ke (8)

Ke should be much smaller than K because no propagation was
detected in a quasi equivalent mixture of SrSy and SrBy (see
kinetic measurements) thus the amount of S~ is undetectably
small, Calculation of the equilibrium constant of the exchange
reaction:

(srB)* + s~ (srs)t + BT Ry ex 9
Kq-Kp2 Kp 6
yields Ky ex = = = = 8,50x10
K K
dSrB2 1 c

Justifying our assumption that Ky >> K,

Comparing the two dissociations SrBp; = (srB)t + B~ and SrSB =
(Sr$)* + B~ characterized by the dissoclation constants KdSrBz =
3.05x107™M and Kp = 6.44x107 5M, respectively, and taking into
account the fact that in Kq a statistical factor 2 appears but
not in Kp, 1t seems that the S~ anion is tightly bound to the
sr2t cation and thereby decreases the attraction of B~ in SrSB.
This is not the case in the SrBy salt which is probably of the
double solvent separated type (see 3) leading to a smaller value
for Kgq than Ky.

SrB2

Kinetic Measurements

Pseudo-first order kinetics were observed in each of the
following cases.

1. Kinetics of the propagation of styrene polymerization
initiated by SrSy; in THF without added SrBjp
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Though there is some scatter, the pseudo-first order rate
constant kopgq seems virtually independent of the concentration
of the strontium salt (fi§.8, Table VII) in the investigated
concentration range (>107°M). Such a phenomena was already
observed with one- and two—-ended barium polystyrene in THF and
THP (§:..9.’1_1’!'2)'

Table VII
kobserved and kappateut of the polymerization of Sr2+, (poly-S-)2
in THF at 20°C
¢x10® |k xi0t | Lx0™ app. * 1072
M sec”! vl M. see™!
0.1t 3.36 8.79 29.54
0.13 3.80 7.99 31.02
0.21 4.11 4.66 19.16
0.22 3.97 4.47 17.76
0.75 5.07 1.33 6.77
1.33 2.25 0.75 1.70
2,44 5.91 0.41 2.42
2.50 4.08 0.40 1.63
5.20 3.45 0.19 0.66
5.98 2.79 0.17 0.47

If only the free ions contribute to the propagation to any
measurable extent, the contribution of all other species to the
polymerization being negligible, 1t can be shown(ll) that kypgq =
{K1/(K1/C + K2)1/2}k_ and since in most experiments K]/C<<K;, a
plot of the apparent propagation rate constant kapp (=kobgd/C)
vs. 1/C should give a straight line going through the origin
indicating that no species other than free ions can be found to
contribute to the propagation. The slope of this line is equal
to k_.Kj /YKy (£1g.9). Thus it was calculated that slope =
k_.K}

y = Kobsd = 4.1x1072 gec™l, neglecting the two lowest concen-
K2 1/2
trations of Table VII for which the condition (K;/C + Kp) ! =
Kpl1/2 1s not fulfilled (11). Calculations of kobsd With the
values of Kj and Ky, determined from conductance measurements,
and assuming k_ = 122,000~ sec™! (22,23) gives Kobsd =
k_K1/VKy = 3,%x1072 sec™! in good agreement with the value
obtained from the kinetic data.
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Figure 7. Kraus and Bray conductance plot for the mixed salt Sr*, (poly-S7)
(BPh,") in THF at 20°C.

— '1)
10 ]kobsd(sec

C{M)
—_——

| |
-5 -4 -3
10 10 10

Figure 8. Plot of Koma of Sr salt of living polystyrene in THF vs. log of the
concentration of Sr**, (poly-S°). at 20°C.
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Figure 9. The kopp (= Konaa/C vs. 1/C for Sr*, (poly-S-),) in THF at 20°C.
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The rate constant k_ is taken to be independent of the
solvent and its temperature dependence can be represented by one
common straight Arrhenius line for several solvents (22).
Although there has been some controversy in the past as to its
exact value, our results seem to indicate that the value given in
ref.22 1s to be preferred to that used previously in ref.ll (see
also the remark given in ref.23). The value of k_ was calculated

at 20°C from the following equation, given in ref.22

log k_ = 8,0 - 3900/(4.57 T) (10)

2. Kinetics of the propagation of styrene polymerization
initiated by SrSy in THF in the presence of SrB2

A solution of [SrSy] = 1.2x10™5M and [SrBp] = 1.7x1075M
could not be found to propagate anymore. Considering the
equilibria 1, 2, 6 and 7 1t can be seen that upon addition of an
approximately equimolar amount of SrBy or more the increase of
[SrS*], resulting from equilibria 6 and 7, represses the
formation of S~ and SrS3~ anions in 1 and 2, making their
concentration negligible. Therefore we may conclude that the
propagation by SrSy and SrSt must be very small and not
observable.

On the basis of our previous kinetic measurements in the
absence of SrB one may also conclude that there is no detectable
propagation through triple ions SrS3~ either. Moreover, a value
of kepp < 100M™! sec™l 1s accepted (1t will be seen later (24)
why thgs upper limit of kgpp 1s chosen), and in our case the
ratio [SrS371/[S”] = Kp[SrS3]1/K; amounts to 10 at the highest
concentrations of SrSy indicated in Table VIII, in which the
results of kinetic measurements in the presence of varying
relative amounts of SrB; are summarized. Therefore, taking k_ as

122,000M~! sec™l, the contribution of SrS$3~ to the observed
propagation could not exceed 1% and it is justified to assume
that propagation occurs entirely via the free S~ anions.

Since the ratio [SrS3],/[SrBz], used in the experiments
reported in Table VIII was large, virtually all SrBj was convert-
ed into SrSB. In this case one can write:

[(sr$)*12/(2[SrBy), - [(Sr8)t]) = 6.44x1075M = Ky (1)

Admitting, as explained above, that the observed propagation
arises entirely from the growth of S~ anions, we can also write:

[srsy]

[(sr$)*] = (k_.Kp) (12)

k'obed
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Society Library
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Table VIII

Propagation of styreme polymerizationm initiated by Sr2+,(poly-5-)
in the presence of Sr(8g,), (THF; 20°C)

(ses,] .10% | [seB,] .10° | k' ..103 | [5¥Sp) = (55,1 5 | ((ses*)1.10°
2% 270 obsd .10
(f{srs,] -[srB,1 )i,
-1 Zo 2o kobsc:l

M M sec 104, M M. sec M
0.769 0.196 8.08 0.749 0.928 0.371
3.70 0.348 19.5 3.67 1.88 0.636
3.89 0.412 19.7 3.85 1.95 0.739
2.42 0.712 5.15 2.35 4.57 1.20
5.28 1.27 10.4 5.15 4.63 1.95
0.812 1.24 1.17 0.688 5.89 1.91
3.80 3.58 1.18 3,44 29.2 4.30
1.93 3.17 0.447 1.61 36.1 3.94

A plot of [(Srst)] (calculated from equation (11)) vs. [srsa]1/
k'obsd glves a straight line goizg thf?ugh the origin with a
slope equal to k_ x K; = 1.8x107% sec (f1g.10) resulting in a
Ky value of 1.5x10™%M in very good agreement with the Kj-value
determined from the conductance measurements.

3. Kinetics of the propagation of styrene polymerization
initiated by SrSy in THP

The behavior of the SrS; salt in THP and THF looks very
similar. Again only the contribution of free S~ ions to the
propagation can be observed resulting in a straight line through
the origin in a plot of kapp Vs. 1/Cc (fig.11,Table IX).

The slope 1s k Kj/Ky = kopgqg = 7.4x1073 secl. Taking again
a value of k_ = 122,000 M1l gec” » and thus assuming the
insensitivity of k_ of the solvent (22), and since K2-1.2x10‘6,
the value of K (20°C) could be calculated to be 6.6x10"13y,

(The condition K)/C << Ky is therefore fulfilled over the whole
concentration range used in these experiments).

The kopgd and K) decrease by a factor of 5x102 and 2x103,
respectively, on going from THF to THP at 20°C. The decrease of
K; was within the expectations on lowering the dielectric
constant. The variation of kypgq can also be entirely accounted
for by assuming a propagation occurring mainly through free ions
in THP (24), though the dissociation constant is significantly
lower in this solvent than in THF.
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10
= | [tsrs)] x10°
5 L
o]
— o]
e K ).[srs x102
. (1/ obsa)-[SrS,]
8 —_—
2 ] | ! i ] | 1 | ]
0 10 20 30 40 50

Figure 10. Plot of [(SrS’)], calculated from the relation [(SrS’)1*/(2[SrB;s], —
[(SrS*)])= 6.44 X 10°°M, vs. [SrS.]/K onea. The first experiment (@) is clearly the
least reliable one.

15 —

1 | I ] 1 | ! |
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Figure 11. The k,,, vs. 1/C for Sr*, (poly-S°), in THP at 20°C.

In Anionic Polymerization; McGrath, J.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1981.



150

ANIONIC POLYMERIZATION

Table IX
. . 2+ -
kobuerved and kapparen: of the polymerization of Sr° , (poly-S )2
in THP at 20°C
4 5 1 -4
Cx io kobsd x 10 Ex 10 kapp x 10
M se‘:.l M-l }l-lsletz.l

0.046 7.07 22.0 155.4

0.070 7.96 14.3 113.6

0.14 10.7 6.94 74,31

0.52 5.94 1.93 11.48

0.86 7.32 1.16 8.50

1.61 3.9 0.62 2.43

3.80 4,41 0.26 1.16

7.20 4.40 0.14 0.61
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The use of k_ = 122,000 M lsec™! gives also a better
agreement between the kinetic and conductance results of the
BaS9 salt in THF. Taking, as 1n ref. 14, Ky=1.,1 107 10y as
the most reliable value and K3 1/223,4x10" -3 combined with the
value 122,000 lsec™! for k ylelds a value k°b5d=3.9x10'3
sec™! in good agreement with the one mentioned in ref. 11
viz. kobsd=3.8x10‘3 sec™l, which we feel is more realistic
than the one accepted in ref. 15.

Using for the estimation of Ay in the case of BaSp the
2 triple
relation A, = — (18), as was also done in this
triple 1,26

paper, gives X, = 13,9 + 17.5 = 31.4 and K21/2=3 8 x
triple

1073 which in combination with the above accepted values of

Kj and k_ result in a value of kypgq = 3.5x107 3 sec”l, agatn

in satisfactory agreement with the value reported in ref.ll.

Using for SrSy in THP the full equation for kopgd/C(=kapp)
give in ref. 11 and taking K)/C<<XK2 one finds:

Ky 1
= ko + kKo1/2 + kep, Kol/2 + k. . -

K21/2 c

k

app

The contribution of SrSyp and srst being negligible,

S|
k_. ) = 7.4,10~5 gec~! and having in mind that at the

K2
highest measured concentration (C=7.2.107%M) no contribution
to the propagation from species other than free ions, could
be detected, an upper limit for the triple ion contribution
could be determined

k_*Kj 1

kerp o K2 ¢ =— &

Kpl/2  7.2x107%y

or kypp < 100 M1 sec™]

The value of ktrp in THF 1is probably not different.

RECEIVED July 22, 1981.
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Dynamics of Ionic Processes in Low Polar Media

ANDRE PERSOONS and JACQUES EVERAERT

Department of Chemistry, University of Leuven, Leuven, Belgium

A thorough discussion is given of the field modulation
technique, a new stationary relaxation method based on electric
field perturbation of ionic equilibria. Concomitantly the
theory of electric field effect in ionic systems is reviewed
especially stressing their importance for conductance phenomena
in low polar solutions.

Some examples of conductance relaxation measurements in a
solution of tetraalkylammonium-salts are given. The results
confirm convincingly the applicability of the sphere-in-continuum
model as a basic model for ionic interactions: a complete
treatment of ionic processes can be given from the diffusion of
ions in a continuous medium.

Conductance relaxation is also shown to be critically
dependent upon aggregation equilibria affecting non~conducting
(fomrpairs) as well as ionic species. The relaxation behavior in
the presence of quadrupoles (ion-pair dimers) and triple ions is
thoroughly analyzed. The experimental results show the potential
of the field modulation techniques as a method for the
investigation of ionization processes, independent of conductance
measurements.

The thorough understanding of elementary ionic interactions
is a necessary prerequisite for a successful mechanistic
description of any chemical process involvling ionic species.
Conductance techniques are pre—eminently used to investigate
ionization phenomena. The data obtained yield, within the
framework of ionic solution theory, detailed information on the
distribution between conducting and non-conducting entities the
exact nature of which cannot always unequivocally assessed.
Although this distribution between "free"” charges and ioniphores”

0097-6156/81/0166-0153$05.75/0
© 1981 American Chemical Society
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is a primary constraint the central problem in any analysis of
ionization mechanisms 1is the kinetic study of the interconversion
processes between the different species; for such a kinetic
investigation to be complete all the elementary processes should
be analyzed for their energetic and dynamic properties. Since
the elementary steps in ionic association—dissociation processes
are usually very fast — to the limit of diffusion— controlled
reactions-their kinetic investigation became only feasible with
the advent of fast reaction techniques, mainly chemical
relaxation spectrometric techniques.

In chemical relaxation spectrometry the information on the
kinetic parameters of fast processes 1is obtained from an analysis
of the response of a chemical system upon a fast perturbation in
an intensive thermodynamic variable defining the equilibrium of
the system. To attain an acceptable accuracy the response of the
system upon the perturbation should be of sufficient amplitude, a
requirement which is generally met only for chemical systems
where products and reactants are evenly distributed over the
equilibrium state. This requirement explains the relative
abundance of chemical relaxation studies on ionic processes in
aqueous, or aqueous-like media as compared to such studies in low
polar solvents. In the former media conducting speciles are
usually present in appreciable amounts while in the latter
ionization equilibria are almost completely shifted towards
non—conducting species, which is due to the long range of
coulombic interactions at low polarity. However a multitude of
organic reactions are carried out in solvents of low polarity and
it 1s therefore of the utmost importance to have a detailed
insight in fonic processes in these media in order to assess
unequivocally the intervention and role of ionic species in
organic reaction mechanisms.

To investigate the dynamic properties of ionic species
present at very low concentration in apolar solvents the field
modulation method is particularly suited (1-3). 1In this
relaxation technique, developed some years ago in our laboratory,
an ionic equilibrium 1is perturbed with an electric field and the
response of the system measured from the conductance properties
of the sample solution. Since both perturbation and detection
are carried out in the frequency domain this stationary
relaxation technique has a very good sensitivity and accuracy
which 18 due to the averaging inherent in repetitive
measurements,

In this paper we review the field modulation method
especially to indicate the applicability for the investigation of
organic reaction mechanisms where ionic species may intervene.
The potential of this relatively simple technique will be shown
from results obtained the the investigation of ionization
processes in low polar media, We will give first an introductory
summary of some aspects of electric field effects in ionic
equilibria since a knowledge of this topic is necessary
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prerequisite for a proper understanding of the field modulation

Electric Field Effects in Ionic Equilibria

The basic assumption in conductance measurements is the
independence of the sample resistance on electric field strength.
However a deviation from the linear relation between current
density and field strength will be observed if any field effect
on the mobility and/or the number of free charge-carriers is
present.

At high field strengths a conductance increase is observed
both in solution of strong and weak electrolytes. The phenomena
were discovered by M. Wien (6-8) and are known as the first and
the second Wien effect, respectively. The first Wien effect is
completely explained as an increase in ionic mobility which is a
consequency of the inability of the fast moving ions to build up
an ionic atmosphers (8). This mobility increase may also be
observed in solution of weak electrolytes but since the second
Wien effect 1s a much more pronounced effect we must invoke
another explanation, i.e. an increase in free charge-carriers.
The second Wien effect is therefore a shift in ionic equilibrium
towards free ions upon the application of an electric field and
is therefore also known as the Field Dissociation Effect (FDE).
Only the smallness of the field dissociation effect safeguards
the use of conductance techniques for the study of fonfzation
equilibria,

The energy dissipation of a system containing free charges
subjected to electric fields is well known but this indicates a
non~equilibrium situation and as a result a thermodyanmic
description of the FDE is impossible. Within the framework of
interionic attraction theory Onsager was able to derive the
effect of an electric field on the fonic dissociation from the
transport properties of the fons in the combined coulomb and
external fields (9). It is not improper to mention here the
notorious mathematical difficulty of Onsager's paper on the
second Wien effect.

A conceptual difficulty in the theoretical description of
ionization equilibria is the distinction between "free" and
"bound” fons (molecules or fonophores). Somewhat arbitrarily
Onsager adopted Bjerrum's convention writing the distribution
between free and bound fons as an associatiom-dissociation
equilibrium:

kq
At == At + B Kq = kqlky (1]
kyr
Where AYB™ 1s the state of two bound fons, {.e. two oppositely
charged fons at distances from each other where the electrostatic
interaction of the two ions exceeds their thermal interaction
with the surrounding medium. This picture introduces the Bjerrum
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ion—pair concept together with the Bjerrum distance, f.e. the
critical distance at which the mutual electrostatic interaction
equals the thermal energy. The prevailing confusion about these
concepts 1s mainly due to the strict distinction between free and
not-free ions while conductance discriminates between speciles
contributing and not-contributing to conductance. An important
question is therefore if two oppositely charged ions at the
Bjerrum—-distance, f.e. "bound” to each other, can still
contribute to the conductance. Since in low polar media the
Bjerrum-distance is rather large (125 A) in benzene at room
temperature) it is very plausible that such configurations
contribute to the conductance e.g. by an apparent increase in
mobility of a "free"” ion passing by. Nevertheless it should be
noted that, especially in low polar solvents, the overwhelming
contribution ot he fon-pair state is from configurations with the
two ions very close to contact.

Applying the laws of Brownian motion to the distribution of
free ions and ionmpairs in the presence of a external electric
field Onsager calculated the rate constants of recombination and
dissociation for equilibrium [1] as:

ky = 8NkT (w4 + w-) (2]
and
kq = 8MgkT (w4 + w_.) Kq(E=0) F(28q) [2b]

Here q i1s the Bjerrum—distance (= -eje_/2DkT), k the Boltzmann
constance, » the mechanical mobility of an ion Kq(E=0) the
equilibrium constant in the absence of electric field and D and
dielectric constant of the medium. From these expressions we
see that the shift in dissociation constant upon the application
of an electric field is given by:

Kq(E)/K4(E=0) = F(28q) [3]

F(28q) is somewhat complex function which can however be written
in a clarifying series expansion:

E(28q) = 1 + 28q + 1/3(28q)2 + 1/18(28q)3 + ... [4]
