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ABSTRACT: In order to investigate the reactivity of carbanions in anionic poly­

merizations, oscillopolarographic measurements of oxidation potentials of polymer anions 

and arene anions were carried out in tetrahydrofuran solutions with sodium tetraethyl­

aluminate as a supporting electrolyte. The oxidation potentials of the carbanions 

measured with a microplatinum electrode were expressed against the standard potential 

of naphthalene radical anion: phenanthrene-, 0 V; biphenyl-, 0 V; anthracene2-, 0.27 V; 

stilbene2-, 0.48 V; (polystyrene)2-, 1.26 V; [poly(a-methylstyrene)J2-, 1.13 V; (diphenyl­

ethylene2)2-, 1.13 V, poly(4-vinylpyridine)2-, 1.75 V, fluorene-, 1.71 V. There is a linear 

relationship between oxidation potentials and energy level of the highest occupied 

molecular orbitals of these carbanions, which were obtained from the Hi.ickel molecular­

orbital method. It was suggested that the oxidation wave was caused by direct electron 

transfer from carbanion to anode. The carbanion, which was reported to have a high 

reactivity for the initiation or propagation of anionic polymerization, exhibited a less 

noble oxidation potential. The electrolytic oxidation of disodium a-methylstyrene 

tetramer yielded an oligomer of high molecular weight, 1000, in anodic compartment. 

For the anodic reaction, it is proposed that one electron transfer forms radical species 

followed by radical coupling. 
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In previous papers on the electroinitiated 

anionic polymerizations, it has been confirmed 

by means of polarography that direct electron 

transfer from cathode to monomer initiates 

anionic polymerization and the half-wave reduc­

tion potentials of monomers are related with re­

activities for anionic polymerization 1 • The rate 

of electron transfer from arene anion to mono­

mer, which is an anionic initiation reaction, 

depends on the both reactivities of monomer and 

the arene anion. Similarly the rate of propaga­

tion of anionic polymerization is affected not 

only by the reactivity of monomer but also by 

that of the propagating end. This was elucidat­

ed experimentally by Szwarc, et al.; the rate 

constants of the addition of styrene monomer 

to polystyrene anion2, poly(4-vinylpyridine) 

anion3 and diphenylethylene dimer dianion4 in 

tetrahydrofuran(THF) were 950, ca. 1 and 0.5-

0.71/mol sec at 25°C respectively. These results 

indicate that reactivities of polymer anions are 

intensively influenced by their substituents. As 

it can be assumed that carbanions such as naph­

thalene-:-, biphenyl-:-, initiate anionic polymeriza­

tion through an electron-transfer process and the 

transition state of anionic propagation reaction 

is similar to that of electron-transfer reaction, 

reactivities of carbanions could be estimated by 

the electrochemical measurements of oxidation 

potentials of the carbanions. There have been 

few investigations of the electrochemical oxida­

tion of carbanfons. Funt, et al., described the 

electrochemical production and destruction of 

the living anion of a-methylstyrene in THF 

solution of sodium tetraethylaluminate (NaAIEt4) 

or other salts5; when the polarity of the electrode 

was reversed, it was found that the same quan­

tity of charge was required to decolorize the 

solution of a-methylstyryl anion as was used to 

form the carbanion initially. It seems that the 

disappearance of the color of a-methylstyryl 

anion is due to the electron transfer from the 

carbanion to a platinum anode. 

In this paper, we report a study of electro-
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chemical oxidations of polymer anions and arene 

anions, which are the propagating ends and 

initiators of anionic polymerization respectively. 

In order to observe the oxidation waves of the 

carbanions, a THF solution of NaA1Et4 was 

used in this study as a supporting electrolyte, 

which was propitious for the electrolytic forma­

tion of living polymer of a-methylstyrene6 and 

isoprene7• The oxidation potentials of the car­

banions were measured by means of the oscil­

lopolarographic method and the potentials were 

compared with rate constants of anionic poly­

merization and related with energy levels of the 

highest occupied molecular orbitals (HOMO) of 

the carbanions, which were calculated from the 

Hiickel molecular-orbital method. 

EXPERIMENTAL 

Materials 

Sodium Naphthalene. Sodium naphthalene was 

prepared by the contact of metallic sodium sur­

face on glass with naphthalene solution in THF. 

According to a similar method, sodium phenan­

threne, disodium anthracene, sodium biphenyl, 

fluorenyl sodium, disodium a-methylstyrene tetra­

mer, and disodium diphenylethylene dimer were 

prepared. 

Living Sodium Polystyrene, Poly(4-vinylpyridine). 

The living polystyrene and poly(4-vinyl pyri­

dine) were produced in THF by initiating the 

polymerization of the respective monomers with 

sodium naphthalene and disodium, diphenyl­

ethylene dimer respectively. 

All carbanions in THF were stored in am­

poules equipped with break-seals. 

0 scillo polarography 

The oscillopolarographic measurements of oxi­

dation potentials of ten carbanions, all of the 

accompanying positive ions were sodium cations, 

were conducted at 25°C by using an apparatus 

as shown in Figure 1. NaA1Et4 was used as a 

supporting electrolyte since the salt was oxidized 

at a higher potential as compared with the car­

banions investigated in this study. According 

to Ziegler8 , when molten NaA1Et4 was elec­

trolyzed with anode of inert metal, the first 

product at anode was the neutral radical, 

A1Et4 • , which immediately decomposed into Et· 
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Figure 1. Polarograph cell: A, cathode made of 

a platinum cylinder; B, microplatinum electrode; 

C and D, ampoules containing sodium complexes; 

E, magnetic breaker; F, sealed at F and isolated 

from vacuum line. 

+A1Et3 followed by the disproportionation of 

the Et, to ethane and ethylene. The polarograph 

cell, which contained about 0.7 g of NaA1Et4, 

was dried under vacuum ( < 10-s mmHg) for 

about 10 hr. THF, 25 ml, which was dried 

with LiAlH4 and degassed under vacuum, was 

transferred into the cell via the trap-to-trap 

method, subsequently the cell was sealed at F 

and isolated from the vacuum line. From am­

poules C and D, which contained for instance 

naphthalene anion and anthracene dianion respec­

tively, the solution of carbanion was introduced 

into the cell through a breakable-seal. The cell 

was maintained at 25°C in a constant tempera­

ture bath and the solution was stirred by a 

magnetic bar. After stopping the agitation, the 

oxidation waves were observed by means of 

4 

8 

Figure 2. Oscillopolarogram of sodium naphtha­

lene (a) and disodium anthracene (b): sweep rate, 

0.2 V /sec; sweep range, 0-1.4 V vs. Pt electrode. 
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Figure 3. Oscillopolarogram of disodium diphenyl­

ethylene dimer (a) and disodium poly(4-vinylpyri­

dine) (b): sweep rate, 0.3 V/sec; sweep range, 0-

2.0 V vs. Pt electrode. 

oscillopolarograph, PE-20 of Yanagimoto Mfg. 

Co., Ltd. with a microplatinum electrode B, 

5 mm x 0.4 mm91, and a cathodic electrode A, 

made of flat platinum cylinder, 20 mm91 x 10 mm. 

Typical oscillopolarograms of mixtures of the 

naphthalene anion-anthracene dianion and di­

phenylethylene dimer dianionCD-)-living anion 

of poly(4-vinylpyridine) are shown in Figures 2 

and 3 respectively. 

Electrolysis of Disodium a-Methylstyrere Tetramer 

The electrolysis was performed in the cell as 

previously described9 , which was divided into 

two compartments by sintered glass. Two 

smooth platinum electrodes, l.Ox3.5 cm2, were 

sealed into the cell. After the cell, wherein 

1.1 g of NaAlEt4 was placed as a supporting 

electrolyte, was thoroughly dried under vacuum, 

60 ml of THF solution of disodium a-methyl­

styrene tetramer was added into the cell through 

a breakable seal. During the electrolysis, the 

catholyte and anolyte were separately stirred by 

magnetic bars at room temperature. When the 

anolyte was completely decolorized, electrolysis 

was stopped and the catholyte and anolyte 

were separately treated with methanol. Sub­

sequently, the volatile components were remov­

ed under reduced pressure and oligo-a-methyl­

styrene produced was extracted from the re­

sidue. The gel-permeation chromatograms and 

the molecular weights of the oligomers were 

observed by GPC, Model 200 of Waters 

Associates Inc., and Vapor Pressure Molecular 
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Weight Apparatus, Model 115 of Hitachi Ltd., 

respectively. 

RESULTS AND DISCUSSION 

Measurement of the Oxidation Potentials of the 

Carbanions 

The THF solution of fluorenyl anion gave 

an oxidation wave at 25°C, whereas none of the 

neutral aromatic hydrocarbons gave an oxidation 

wave in this study. The oxidation wave of 

fluorenyl anion was attributed to a direct elec­

tron transfer from the carbanion to a platinum 

electrode based on the following results. Figure 

4 showed a linear relationship between the anodic 

peak current of fluorenyl anion and the square 

root of the sweep rate as was expected in a 

typical oscillopolarographic measurement. The 

linear dependency of anodic peak current on the 
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Figure 4. Peak current vs. (Sweep Rate)1/2: con­

centration of fluorenyl anion, (a) l.04x 10-3; (b) 

5.29xl0-4; (c) 3.09x10-4 mol//. 
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Figure S. Peak current vs. concentration: sweep 

rate, (a) 0.5; (b) 0.3; (c) 0.2 V/sec. 
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Figure 6. Dependence of the peak current on 

temperature. 

concentration of fluorenyl anion, which was 

simultaneously measured at 356 mµ by means of 

spectroscopy, was also observed as shown in 

Figure 5. Figure 6 showed the dependency of 

anodic peak current of the fluorenyl anion on 

temperature. From the slope of the straight 

line, the apparent activation energy of the 

anodic reaction was calculated as being about 

1.1 kcal/mo! which was regarded as a diffusion 

controlled reaction. 

The oxidation waves for nine carbanions were 

observed as well as for the fluorenyl anion. The 

experimental results are summarized in Table I. 

Since it was difficult to measure the absolute 

oxidation potential vs. SCE or some other 

standard electrode in this study, the summit 

potentials of naphthalene anion and -n- were 

defined as the tentative standard potentials. By 

measuring the oxidation potentials of the carb­

anions and the standard anion simultaneously 

as shown in Figures 2 or 3, the differences be­

tween the summit potentials of the carbanions 

and the standard anion were observed. Because 

of the restriction of the sweep range, -n- was 

used as a standard anion when the oxidation 

potentials of polymer anions and fluorenyl anion 

were measured as shown in Table I. In Addi­

tion, in order to correct the summit potential 

for iR drop, the value of the peak potential was 

extrapolated to zero peak current as shown in 

Figures 7 and 8. Plotting the peak potentials 

against the energy levels of HOMO's of the 

carbanions yielded a straight line whose slope 

was - 1. 1 as shown in Figure 9. This suggests 

that the anodic reaction is a direct transfer of 

the electron accomodated by HOMO of carbanion 

to the anode. If the electrode reaction is rever-

Table I. Oxidation potentials and energy levels of the highest occupied molecular 

orbitals of carbanions 

Carbanions 

Naphthalene-

Biphenyl-

Phenanthrene-

Stilbene2-

Anthracene2-

Diphenylethylene dimer2-

[Poly(a-methylstyrene)]2-

Polystyrene2-

Poly( 4-vinylpyridine )2-

Fluorene-

(0) 

(standard) 

0 

0 

0.27 

0.48 

1.13 

1.26 

(0) 

(standard) 

0 

0 

0.62 

0.58 

Energy level of 
HOM010 ,c, eV 

-5.53 

-5.56 

-5.31 

-5.81 

-6.03 

-7.06 

-7.06 

-7.06 

-7.40d 

-7.51 

a, b Expressed against the standard potential of naphthalene radical anion (a) or diphenylethylene dimer 

dianion (b ). 

c It is supposed that all S overlap integral are zero. Coulomb integral a is -7.06 eV and resonance 

integral fJ is -2.49eV. 

ct The adjustment made for the hetero ·molecule is as follows 

a 1=a+0.7fJ for -N= (11) 

fJ'=0.8fJ for -C=N- (12) 
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Figure 7. Peak potential vs. peak current: Ep1, 

sodium naphthalene; Ep2, disodium anthracene; 

Ep2-Ep1, difference of the peak potentials. 
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Figure 8. Peak potential vs. peak current; Ep1, 

disodium diphenylethylene dimer; Ep2, disodium 

poly(4-vinylpyridine). 
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Figure 9. Energy level of HOMO vs. oxidation 

potential. 

sible, the oxidation potential of the radical anion 

such as naphthalene-:-, phenanthrene-:-, biphenyl-:-, 

is equal to the reduction potential of the neutral 

hydrocarbon. The reduction potentials of bi-
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phenyl, naphthalene and phenanthrene are some­

what different from (about 0.1 V) each other13 , 

whereas the difference between the oxidation 

potentials of these carbanions can not be ob­

served. Although this might be explained by 

irreversibility of the electrode reaction, the de­

tailed mechanism of the reaction can not be dis­

cussed at this satge. The oxidation potentials 

correspond to the reactivities of the arene anions, 

which were regarded as anionic initiators: the 

carbanions which exhibit less noble peak poten­

tials, e.g., naphthalene anion and anthracene 

dianion, rapidly initiate the polymerization of 

styrene. On the other hand, the fluorenyl anion, 

which has a more noble oxidation potential, 

could not react with styrene monomer. Con­

cerning propagating ends, a similar correlation 

was observed, although the electron-transfer re­

action and propagation reaction were not con­

sidered as having the same transition state. The 

rate constant of addition of styrene to poly­

styryl anion was 950 l/mol sec2 , whereas that of 

styrene and poly(4-vinylpyridine) anion was ca. 

l //mol sec3 • The latter anion showed ca. 0.6-V 

more noble oxidation potential than that 

of the former anion as shown in Table I. 

Although the peak potential of -n- was nearly 

equal to that of polystyryl anion, the rate 

constant of addition of styrene to -n- is 

about 1000 times lower than that of the homo­

polymerization of styrene. Steric hindrance 

would be encountered in the former case as was 

mentioned by Szwarc, et al4 • The rate of poly­

merization was also affected by the structure of 

the ionic species, e.g., ion pairs and/or free ions. 

An attempt to distinguish the solvent separated 

ion pair from the contact ion pair of fluorenyl 

anion in the various solvents and electrolytes at 

various temperatures by means of ocillopolaro­

graphic technique failed. 

Electrolysis of Disodium a-Methylstyrene Tetramer 

The direct electron transfer from the carbanion 

to anode is also demonstrated by the electrolysis 

of disodium a-methylstyrene tetramer (DMT). 

When 4.0 g of DMT in THF was electrolyzed, 

1.8 and 1.5 g of the a-methylstyrene oligomers, 

whose molecular weights were 485 and 1000, 

were obtained from the catholyte and anolyte, 

respectively. The gel-permeation chromatograms 

of these oligomers are shown in Figure 10. These 
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Figure 10. Gel-permeation chromatograms of a­

methystyrene oligomers obtained from the anolyte 

(solid line) and the catholyte (dashed line): solvent, 

THF, flow rate, 1.0 ml/min. 

in the cell prior to the electrolysis, whereas the 

molecular weight of the anodic oligomer was 

more than twice of the initial value. The in­

crease of the molecular weight suggests that the 

living oligo-a-methylstyrene might have coupled 

with each other in the anodic compartment. 

Two mechanisms including a one and a two 

electron-transfer process are postulated for the 

coupling reaction: in the case of a one electron 

transfer, living oligo-a-methylstyrene would be 

oxidized to form a radical species followed by 

the radical coupling as shown in eq 1. Iwa­

kura, et a/14., described a reaction of DMT with 

a ketone which produced poly(a-methylstyrene) 

whose molecular weight was (2-3) X 103, sug­

gesting an electron transfer from the carbanion 

to the ketone and a radical coupling of the a­

methylstyrene teramer. 

curves showed that the the distribution of the 

molecular weight of the cathodic oligomer was 

unchanged compared with the original DMT fed 

CHa CHa CH3 CHa 
I I -e I I 

8C-CH2-~CH2-ce ---> · C-CH2~CH2-C · 
I I I I 

A A A A 
I II I II I II I II 
V (I) V V V 

( 1 ) 

A two electron transfer would result in the formation of the carbocation which would react with 

living oligmer or AlEt4 - as follows 

CHa CHa 
-2e I I 

(I) ---> EB C-CH2-·CH2- C EB ( 2) 

I I 
A A 
I II I II 
V (II) V 

CHa CHa CHa CHa 
I I I I 

(I)+ (II) ---> -CH2-C-C-CH2-~CH2-C-C-CH2-~- ( 3) 

I I I I 
AA AA 
I II I II I II I II 
vv vv 

(4) 
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As shown in eq 4, the cation produced would 

be attacked predominantly by AlEt4 - whose 

concentration is much higher than that of liv­

ing anions. Consequently such an ionic coupling 

reaction (eq 3) would encounter difficulties in 

successive couplings. Octamer and higher oligo­

mers were actually obtained from the anol yte 

as shown in Figure 10. DMT, 3.2x 10-3 mol, 

were placed initially in the anodic compartment 

and the amount of current passed was 4.4 x 10-3 

Faraday. On the assumption that a transfer of 

two electrons causes one coupling reaction as 

shown in eq 1-3, the molecular weight of 

anodic oligomer is calculated to be 1590, 

whereas the observed value is 1000. These 

results suggest that the one electron-transfer 

reaction is favored as compared with a two 

electron transfer. 
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