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SUMMARY 

The e lect ro in i t ia ted polymerization of benzoni- 
t r i l e  yields a l inear conjugated polymer, ~(C6H5)C=N~R . 
An anionic mechanism of polymerization is inalcazed. 

INTRODUCTION 

In the course of a comprehensive study of electro- 
polymerization occurring on electrode surfaces, i t  be- 
came of interest to investigate the part ic ipat ion of 
n i t r i l e  groups in e lect ro in i t ia ted polymerization (GARG 
et al. (1978), SUBRAMANIAN et al. 1978a,b. The ca- 
thodic polymerization of acrylonitr i le(AN) in dimethyl- 
formamide (DMF) with sodium ni t rate as supporting elec- 
t ro ly te  yielded an orange colored polymer, the i r  spec- 
trum of which revealed the formation of cyclized poly- 
ac ry lon i t r i l e  (pAN) (GARG, et al. 1978). The addition 
of the pendent, cyano groups to each other apart from 
the occurrence of main chain polymerization through 
vinyl bonds was inferred from this observation. Ben- 
zon i t r i l e  (BN) was therefore chosen as monomer to in- 
vestigate electropolymerization through C~N bonds. 

EXPERIMENTAL 

The cathodic polymerization of BN was conducted 
in the middle compartment of a three compartment cell 
part i t ioned by f r i t t ed  glass discs with the counter 
electrodes being placed in the end compartments. Typ- 
i ca l l y ,  a dry solution of BN in DMF containing l i thium 
ni t rate was electrolyzed for up to 72 hours. All pol- 
ymerizations were conducted at room temperature. The 
loose polymer deposit formed on the cathode was scrap- 
ed off ,  thoroughly washed with wate~ and dried. Dur- 
ing washing, an ammoniacal odor was quite noticeable. 
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RESULTS AND DISCUSSION 

The experimental conditions and results of poly- 
merization of BN are summarized in Table I .  I t  is 
seen that, without the added electro lyte,  the neat 
monomer caused high cell resistance and negligible 
current, and that there was no polymer formed. Hence, 
i t  is concluded that in the absence of an electrode 
reaction as indicated by a measurable current, the 
e lect r ic  f ie ld  obtained under the present experimental 
conditions does not i n i t i a t e  polymerization. 

The polymer was par t ia l l y  soluble in several or- 
ganic solvents including DMF but was completely soluble 
in concentrated sul fur ic  acid in which the in t r i ns ic  

TABLE 1 

Electro in i t ia ted Polymerization of Benzonitri le 

Current (mA) 
Composition In i -  [n] a 

of Catholyte b Electrode Volts t i a l  Final dl/9 

C6H5CN (200g) 
kiNO 3 ( 5g) 

As above 

steel 12 I04 28 0.062 

zinc 12 I03 18 0.073 

As above copper 12 If7 20 0.070 

C6H5CN (80g) 

LiNO 3 ( 2g) 

C6H5CN (80g) 

LiNO 3 ( 2g) 

H20 ( 5g) 

C6H5CN 
(Neat) 

aluminum 12 64 17 0.068 

aluminum 12 I08 lOl no 

polymer 

platinum 60 0.1 0.02 no 

polymer 

C6H5CN (200g) 
(C2H5)4NBr 

zinc 12 74 56 0.062 

a ln t r ins ic  viscosity determined in conc. H2SO 4 at 35~ 
bin DMF solution, except 6. 
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viscosity of the polymer was found to be 0.07 dl/g. 
From Table l ,  i t  is apparent that the electrode materi- 
al has neglible influence on polymer molecular weight. 

The presence of small amounts of water  comp le te l y  
i n h i b i t e d  t i le  e l e c t r o p o l y m e r i z a t i o n  r e a c t i o n .  However, 
the a d d i t i o n  of small  q u a n t i t i e s  of a f ree  r a d i c a l  i n -  
h i b i t o r  had l i t t l e  e f f e c t  on p o l y m e r i z a t i o n .  Hence, 
i t  was conc luded t h a t  the p o l y m e r i z a t i o n  mechanism is  
a n i o n i c .  F u r t h e r ,  the r e a c t i o n  ra te  was r a t h e r  s low,  
presumably because of the resonance s t a b i l i z a t i o n  of  
the anions at the ends of growing polymer cha ins .  Such 
resonance s t a b i l i z a t i o n  may a lso be a l i m i t i n g  f a c t o r  
in  the maximum mo lecu la r  we ight  ach ievab le  by e l e c t r o -  
p o l y m e r i z a t i o n .  

The ca thod i c  p o l y m e r i z a t i o n  of a c r y l o n i t r i l e  was 
shown to proceed th rough a d i a n i o n  [CNCH(CHp)pCHCN] L- 
formed by a two e l e c t r o n  r e d u c t i o n  of a c r y l B n T t r i l e  
monomer (TRIFANOV et a l .  1973).  The c y c l i z a t i o n  of pAN 
and the unique fo rma t ion  of  "wh i ske rs "  on the cathode 
du r i ng  the p o l y m e r i z a t i o n  of AN in  DMF have a lso been 
exp la i ned  by the accumula t ion  of anions t rapped in  the 
polymer formed (GARG et a l .  1978).  Dur ing the i n i t i a l  
stages of e l e c t r o l y s i s ,  a r e l a t i v e l y  f a s t  v i n y l  p o l y -  
m e r i z a t i o n  leads to the f o rma t i on  of pAN coa t i ng  on the 
cathode.  Subsequen t l y ,  some of the n i t r i l e  groups ac- 
cept  e l e c t r o n s  to become anion r a d i c a l s ,  thus i n i t i a -  
t i n g  a n i o n i c  p o l y m e r i z a t i o n  of n i t r i l e  groups l ead ing  
to c y c l i z e d  pAN. The anions are c o v a l e n t l y  bonded 
to the p r e c i p i t a t e d  polymer and thus cannot move away 

CH2:~H 
cati~ode 

C~N v i n y l  
p o l y m e r i z a t i o n  

.-CH 2 
CH2-~ H \CHJl CH2\cHJl 

C ~ N J C ~ N j  C~N - 

-CHp-CHp-CHp-CH-CHp-CH-CH~-CH- 

C=-N C=N C-N C-=N 

-CHp-CH-CHp-CH-CHp-CH- 

"C=N- C~N C~N 

from the cathode.  As the c o n c e n t r a t i o n  of anions in  
the c o a t i n g  inc reases  above some c r i t i c a l  va lue ,  the  
cou lombic  r e p u l s i o n  between the cathode and the nega- 
g a t i v e l y  charged c o a t i n g  w i l l  be s u f f i c i e n t  to cause 
the  pee l i ng  of the coa t i ng  from the cathode su r face .  
The peeled p o r t i o n s  a l i g n  themselves in  the d i r e c t i o n  
of  the e l e c t r i c  f i e l d  to g ive the appearance of wh isk -  
e r s .  The f o rma t i on  of c y ~ l i z e d  pAN was conf i rmed by 
i r  a b s o r p t i o n  at 1570 cm'- ~or con jugated -C=N- 
bonds, at 1650 and 1635 cm-i  f o r  C=N bonds and at 
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1220 and I]45 cm -l for C-N bonds. This has also 
been observed by TRIFONOV and SHOPOV (1972); evidence 
for the presence of conjugated multiple bonds in the 
yellow colored polymers was supported by uv absorption 
at a longer wavelength 304 nm, compared to 271 nm for 
white pAN prepared by free radical in i t ia t ion .  

Similarly, the i r  spectrum of pBN obtained in 
this study shows the presence of ~bsorption ban~s for 
conjugated -C=N-bonds at 1605 cm-" and ]520 cm-- in 
agreement with published data on pBN (KABANOV et a l . ,  
1963) (Fig. l ) .  A mass spectroscopy study of the 
polymer was conducted at low temperature (50-200~ in 
order to volat i l ize only low molecular weight compounds 
while simultaneously preventing the thermal degradation 
of the polymer. The mass spectrum did not show a sig- 
nificant excess of mass 309. This  indicated that the 
polymer was not predominantly the cyclic trimer 2,4,6- 
tr iphenyl-s-tr iazine (MW=309) which is a typical end 
product of attempts to polymerize BN at <150~ by 
chemical means. The sample, however, showed a s ign i f i -  
cant excess of mass 103--presumably the residual BN, 

Figure 1. 

(b) Polybenzonitrile 
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IR spectra of (a) BN, using a drop between 
KCI crystals (b) pBN, using KB r pellet. 

o 

(a) Benzonitr]le 
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and also of mass 120--presumably benzoic acid and 
benzamide generated by hyd ro l ys i s  of the pBN dur ing 
aqueous washing. 

I t  is t he re fo re  concluded tha t  the polymer ob ta in -  
ed by e l e c t r o p o l y m e r i z a t i o n  of BN is the po lybenzoni -  
t r i l e  w i th  a conjugated -C:N- backbone. Kabanov et 
a l . ,  (1963) have suggested tha t  the po lymer i za t ion  of 
C~N to the corresponding polyconjugated polymers cannot 
occur under cond i t i ons  t y p i c a l  fo r  po lymer iza t ion  of 
v iny l  or ace t y l en i c  compounds. The i r  suggest ion was 
based on the fac t  tha t  the est imated heat of po lymer i -  
za t ion  at the C~N bond cannot be s u b s t a n t i a l l y  more 
than zero. Since the entropy of po lymer iza t ion  of C~N 
to the corresponding {C=N} n polymers is negat ive ,  the 
reac t ion  w i l l  lead to an increase in the f ree energy 
of the system, making such a po l ymer i za t i on  thermody- 
namica l ly  unfavorab le .  Kabanov et a l . ,  (1963) and 
KARGIN et a l . ,  (1961) were able to prepare po lycon ju-  
gated polymers from a l i p h a t i c  n i t r i l e s  and b e n z o n i t r i l e  
by f i r s t  prepar ing s t o i c h i o m e t r i c  complexes of these 
monomers wi th t i t a n i u m  t e t r a c h l o r i d e ,  z inc c h l o r i d e ,  
or boron t r i f l u o r i d e  and subsequent ly heat ing these 
complexes, in the presence of po lymer iza t ion  i n i t i a t o r s  
such as phosphoric ac id ,  to 150-250~ in sealed am- 
poules. The presence of the complexing agent s h i f t s  
the chemical e q u i l i b r i u m  favo rab ly  in the d i r e c t i o n  
of po lymer iza t ion  through a p re l im ina ry  order ing  of 
the monomer molecules. LIEPINS (1968) and LIEPINS 
et a l .  (1968) were also able to synthes ize  po lycon ju-  
gated polymers from n i t r i l e s  by using f ree  rad ica l  
i n i t i a t o r s  at temperatures of 150-330~ 

The convenient e l e c t r o p o l y m e r i z a t i o n  of benzoni- 
t r i l e  under ambient cond i t i ons  to a l i n e a r  conjugated 
polymer is thus in s t r i k i n g  con t ras t  to the ra the r  
severe cond i t i ons  of temperature and pressure neces- 
sary to cause homopolymerizat ion of n i t r i l e s  by o rd in -  
ary chemical methods. The p re l im ina ry  o rder ing  of C~N 
d ipo les  under the in f luence  of an e l e c t r i c  f i e l d  in 
the e lec t rode  region might be a c o n t r i b u t i n g  f a c t o r  in 
f avo r ing  the convenient e l e c t r o p o l y m e r i z a t i o n  of n i -  
t r i l e s .  

The polyconjugated polymers der ived from n i t r i l e s  have 
been shown to have useful  semiconduct ing p roper t i es  
(WILDI and KATON, 1964, OIKAWA and KAMBARA, 1964, and 
NORRELL et a l . ,  1974). S i m i l a r l y ,  the po lymer i za t ion  
of n i t r i l e  goups is l i k e l y  to be used fo r  the cur ing 
of n i t r i l e  terminated poly imide in te rmed ia tes  (BILOW 
et a l . ,  1974). I t  is t he re fo re  obvious tha t  a con- 
venient  method of conver t ing  C~N compounds to {C=N~ n 
polymers as by e l e c t r o p o l y m e r i z a t i o n ,  would have many 
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p r a c t i c a l  a p p l i c a t i o n s .  The i nd i ca ted  an ion ic  mechan- 
ism of po lymer i za t ion  requ i res  f u r t h e r  e l u c i d a t i o n .  
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