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ABSTRACT: Some theoretical aspects of electrochemical polymerization kinetics are discussed 
in this paper. Mathematical relationships between electrolysis current and the initial rate of 
polymerization are derived. Also, emphasis is placed on the derivation of mathematical re
lationships between electrolysis current and the kinetic chain length of polymers. From the Tafel 
relationship of current and electrode potential, various limiting mechanistic steps in the kinetics of 
electrochemical initiation by direct electron transfer between monomer and electrode are also 
illustrated. 
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Electrochemical polymerization (ECP) is a recent 
branch of electrochemistry on which, within the last 
few years, several reviews have appeared in the 
literature. 1 - 4 The typical features of ECP emerge 
from a combination of the principles of elec
trochemistry with those of polymer science.5 

The goal of kinetic analysis of ECP is to under
stand the various reaction steps (such as electron 
transfer between electrodes and monomers followed 
by dimerization of radical-ions), their nature, rate 
and temporal sequence. The overall cell reaction 
may be separated into (1) two electrode reactions 
and (2) bulk solution reactions. In order to charac
terize the electrode kinetics, it is necessary to obtain 
experimental relationships between (a) the inde
pendent variables: current intensity, electrode po
tential, concentration of reactants, temperature, cell 
geometry, etc., and (b) the dependent variables: rate 
of polymer formation and reactant consumptions, 
degree of polymerization, molecular weight distri
bution, etc. In addition, the following quantities 
may be determined: electron transfer coefficients, 
reaction order, limiting diffusion, surption, reaction 
currents, stoichiometric factor, and overpotentials. 
A detailed discussion of the influence of these 

** Deceased. 

factors on electrode kinetics may be found else
where.6 However, unlike conventional polymeri
zation, little theoretical work has been done on 
electrochemical polymerization.4 •5 Thus, the present 
article describes some mathematical formulations of 
the kinetics of ECP. Emphasis is placed on the 
electron transfer steps involved in the initiation of 
polymerization at electrodes and the influences of 
chemical reactions on the electrode processes. 

RESULTS AND DISCUSSION 

General Consideration on ECP Rates 
A typical ECP system consists of an electrolytic 

cell with electrodes, electrolytes, monomer, and 
solvent. The solvent is generally needed whenever 
the monomer is not soluble in the electrolyte. When 
an electrical current flows through the system, 
electrode reactions take place. 

We shall assume that monomer molecules and 
electrons are efficiently utilized to produce a poly
mer. That is, all the reacted monomer becomes a 
part of the final polymer produced, and all electrons 
transferred between electrode and solution initiate 
the formation of at least one polymer chain. The 
rate of monomer consumption is therefore 
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d[M] 
- d'f = k; [M] [I]+ kp[M] [P*] + k,,m[M] [P*] 

where 

k; =initiation constant, 
kP =propagation constant, 

ktrm =transfer constant to monomer, 
[M] =monomer concentration, 

[I]= initiator concentration, 

and 

[P*] =active polymer-growing site. 

(1) 

It is likely that all terms in eq 1 are involved in many 
ECP systems under certain conditions. However, it 
is reasonable (and desirable) to expect that the ECP 
conditions may be regulated for any particular 
system so as to eliminate one or more of the terms in 
eq 1. 

The rate of chain growth is 

(2) 

and the rates of initiation, R;, termination, R,, and 
transfer, R," are 

R; = k;[M][I] 

R, = k,c[P*]2 + k,d[P*]Z 

R,, = k,,m[M][P*] + k,,,[S][P*] 

where 

k,c =termination constant for combination, 
k,d =termination constant for 

disproportionation, 
k,,m =transfer constant to monomer, 

and 

k,,, =transfer constant to solvent. 

(3) 

(4) 

The molecular weight distributions obtained in 
ECP under conditions of ideal mixing (i.e., no 
concentration gradients) are similar to those ofnon
ECP processes in which the initiation rate is of the 
same form. 

According to the steady-state assumption, the 
total concentration of all active sites (P*) remains 
constant during essentially the entire duration of the 
polymerization, so that 

(5) 

2 

and the kinetic chain length, 

RP 
v=-

R; 
(6) 

The values of [M], [P*], and [I] in the latter 
equations for a particular ECP system depend on: 
(a) the types of initiation, termination, and transfer 
mechanisms; (b) the relative speeds of the various 
kinetic steps in the ECP process; (c) duration of the 
polymerization; and (d) distribution of the reacting 
species through the reaction space in the system. 
The latter is determined by the efficiency of mixing 
and the ease of diffusional processes in the reaction 
space. 

Analyses of ECP processes support the following 
assumptions: 

(i) Diffusion of all active species such as ini
tiator radicals formed at the electrode is rapid with 
respect to the reaction rates of all the various 
mechanistic steps involved in the ECP. Also, mixing 
is efficient enough so that the concentration of each 
reactive species is uniform throughout the polymeri
zation volume. Consequently, the diffusion phe
nomenon is not a significant factor and may be 
neglected. 

(ii) The reaction rate constants are independent 
of polymer size. 

(iii) Electrodes are not coated with resultant 
polymers. 

Free-Radical ECP 
To illustrate the analysis and behaviour of ECP 

processes, we shall discuss the case of a free-radical 
polymerization mechanism in which termination is 
of the second order (combination and/or dispropor
tionation), and initiation is the result of' a non
catalytic additive generated electrochemically and 
no chain transfer occurs. 

For any combination of current-time in this 
system, one has 

where 

R; = k;[M][I '] 

RP = kp[M][P '] 

R,=k,[P']Z 

and the concentrations are related by 

(7) 

(8) 

(9) 
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and 

d[I "] · 

dt FV I 

d[P"] 
--=k.[M][I"]-k [P"] 2 

dt I I 

where 

and 

i =constant current in amperes, 
V =volume of the solution, 

F=Faraday constant, 

(10) 

(11) 

(12) 

i/ FV =represents the quantity of the current in 
Faraday per unit volume required in the electrode 
process. These relations are not much different from 
those of a similar homogeneous chemically-initiated 
polymerization,7 the notable exception being the 
electrolytic current term in eq 11. In eq 11, it is 
assumed that only one electron is required to ac
tivate the non-catalytic initiator, /, to the free 
radical species, I·. For example, this is true in the 
case of the electrochemical oxidation of carboxylate 
anions in the Kolbe synthesis of free radicals8 - 9 : 

R-eo; ___, (13) 

___, R. +C02 (14) 

For a particular instance of constant current and 
steady-state, eq 11 gives 

i 
[I"]= kiFV[M] 

and from eq 5, 7 and 9, 

[P"]=C;v r2 

Equation 10 then gives 

d[M] i ( i )1;2 
FV +kp[M] k,FV 

and on integration, 

{ k 1/2( i )1/2} 
[M]= [MJo+--t- FV 
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(15) 

(16) 

(17) 

[ kp ( i ) 1/2 J k//2( i )1/2 x exp --- -- t --- --
k, 112 FV kP FV 

(18) 

If 

and 

then, 

[M]={[M0 +kcf> 112} exp (- c/>:12
}-kcj>112 

This result may be simplified further whenever high 
molecular weight polymers are formed. In this case, 
the monomer consumed by the initiator is negligi
ble, and eq 10 becomes 

- d[M] =k [MJ[P"] 
dt p 

(19) 

Using eq 16, this gives 

d[M] ( i )112 
----k [M] 

dt - P kFV 
t 

(20) 

Therefore, the initial rate of polymerization is pro
portional to the half power of electrolysis current. 
Thus a plot of the rate of polymerization versus the 
half power of current will give a straight line. 
Indeed, the rate of ECP of methyl methacrylate has 
been found experimentally to the proportional to 
the half power of the current.10 

Equation 20 on integration gives 

(21) 

Then the ratio kp/k/ 12 is the slope of a plot of 
ln[M]/[M]0 vs. (i/FV)112 t at a constant current. At 
low conversion, [M] = [M]0 =constant, the kinetic 
chain length from eq 8 and 9 is 

_ RP kp[M]0 [P.] kp[M] 0 
v=-

R, k,[P"] 2 k,[P"] 

Substituting the value of [P ·1 from eq 16 we have 

(22) 

At significant conversions [M] departs from 
[M]0 , and vat the end of a polymerization time -r, is 
obtained by averaging eq 22 over -r: 

3 
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b) Radical-anions are not capable of adding to 

v= kP I' [M]dr 
rk, 112(i/FV)li2 o 

(23) monomer. 

and using (18) gives 

v=__I_[M]o[1-exp{-_5,_(_i ) 11
\}] (24) 

r i/FV k/12 FV 
To determine at what time v is longest, let 

( ijFV) (dV) 1 k -k< 1 -k< 
-- · -=0= 

[M]0 dr r 2 r r 2 

i.e., 0= -1 +(kr+ 1) e-kT or, ekT=kr+ 1 hence, vis 
maximum when r = 0 and has the value, 

(0 _[MJo.2._[1-e-k'] 
'lmax-(i/FV) r 

= [MJo (ke-k') 
(i/FV) 

[M] 0k kP[M] 0 

(i/FV) k, 112(i/FV) 112 

(r-+0) 

(r-+0) 

which is the same result as eq 22, as one would 
intuitively expect. However, the kinetic chain 
lengths of polymers made before the steady state 
is attained are larger than this value since the rate 
of termination is slower. 

The above results are similar to those found for 
free-radical polymerizations initiated chemically or 
photochemically. However, the outstanding fea
tures of ECP are: 

a) The initiation rates can be varied, at will, 
simply by controlling the applied electrolysis cur
rent (as for example, in controlling the light in
tensity in photopolymerization). 

b) The initiation may be achieved by more 
different initiators and mechanisms from those of 
photopolymerization, thereby making it possible to 
determine the absolute reaction rate of polymer
ization. 

Anionic ECP 
A second example of the ECP process is that of 

anionic polymerization. In addition to those already 
mentioned, the following assumptions are made: 

a) The slowest step is the dimerization of mono
meric radical anions. 

4 

c) Initiation is via direct electron transfer from 
cathode to monomer. 

d) Termination is only by reaction with solvent 
or other agent (Z) and their reaction products are 
not capable of initiating polymerization. 

e) Consumption of monomer is primarily by 
polymer growth, i.e., high molecular weight poly
mers are produced. 

f) Concentration of solvent or chain terminat
ing agent is essentially constant. 

g) Steady-state concentration of polymeric 
anions is achieved. 

The reaction steps may then be written as 
k. -

M + e- __2_, M · (initiation) 

M2 - 2 

(dimerization, slowest step) 
-2 kp -2 

M" +M ----. Mn+l, n2.2 

(dianion growth) 
k 

Mn- 2 +Z--'--. Mn-+z-, n2.2 

(termination) 
k 

M"- + Z --'--. M" + Z- , n 2. 1 
k 

M"- +M __r_. M,;-)1 , nZ.i 
(monoanion growth) 

By defining 

the rates of initiation, growth, and termination at 
steady-state, respectively, are 

Ri=kd[M:-F 

Rp=kp[M][P-] 

R,=k,[Z][P-] 

(26) 

(27) 

(28) 

consequently, the initial instantaneous kinetic chain 
length is 

RP kp[M] 
v=-=-- (29) 

R, k,[Z] 

Equation 29 holds only insofar as [M] and [Z] are 
constant; otherwise, v must be averaged over the 
time of polymerization. 

Since in this case the initiation rate is pro
portional to the constant current, the comments 
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concerning v at higher conversions in the free
radical section of this paper also hold here. The 
previous derivations yield ratios of rate constants 
only. This situation is analogous to that of chemical 
initiation. Determination of individual reaction rate 
constants requires some other methods. For exam
ple, molecular weight distribution, transient re
sponse to time-varying current, or a pulsed-current 
analog of the photopolymerization method for de
termining the life-time of intermediates.U The 
above analysis may be summarized by the following 
equations, which govern the time dependence of 
anionic ECP: 

d[M 7 ] . 

--=-1--2k [M 7 ] 2=0 (30) 
dt FV ct 

therefore, 

and 

( 

0 )1/2 
[M-,-J= 

d[P-] 
--=kct[M 7 ] 2-k,[Z]0[P-]=0 

dt 
Therefore, 

and 

kd[M.,-]2 
[P-] 

k,[Z] 0 2k,FV[Z] 0 

(31) 

(32) 

(33) 

d[M] . 
---=-1 +k [M][P-]:;::;k [M][P-] (34) 

dt FV P P 

kp[M]( i ) 
= k,[Z] 0 2FV 

(35) 

Therefore, for low conversions (i.e., initial stages), 
the rate of polymerization may be evaluated from 
eq35. 

Some Limiting Cases of Anionic ECP 
The relative importance of the various mechanis

tic steps in the kinetics of electrochemical initiation, 
by direct electron transfer between monomer and 
electrode (cathod or anode), may be determined by 
analysis of current-voltage-concentration relation
ships. For example, consider the electrochemical 
reduction of an unsaturated (i.e., containing a n or 
double bond) monomer: 

kfh 
M+e- M-:- (36) 

kbh 
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(37) 

k 
M2 - 2+M __!>_. M;_f1 (38) 

For simplicity, assume that the coupling of M:
occurs only on the electrode surface and that po
lymerization occurs only in the solution. The latter 
implies that diffusion of M2 - 2 away from the 
electrode is rapid relative to the addition of M to 
M2 - 2, a condition which may be achieved in certain 
real systems. The reaction under consideration is 
similar to that used for studying the electrochemical 
reduction of non-polymerizing speciesP·13 

At steady-state, the rate of electron transfer 
equals the rate of M.,. coupling. Since coupling 
occurs only on the electrode surface, the surface 
concentration of M 7 is represented by the fraction 
of surface covered by M.,., viz. 8. * Thus, 

= krh[M]- 8(krh[M] + kbh)- 2kct82 

which gives 

(39) 

From this, the following limiting cases arise: 
(A) For slow electron transfer (kd }> krh, kbh) 

2kd 
(41) 

and the rate of electron transfer equals the rate of 
M.,. coupling, so that the cathodic current is 

ic =2Fkdf)2 

=2Fk krh[M] =Fk [M] 
d 2kd fh 

(42) 

(43) 

krh is given by12·13 

(44) 

* Notes: (i) This analysis is valid only if no 
polymer deposits on the electrode 
and if no other species compete for 
adsorption on the electrode. 

(ii) The ratio, is constant as long 
as the electrode surface is chemically 
and physically stable. 

5 
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where kch is the rate constant of rate determining 
step, n is the number of electrons in the rate 
determining step, and E is the electrode potential 
(referred to normal hydrogen electrode). The frac
tion rxE of this potential favours the cathodic re
action and fraction (1- rx)E favours the anodic 
reaction. The parameter rx is the transfer coefficient 
for the cathodic process, the range of which is 
O<rx< 1.14 For simplicity, we shall assume a sym
metrical energy barrier for the electron transfer, i.e.; 
rx=0.5. 

In this case, n= I, and taking rx=0.5, 

ic = Fkfh[M] exp --(-FE) 
2RT 

(45) 

and 

dIn ic F 
dE=-2RT (46) 

and 

de Fe 
dE 4RT 

(47) 

This situation is favoured by low monomer con
centration, [M]. 

(B) For slow surface coupling relative to elec
tron transfer, kd is negligible, and hence 

kch[M] 
(48) 

kch[M] +kbh 

and for small cathodic potentials and loW [M], 

therefore, 

( kfh[M])2 (-2FE) =2Fkd --- exp --
RT 

then 

From eq 48, 

6 

(as n=l, rx=0.5) 

dIn ic 2F 
dE=-RT 

(50) 

(51) 

(52) 

However, for more cathodic potentials and high 
[M], 1.0 and 

then, 

and, 

dIn ic 
--=0 

dE 

de 
-=0 
dE 

(54) 

(55) 

From the results (A) and (B), above, we conclude 
that these distinct limiting cases can be distin
guished by examining i-E curves under appropri
ate conditions, when there is dimerization of the. 
intermediate radical-anion M 7 . However, it is con
ceivable for some n bonded monomers that M 7 

prefers to add another neutral monomer anionically 
before, or concerted with, rapid acceptance of a 
second electron from the electrodes: 

kch -

kbh 

M 7 +M "M-M-

k' "M-M-+e- -M-M-

(56) 

(57) 

(58) 

Regardless of which of these steps is rate control
ling, the steady-state surface coverage by M 7 is 

e (59) 
(kch + k.)[MJ + kbh 

Now we consider the following limiting cases of this 
scheme. 

(C) If the first electron transfer (56) is much 
slower than monomer addition to radical anion 
(57), then for cathodic potentials, e is small and, 

(60) 

and 
(61) 

(-FE) = 2Fkfh[M] exp --
2RT 

(62) 

then, 

dIn ic F 
dE=-2RT 

(63) 
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and 

d8 

dE 

F8 

2RT 
(64) 

and 

d8 
-=0 
dE 

(71) 

(D) If the addition of M to M :- is the slowest (E) If the second electron transfer (58) is slow
est, all preceding reactions (56, 57) will be nearly 
at equilibrium giving rise to different forms of the 
Tafel relationships. Since in practice, this electron 
transfer is very fast compared to the other steps, 
there is no need to work out these cases. From the 

step, two distinct cases arise dependent on the ratio 
krh[M]/ kbh, which determines 8. For krh[M] <{ kbh, 

hence, 

(:.._FE) =2F[M] 2- 0 - exp --
kbh RT 

then, 

dE RT 

de Fe 
dE RT 

(65) 

(66) 

derived Tafel relationships for current and electrode 
potential, various limiting schemes can be distin
guished theoretically. The results so obtained are 
presented in Table I. It is seen from this table that i-
E relationships alone do not distinguish between the 
electron transfer-limited dimerization (A) from that 
of monomer addition (C). However, if 8-E re
lationships can be determined experimentally, then 

(67) these two cases can be distinguished. From a 
measurement of surface tension at the electrode
solution interface, determination of double layer 

However, for krh[M]:Pkbh, so that, 

(68) capacitance dependence on frequency and analyses 
of electrochemical charging and decay curves, 8-E 
relationship is obtained. 

then, 

dIn ic 
--=0 

dE 

(69) 

(70) 

Effects of Diffusion 
In deriving the relationship in the preceding 

sections it was assumed that the rate of transport of 
active species between the electrode surface and the 
reaction mixture was much faster than that of 

Table I. Characteristics of proposed direct initiation electrode reactions 

Class 

(A) 

(B) 

(C) 

Mechanism 

Radical-anion 
dimerization 

Radical-anion 
dimerization 

Radical-anion 
monomer addition 

(D) Radical-anion 
monomer addition 

Polymer J., Vol. 14, No. I, 1982 

Slowest step 

Electron 
transfer 

Dimerization 
(I) Small potential and [M] 

(low 11) 

(2) Large potential and [M] 
(11->1.0) 

First electron 
transfer 

Monomer 
addition 
(I) lowe 
(2) 11->1.0 

dIn ic dll 

dE dE 

F Fe 

2RT 4RT 

2F (FE) exp-
RT RTkrh[M] RT 

0 0 

F FIJ 

2RT 2RT 

F FIJ 

RT RT 
0 0 

7 
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polymerization processes15 : 

D 
-=:-[P*] ll> kp[M][P*] 
0 

(72) 

where D =the coefficient of diffusion and b =the 
average diffusion layer thickness. For a fiat elec
trode in turbulent fluid, the average o across the 
electrode may be given by16 

b = l Re -o.9 Pr -0.33 

where 

l =the coordinate in the direction of current 
flow measured from the edge of the 
electrode, 

Re=Reynold's number, 

and 

Pr=Prandt's number. 

This expression shows that b decreases with the 
increasing Re values. Therefore, in order to mini
mize diffusion effects, vigorous agitation is essential. 
Under such conditions, our derived formulations 
are applicable. 
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