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Abstract

Methyl methacrylate was polymerised in an aqueous sulphuric acid–methanol medium in a divided cell by an electrolytically generated
mediator species titanium(III). Titanium(III)–hydroxylamine sulphate was used as the initiator redox system. The reaction was confined to
the cathode compartment and was found to proceed via a free radical mechanism. Kinetics of polymerisation were investigated for different
initial monomer concentrations, acid concentrations, electrical currents, dielectric constants of the solvent and electrode materials. Chain
termination of the polymer was due to coupling of growing macroradicals, also a fraction of the termination took place by chain transfer
mechanism involving the organic solvent molecules. A suitable mechanism for titanium(III)–hydroxylamine sulphate mediated indirect
electropolymerisation of methyl methacrylate has been proposed.q 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Davis et al. [1] showed that titanium(III)–hydroxylamine
in aqueous hydrochloric or sulphuric acid was capable of
initiating polymerisation of vinyl monomers. Amino free
radicals generated from titanium(III)–hydroxylamine
redox systems have been studied in aqueous solution
using ESR measurements with the rapid-mixing flow
method [2]. Kakurai et al. [3,4] made extensive studies on
titanium(III)–hydroxylamine mediated polymerisation of
vinyl monomers. Utility of this redox pair in the emulsion
polymerisation of various vinyl monomers have been exam-
ined [5]. In all these studies, polymerisation was carried out
by the slow syringe injection method, involving incremental
addition of initiators to increase the yield and molecular
weight of the polymer product. All these studies centred
on the chemical polymerisation. But there appears to be
no report in the literature on the electrochemical polymer-
isation involving titanium(III)–hydroxylamine redox
system.

Electrochemical polymerisation is a natural out growth of
preparative electroorganic synthesis. Various useful reviews
on electroinitiated polymerisation are available [6–10].
Electroinitiated polymerisation of vinyl monomers in the

homogeneous system was investigated by several workers
[11–16], but studies in heterogeneous systems (polymer
insoluble [17,18] and copolymerisation [19]) are rare.
Kinetics of electrochemical polymerisation have received
great attention by various researchers [20–23], as they
play an unique role in predicting the mechanism of poly-
merisation. As a part of our kinetic and mechanistic studies
on redox polymerisation [24–27], electroinitiated polymer-
isation of methyl methacrylate initiated by titanium(III)–
hydroxylamine sulphate in sulphuric acid–methanol
medium is reported in this communication.

2. Experimental

2.1. Materials and method

Methyl methacrylate (Sisco. Chem. India), hydroxyl-
amine sulphate (CDH), methanol (s.d.fine), dimethyl form-
amide (GSC), dimethyl sulphoxide (GSC), benzene
(s.d.fine), carbon tetrachloride (Fisher), and titanium diox-
ide (s.d.fine) used were of analytical grade. Doubly distilled
water was used through out.

A stock solution of titanium(IV) was prepared by the
gradual addition of titanium dioxide to hot concentrated
sulphuric acid. The yellowish green solid of titanic sulphate
thus produced was dissolved in distilled water, boiled well
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and filtered to get a clear solution [28]. Titanium(IV)
concentration was determined by spectrophotometry.

Methyl methacrylate was successively washed with a
10% potassium hydroxide solution and distilled water.
The organic phase is dried several times over calcium chlor-
ide, then distilled over calcium hydride under reduced pres-
sure. The purified methyl methacrylate was stored at
2308C.

Hydroxylamine sulphate was recrystallised and aqueous
stock solution of the same was freshly prepared each time.

2.2. Polymerisation method

Polymerisation was carried out in a simple H-shaped cell
consisting of two cylindrical glass tubes, fused to two halves
of square shaped steel frames, having a circular opening at
the centre. These steel frames were tightened together with
the help of screws provided for this purpose by placing a
cation exchange membrane in between to act as a
diaphragm. One glass tube was used as anodic compartment
and the other as cathodic compartment.

Catholyte was an electrolytic solution containing titaniu-
m(IV) sulphate (5.0 cm3 of 0.25 mol dm23), hydroxylamine
sulphate (2.5 cm3 of 0.1 mol dm23), sulphuric acid (to
maintain constant acid concentration of 0.5 mol dm23),
methanol (40% to keep the monomer in homogeneous
phase), 0.75 mol dm23 methyl methacrylate and water (to
keep the overall volume to 25.0 cm3). Anolyte was 25.0 cm3

of 0.5 mol dm23 sulphuric acid. A thin and bright platinum
foil was used as anode and the cathode was rectangular copper
plate�6 × 8 cm�: A stream of pure nitrogen was bubbled over
the catholyte. The electrolytic cell was mounted on a magnetic
stirrer and the medium was adequately stirred. A constant
current was obtained from an electrolytically stabilised dc
power supply of 0–150 V, which gave currents from 0–
1000 mA.

Initially, conditions were established to get a maximum
yield of polymers. This was done by carrying out the elec-
trolysis at a specified current for 25 min. The polymer yield
was determined gravimetrically. The results have been tabu-
lated in Table 1.

2.3. Kinetic procedure

The kinetic measurements were performed under the inert
atmosphere. In a typical kinetic run, a mixture of solutions
containing requisite amounts of the methyl methacrylate
monomer (M), hydroxylamine sulphate, titanium(IV) ions,
sulphuric acid, methanol and water was thermally equilibrated
in a water bath at the desired temperature. A wash bottle
containing aqueous solution of methyl methacrylate and
methanol of the same concentration as in the electrolytic cell
was interposed between the nitrogen train and the electrolytic
cell to avoid any loss due to deaeration. Electrolysis was
carried out for a desired time. The percentage yield of poly-
merisation was determined gravimetrically at 295 K. The
initial rate of polymerisation (Rp) was determined from the
initial slope of percentage versus time plot by the initial
slope method [29], reproducible tô6%. The order of the
reaction was found by log [initial polymerisation rate] versus
log [concentration of monomer or sulphuric acid or hydroxy-
lamine or titanium(IV)] plots (a typical plot is shown in Fig. 5).

The effect of variation in the concentration of monomer,
cathode current, solvent, sulphuric acid, hydroxylamine
sulphate, titanium(III) and cathode materials on the poly-
merisation process were studied. The effect of temperature
on the polymer yield was also examined (Table 2) and acti-
vation parameters were computed using Arrhenius and
Eyring plots. The gravimetric determination of the polymer
produced is one of the most direct ways of obtaining conver-
sion data for polymerisation. Always a constant volume of
the reaction mixture was taken in the cell. In order to deter-
mine the amount of the polymer formed in a known interval
of time, the electrolysis was terminated at the desired time
and the polymer obtained was filtered through a previously
weighed sintered glass crucible of the required specification,
washed properly with methanol and dried in a vacuum oven
at 343 K to a constant weight.

The intrinsic viscosity value was measured in benzene at
295 K by an Ubblehode viscometer. The limiting viscosity
numbers were converted into average molecular weights by
the Mark–Houwink equation,�h� � KMa

; whereM is the
molecular weight of the polymer,K anda are the constants,
their values being,K � 0:94× 1024 anda � 0:76:
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Table 1
Effect ([Ti(IV)], 0.05 mol dm23: [H2SO4], 0.5 mol dm23: [NH2OH], 0.01 mol dm23, while varying other components) of titanium(IV), hydroxylamine and
sulphuric acid concentration on polymer yield for the cathodic polymerisation of methyl methacrylate at 295 K; current: 200 mA; [MMA]: 0.75 mol dm23;
methanol: 40% (v/v); and electrolysis time: 25 min

Ti(IV) × 102 (mol dm23) % Polymer yield [NH2OH] × 102 (mol dm23) % Polymer yield [H2SO4] × 10 (mol dm23) % Polymer yield

1.0 14.58 0.2 41.45 0.5 41.59
1.5 22.14 0.4 47.95 1.5 49.08
2.0 28.67 0.6 50.27 2.0 54.16
3.0 39.82 0.8 62.81 3.0 63.29
4.0 44.06 1.0 53.30 4.0 59.23
5.0 53.30 1.4 41.30 5.0 53.30
6.0 62.32 1.8 28.49 6.0 45.25



3. Results and discussion

3.1. Blank experiments

Electrochemical polymerisation did not occur, when
methyl methacrylate was added separately to either of the
reagents, titanium(IV) or hydroxylamine sulphate in
aqueous sulphuric acid–methanol medium. However,
added methyl methacrylate was found to initiate the poly-
merisation in the presence of the mixture of titanium(IV)
and hydroxylamine sulphate in aqueous sulphuric acid–

methanol medium only when subjected to electrolysis. Poly-
mer product formed was amorphous in nature and therefore
no coating of the cathode by the polymer was observed in
the polymerisation experiments.

3.2. Stoichiometry

The stoichiometry for the reduction of hydroxylamine by
titanium(III) was established by back titration method. To a
known volume (v1) of substrate in aqueous medium (5 cm3

of 0.001 mol dm23), titanium(III) sulphate (5.0 cm3 of
0.01 mol dm23) solution (v2) was added under deaerated
condition. To this, ammonium iron(III) sulphate solution
(5 cm3 of 0.025 mol dm23) was added. The resulting solu-
tion was back-titrated against standard titanium(III)
sulphate (0.05 mol dm23) stored under nitrogen atmosphere
using 10% ammonium thiocyanate indicator (v3). A blank
titration was carried out by taking same amount of titaniu-
m(III) sulphate and ammonium iron(III)sulphate solutions.
The titration volume wasv4. The number of electrons (n) is
given by Eq. (1)

n� �v2 2 �v4 2 v3� × M2�=v1 × M1 �1�
HereM1 andM2 are the molarities of sample solution and
titanium(III) sulphate solution, respectively. The stoichio-
metry of reduction of hydroxylamine by titanium(III) was
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Table 2
Effect of temperature on polymer yield and average molecular weight for
the cathodic polymerisation of methyl methacrylate at current: 200 mA;
[MMA]: 0.75 mol dm23; [NH2OH]: 0.01 mol dm23; [H2SO4]:
0.5 mol dm23; [Ti(IV)]: 0.05 mol dm23; methanol: 40%(v/v) and electro-
lysis time: 25 min

Temperature/K % Polymer
yield

Average molecular
weight× 1024

285 39.19 2.4
290 50.05 2.8
295 53.30 2.8
300 59.89 2.8
305 71.17 2.8

Fig. 1. Conversion-time curves for the cathodic polymerisation of MMA at different current levels in aqueous sulphuric acid–methanol medium at 295 K.



found to be 1:2 as shown below

1NH3OH 1 2Ti31 1 2H1 ! NH1
4 1 2Ti41 1 H2O �2�

The product NH4
1 in the reaction mixture was confirmed

by Nessler’s test after rendering the solution alkaline. The
quantitative estimation of NH4

1 by the colorimetric method
[30] concurred with the above stoichiometry.

3.3. Kinetics of polymerisation

The polymerisation kinetic studies were carried out with
different currents, monomer concentrations, different elec-
trode materials and solvents at 295 K and the results are
presented (Figs. 1–4) and computed (Tables 3–6). The
initial rates of polymerisation were obtained from the slopes
of percentage yield versus time plots excluding the slope
values at higher concentrations of monomer or hydroxyla-
mine (as shown in Fig. 1). The orders were found by varying
the cathode current, concentrations of sulphuric acid, hydro-
xylamine sulphate monomer in turn, while keeping concen-
tration of others constant. The order with respect to cathode
current was 0.88 at a lower current range of 150–300 mA,
order with respect to sulphuric acid was 0.58 in the range of
0.05–0.3 mol dm23, order with respect to hydroxylamine

was 0.65 at lower concentration range of 0.002–
0.008 mol dm23 and order with respect to monomer was
1.6 at lower concentration range of 0.19–0.37 mol dm23.

To determine the propagation mechanism, polymerisa-
tions were conducted in the presence of a free radical inhi-
bitor, hydroquinone. It was observed that the polymer yield
decreases with increase in the concentration of hydroqui-
none (Table 7). The results indicated that the polymerisation
reaction occurred primarily by a free radical mechanism.
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Fig. 2. Conversion–time curves for the cathodic polymerisation of MMA at fixed current of 200 mA in aqueous sulphuric acid–methanol medium at 295 K.
The concentration of MMA being: (I) 0.37 mol dm23; (II) 0.34 mol dm23; (III) 0.56 mol dm23; (IV) 0.28 mol dm23; (V) 0.75 mol dm23; (VI) 0.19 mol dm23;
(VII) 0.94 mol dm23; and (VIII) 1.13 mol dm23.

Table 3
Effect of current on polymer yield and average molecular weight for the
cathodic polymerisation of methyl methacrylate at 295 K; [MMA]:
0.75 mol dm23; [NH2OH]: 0.01 mol dm23; [H2SO4]: 0.5 mol dm23;
[Ti(IV)]: 0.05 mol dm23; methanol: 40%(v/v) and electrolysis time: 25 min

Current/mA % Polymer Average molecular
weight× 1024

150 47.08 2.8
200 53.30 2.8
250 63.36 2.8
300 74.35 2.5
400 66.34 1.7
450 51.08 1.6



3.4. Factors influencing polymer yield

3.4.1. Effect of cathode current
The effect of variation in titanium(IV) sulphate con-

centration, electrical current, temperature and sulphuric
acid concentration on the current efficiency for the genera-
tion of titanium(III) was studied by Udupa and coworkers
[31]. The current efficiency was found to decrease with
increase in, current or concentration of titanium(IV)
sulphate. In addition, the current efficiency was found to
increase with increase in, sulphuric acid concentration or
temperature.

It was found that the polymer yield increases with an
increase in the cathode current in the range of 150–300 mA.
However, when the cathode current exceeds 300 mA, the
polymer yield decreases (Fig. 1). This can be explained as
follows: as already stated, current efficiency for the genera-
tion of titanium(III) decreases with increase of current.
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Fig. 3. Effect of various electrode materials on yield of MMA at fixed current of 200 mA and 295 K: (I) copper; (II) lead; and (III) graphite.

Table 4
Effect of methyl methacrylate on polymer yield and average molecular
weight for the cathodic polymerisation of methyl methacrylate at 295 K;
[NH2OH]: 0.01 mol dm23; [H2SO4]: 0.5 mol dm23; [Ti(IV)]:
0.05 mol dm23; methanol: 40%(v/v) and electrolysis time: 25 min

[MMA] × 10 (mol dm23) % Polymer Average molecular
weight× 1024

1.9 49.21 2.8
2.8 58.11 2.8
3.4 65.92 2.8
3.7 74.28 2.8
5.6 65.27 2.8
7.5 53.30 2.8
9.4 46.86 2.2
11.3 41.56 1.6

Table 5
Effect of electrode material on polymer yield and average molecular weight
for the cathodic polymerisation of methyl methacrylate at 295 K; Current:
200 mA;[MMA]: 0.75 mol dm23; [NH2OH]: 0.01 mol dm23; [H2SO4]:
0.5 mol dm23; [Ti(IV)]: 0.05 mol dm23; methanol: 40%(v/v) and electro-
lysis time: 25 min

Electrode
material

% Polymer Average molecular
weight× 1024

Copper 53.30 2.8
Lead 18.60 1.1
Graphite 12.65 0.3
Platinum No polymer is detected

Table 6
Effect of solvent on polymer yield and average molecular weight for the
cathodic polymerisation of methyl methacrylate at 295 K; Current:
200 mA;[MMA]: 0.75 mol dm23; [NH2OH]: 0.01 mol dm23; [H2SO4]:
0.5 mol dm23; [Ti(IV)]: 0.05 mol dm23; and electrolysis time: 25 min

Solvent (%) Polymer Average
molecular
weight× 1024

40% Methanol 53.30 2.8
40% Dimethyl formamide 36.02 1.7
40% Dimethyl sulphoxide 20.64 1.1
Mixture of 40% methanol
and 3% carbon tetrachloride No polymer is detected



Consequently, the reduction of hydroxylamine sulphate
becomes slower and there will be slow and steady genera-
tion of free radicals. Hence, the polymer yield increases.
However, at higher current levels (above 300 mA) the
apparent decrease in current efficiency can be due to the
depletion of the monomer at the cathode–catholyte inter-
face and also due to hydrogen production or reduction of the
free radical itself, as shown in some early studies [32,33].

3.4.2. Effect of monomer concentration
The polymer yield increases with increase in monomer

concentration in the lower concentration range of 0.19–
0.37 mol dm23. However, the polymer yield decreases,
when the monomer concentration exceeds 0.37 mol dm23.
This may be due to the heterogeneous situation, wherein
occlusion of the macroradical ends in the polymer coils,
which effects termination to a considerable degree.

3.4.3. Effect of hydroxylamine concentration
The polymer yield increases with an increase in concen-

tration of hydroxylamine sulphate in the range of 2:0 ×
1023 2 8:0 × 1023 mol dm23

: However, beyond 8:0 ×
1023 mol dm23

; the polymer yield decreases, this is because
of the fact that, an increase in hydroxylamine sulphate
concentration results in increase in the rate of its reduction
and there will be local over concentration of the free radicals
in the vicinity of the electrode surface. This situation
favours chain initiation and chain termination. Conse-
quently polymer yield decreases.

3.4.4. Effect of titanium(IV) sulphate concentration
The polymer yield increases with increase in the titaniu-

m(IV) sulphate concentration in the range of 0.02–
0.06 mol dm23. There will be steady generation of free radi-
cals. This is because the current efficiency for the generation
of titanium(III) decreases with increase in concentration of
titanium(IV) sulphate. This situation favours the chain
propagation and hence the polymer yield gradually
increases.

3.4.5. Effect of the temperature
Current efficiency for the generation of titanium(III)

increases with temperature. There will be slow and steady
generation of free radicals, hence polymer yield gradually
increases in the temperature range of 285–305 K.

The activation energy (Ea) calculated from the Arrhenius
plot of log (rate) vs. 1=T; in the temperature range of 295–
305 K, was 24:21^ 1:9 kJ mol21

: The other activation
parameters calculated from the Eyring plot of log (rate)
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Fig. 4. Effect of various solvents on yield of cathodic polymerisation of MMA at fixed current of 200 mA and 295 K: (I) aqueous sulphuric acid–methanol
medium; (II) aqueous sulphuric acid–dimethyl formamide medium; and (III) aqueous sulphuric acid–demethylsulphoxide medium.

Table 7
Effect of inhibitor on polymer yield for the cathodic polymerisation of
methyl methacrylate at 295 K; Current: 200 mA; [MMA]:
0.75 mol dm23; [NH2OH]: 0.01 mol dm23; [H2SO4]: 0.5 mol dm23;
[Ti(IV)]: 0.05 mol dm23; Methanol: 40% (v/v) and electrolysis time:
25 min

% Concentration % Polymer yield

0.00 53.30
0.25 39.58
0.50 33.92
1.00 25.85
2.00 13.07



vs. �k=T� are DH � 21:72^ 2 kJ mol21; DG� 70:57^
4 kJ mol21; andDS� 2162:80^ 6 J K21 mol21

: The rela-
tively low energy of activation or enthalpy of activation and
high negative entropy of activation observed is characteris-
tic of a free radical polymerisation process.

3.4.6. Effect of sulphuric acid concentration
It has been found that the yield of polymer increases with

increase in sulphuric acid concentration in the concentration
range of 0.05–0.3 mol dm23. However, it decreases when
the sulphuric acid concentration exceeds 0.3 mol dm23. It
can be explained as follows: Current efficiency for the
generation of titanium(III) and also the rate of titanium(III)
reduction of hydroxylamine sulphate becomes fast, result-
ing in the local over concentration of amino free radicals.
This situation favours chain initiation and chain termination
at the expense of chain propagation.

3.5. Polymer characterisation

3.5.1. Molecular weight
Viscosity average molecular weight of the polymer

product in a typical standard run was found to be 2:8 × 104
:

3.5.2. Spectral analysis
The infrared spectrum of the polymer product revealed

the absorption frequencies at 3441 cm21 (N–H stretching),
2990 cm21 (C–H stretching), 1731 cm21 (C–O stretching)
and 1632 cm21(N–H bending), indicating the –NH2 as end

group of the poly(methyl methacrylate) macromolecule.
Also, significant absorption frequencies at about 1150 and
1350 cm21 reveals the aliphatic ether linkage (–CH2–O–
CH3) moiety at the methyl methacrylate macromolecule
originating most likely from the organic solvent, methanol.

3.6. Influence of electrode materials

Apart from copper, tests with several other electrode
materials like platinum, lead and graphite were tried at
constant current density (Fig. 3). It was found that copper
was superior to both lead and graphite. Platinum was
found to be unsuited for electropolymerisation of methyl
methacrylate under the said conditions, because of coating
of polymer product on the surface of the electrode materials.

3.7. Polymerisation in different solvent medium

Percentage yields were different in dimethyl formamide,
dimethyl sulphoxide and in methanol. This is in accordance
with the findings of previous workers [34,35]. But the mole-
cular weight of the product were more or less the same (Fig. 4).

We wanted to know whether the chain transfer mechan-
ism operates in the termination step. Carbon tetrachloride is
known to be the most efficient chain transfer agent. The
formulation containing a solvent mixture of 40% methanol
and 3% carbon tetrachloride yielded no polymer at all prob-
ably due to enhanced termination by chain transfer mode.
There is also the possibility of the molecular weight of
resulting polymer is too low to be detected. Further, it was
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Fig. 5. Plots of log (initial rate,Rp) versus log (concentrations). (A) Plot of 51 log Rp versus 11 log(monomer concentration, [M]) at 295 K; current� 200
Ma; [Ti(IV)] � 0.05 mol dm23; [NH2OH]� 0.01 mol dm23; [H2SO4] � 0.5 mol dm23; Methanol� 40%(v/v); electrolysis time� 25 min and [MMA]� 0.19,
0.28, 0.34 and 0. 37 mol dm23. (B) Plot of 51 log Rp versus 31 log[NH2OH] at 295 K; current� 200 mA; [Ti(IV)] � 0.05 mol dm23; [AN] � 0.75
mol dm23; [H2SO4] � 0.5 mol dm23; Methanol� 40%(v/v); electrolysis time� 25 min and [NH2OH]� 0.002, 0.004, 0.006 and 0.008 mol dm23.



observed that the percentage yield decreases from 55–46%
on increasing the alcohol concentration in the range of 30–
60%. Therefore, it is inferred that, chain termination of the
polymer is due to coupling, also a fraction of the termination
takes place by chain transfer mechanism involving solvent
molecules, which is supported by the IR spectrum, indicat-
ing the –CH2–O–CH3 as end group of the methyl metha-
crylate macromolecule.

4. Kinetic scheme

In the absence of free radicals scavenger in the system,
the titanium(III) reduction of hydroxylamine sulphate
follows the scheme

NH2OH 1 H1
O
K1 1NH3OH

1NH3OH 1 Ti31 !slow

k2

Ti41 1 NHz
21H2O

Ti31 1 NHz
2 1 H1!k3 Ti41 1 NH3�NH3 1 H1 ! NH1

4 �
WhereK1, k2 andk3 are the equilibrium and rate constants,
respectively. The kinetic scheme, which accounts for the
observed fractional order dependence each on [NH2OH],
current, and [H1] and 1.6 order dependence on monomer,
[M] in this electropolymerisation can be accounted by the
kinetic scheme detailed as follows:

Ti41 1 H!ke Ti31 1 H1

Ti31 1 1NH3OH!k2 Ti41 1 NHz
2

�Rz�
1 H2O

Ti31 1 NHz
2

�Rz�
1 H1!k3 Ti41 1 NH3�NH3 1 H1 ! NH1

4 �

Rz 1 M!ki RMz

RMz
n21 1 M!kp

RMz
n

RMz
m 1 RMz

n!kt RMm1nR

RMz
n 1 H!ktr RMmH

RMz
m 1 XH!ktr RMmH 1 X z

Here ‘M’ is the monomer, methyl methacrylate,ke, ki, kp, kt,
ktr are the rate constants for the electrolysis, decomposition,
initiation, propagation, termination and chain transfer steps,
respectively and XH is the chain transfer agent.

The rate of initiation

Ri � ki�Rz��M� �3�
Applying steady state approximation for the concentration

of intermediate radical Rz

d�Rz�=dt � k2�Ti31��SH1�2 k3�Rz��Ti31��H1�2 ki�Rz��M�
� 0

�Rz� � k2�Ti31��SH1�
{ k3�Ti31��H1�1 ki�M�}

�4�

Substituting for [Ti31] with the productf ke [I]

�Rz� � fkek2�I��SH1�
{ k3fke�I��H1�1 ki�M�} �5�

where, [I] is the current in faraday per unit volume,f is the
factor representing the fraction of the current which initiate
chains

Substituting for [Rz], in Eq. (3) leads to

Ri � { fk2keki�I��SH1��M�}
{ fk3ke�I��H1�1 ki�M�} �6�

4.1. Termination by coupling mode

Rt � kt�RMz�2 �7�
Under steady state condition

Ri � Rt �8�
Substituting the value ofRi andRt in Eq. (8) and rearranging

�M z� � fk2keki�I��SH1��M�
kt{ fk3ke�I��H1�1 ki�M�}

" #1=2

�9�

The rate of polymerisation is given by

Rp � kp�M z��M� �10�
Substituting for [Mz] and writing [SH1] equalsK1 [S] [H1]

Rp � kp
fK1k2keki�I��S��H1�

kt{ fk3ke�I��H1�1 ki�M�}

" #1=2

�M�3=2 �11�

4.2. Termination by chain transfer mode

fk2keki�I��SH1��M�
kt{ fk3ke�I��H1�1 ki�M�} � ktr�M z��XH� �12�

Rearranging

�M z� � fk2keki�I��SH1��M�
ktr{ fk3ke�I��H1�1 ki�M�} �XH� �13�

Now the rate of polymerisation by substituting the value of
[M z] in Eq. (10) and writing [SH1] equal toK1 [S] [H1], is

Rp �
kp

ktr

fK1k2keki�I��S��H1��M�2
�XH�{ fk3ke�I��H1�1 ki�M�} �14�

The dependence of the initial rate of polymerisationRp

on [I] 0.88, [NH2OH]0.65, [H1] 0.58 and [M]1.6, which were
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experimentally observed, is consistent with the combined
form of rate Eqs. (11) and (14).

5. Conclusion

Electrolytically generated reactive species Ti31 reacts
with the chemical initiator, hydroxylamine present in the
bulk of the solution to produce free radicals. Chain termina-
tion of the polymer is due to coupling, also a fraction of the
termination takes place by chain transfer mode involving
solvent molecules. In situ generation of titanium(III) enables
us to overcome the difficulties involved in the chemical
method. The concentration of the initiator in the reaction
system can be easily controlled by careful control of cathodic
current. The electrolyte titanium sulphate is regenerated and
can be reused. Reactions can be terminated at will by stopping
the cathodic current. It is pollution free, as it does not produce
any harmful gas either in the anodic compartment or in the
cathodic compartment of the cell. Thus titanium(III) mediated
electropolymerisation offers a safe and simple technique for
the synthesis of high molecular weight polymers in higher
yield. Moreover titanium(III)–hydroxylamine redox system
results in polymers with amine end groups. These telechelic
polymers play a decisive role in the tailor making of advanced
polymeric materials.
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