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ABSTRACT: Acrylonitrile was polymerized in an aqueous sulphuric acid–methanol medium by an electrolytically
generated mediator species, titanium(III). Titanium(III)–dimethylglyoxime 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. The
kinetics of polymerization were investigated for different initial monomer concentrations, acid concentrations,
electric currents, dielectric constants of the solvent and electrode materials. A suitable mechanism for titanium(III)–
dimethylglyoxime-mediated indirect electropolymerization of acrylonitrile is proposed. Copyright 1999 John
Wiley & Sons, Ltd.
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INTRODUCTION

The kinetics of electrochemical polymerization have
received great attention by various researchers,1–4as they
play a unique role in predicting the mechanism of
polymerization. Previous studies have established that
Ti(III)–NH 2OH is a potential initiator for the polymer-
ization of vinyl monomers.5 As a part of our mechanistic
studies on redox polymerization,6–8 we present here the
results of a kinetic study of titanium(III)–dimethylglyox-
ime-mediated electropolymerization of acrylonitrile in
aqueous sulphuric acid–methanol medium.

EXPERIMENTAL

All chemicals were of analytical grade unless indicated
otherwise and doubly distilled water was used through-
out. A stock solution of titanium(IV) was prepared by the
gradual addition of TiO2 (Glaxo, special quality) to hot
concentrated sulphuric acid. The yellowish green solid of
titanium(IV) sulphate thus produced was dissolved in
distilled water, boiled well and filtered to give a clear
solution.9 The titanium(IV) concentration was deter-
mined by spectrophotometry.

Acrylonitrile (SRL) was washed with 5% sodium
hydroxide followed by dilute orthophosphoric acid and
finally with distilled water. It was dried over anhydrous
calcium chloride and again distilled under reduced
pressure in a nitrogen atmosphere. The middle fraction
was collected and stored at 5°C. A standard solution of
0.1 mol dmÿ3 dimethylglyoxime was prepared in metha-
nol.

Polymerization method. Polymerization 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 the anodic compartment and
the other as the cathodic compartment.

The catholyte was an electrolytic solution containing
titanium(IV) sulphate (3.0 cm3 of 0.25 mol dmÿ3), di-
methylglyoxime (2.5 cm3 of 0.1 mol dmÿ3), sulphuric
acid (to maintain a constant acid concentration of
0.5 mol dmÿ3), methanol (to keep the organic substrate
in a homogeneous phase), 1.21 mol dmÿ3 acrylonitrile
and water (to keep the overall volume to 25.0 cm3). The
anolyte was 25.0 cmÿ3 of 0.5 mol dmÿ3 sulphuric acid. A
thin, bright platinum foil was used as the anode and a
rectangular copper plate (1.0� 9.0 cm) as the cathode. A
stream of pure nitrogen was slowly bubbled over the
catholyte. The electrolytic cell was mounted on a
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magneticstirrerandthemediumwasadequatelystirred.
A constantcurrentwas obtainedfrom a stabilizedd.c.
powersupplyof 0–150V, whichgavecurrentsof 0–1000
mA.

Initially conditions were establishedto obtain a
maximumyield of polymers.This wasdoneby carrying
out theelectrolysisat a specifiedcurrentfor 60min. The
polymer yield was determined gravimetrically. The
resultsaregiven in Tables1 and2.

Kinetic procedure. The kinetic measurementswere
performedunderaninert atmosphere.In a typical kinetic
run, a mixture of solutions containing the requisite
amountsof the acrylonitrile monomer(M), dimethyl-
glyoxime (DMG), titanium(IV) ions, sulphuric acid,
methanol and water was thermally equilibrated in a
water-bathat the desired temperature.A wash-bottle
containing an aqueoussolution of acrylonitrile and
methanolof thesameconcentrationasin theelectrolytic
cell was interposedbetweenthe nitrogen train and the
electrolytic cell to avoid any loss due to deaeration.
Electrolysis was carried out for a desired time. The
percentageyield of polymerisation was determined
gravimetricallyat 300K. The initial rateof polymeriza-
tion (Rp) was determined from the initial slope of
percentageconversionversus time plot by the plane

mirror method,reproducibleto� 6%. The order of the
reactionwasfoundfrom log (rate)versuslog (concentra-
tion) plots.

The effect of variation of the concentration of
monomer, cathode current, solvent, sulphuric acid,
dimethylglyoxime, titanium(IV) and cathodematerials
was studied.The effect of temperatureon the polymer
yield was also examined (Table 3) and activation
parameterswerecalculatedusingArrheniusandEyring
plots. The gravimetric determinationof the polymer
producedis one of the most direct ways of obtaining
conversiondata for polymerization.Always a constant
volumeof the reactionmixture wastakenin the cell. In
order to determinethe amountof polymer formed in a
known interval of time, the electrolysiswasterminedat
the desiredtime and the polymer obtainedwas filtered
througha previouslyweighedsinteredglasscrucible of
the requiredspecification,washedproperlywith metha-
nol and dried in a vacuumoven at 343K to a constant
weight.

The intrinsic viscosity was measuredin N, N-di-
methylformamideat 300K with an Ubbelhodevisc-
ometer.Thelimiting viscosityvalueswereconvertedinto
average molecular weights by the Mark–Houwink
equation,[�] = KM/, whereM is the molecularweight
of the polymerandK and/ areconstants,their values
beingK = 2.303� 10ÿ4 and/ = 0.75.

RESULTS AND DISCUSSION

Blank experiments

Electrochemicalpolymerization did not occur when
acrylonitrile was added separately to either of the
reagents,titanium(IV) or dimethylglyoxime,in aqueous
sulphuricacid–methanolmedium.However,theaddition
of acrylonitrile wasfound to initiate the polymerization
in the presenceof a mixture of titanium(IV) and
dimethylglyoxime in aqueoussulphuric acid–methanol
mediumonly whensubjectedto electrolysis.

Table 1. Effect of titanium (IV) and dimethylglyoxime
concentration on polymer yield for the cathodic polymeriza-
tion of acrylonitrilea

[Ti(IV)] � 102

(mol dmÿ3)
Polymeryield

(%)
[DMG] � 102

(mol dmÿ3)
Polymeryield

(%)

1.5 60.38 0.6 86.26
3.0 78.95 0.8 83.52
4.0 90.09 1.0 78.95
5.0 88.38 1.4 65.24
6.0 83.20 1.8 44.63

a Conditions: temperature, 300K; current, 200 mA; [AN],
1.21mol dmÿ3; [H2SO4], 0.5mol dmÿ3; [methanol], 18% (v/v);
electrolysistime, 60 min.

Table 2. Effect of sulphuric acid concentration and solvent
composition on polymer yield for the cathodic polymeriza-
tion of acrylonitrilea

[H2SO4] � 10
(mol dmÿ3)

Polymeryield
(%)

[Methanol]
(mol dmÿ3)

Polymeryield
(%)

3.0 56.23 15.00 82.90
4.0 67.37 18.00 78.95
5.0 78.95 25.00 73.64
6.0 86.40 30.00 65.87
7.0 79.53 35.00 59.60

a Conditions: temperature, 300K; current, 200 mA; [AN],
1.214mol dmÿ3; [DMG], 0.01mol dmÿ3; [Ti(IV)], 0.03mol dmÿ3;
electrolysistime, 60 min.

Table 3. Effect of temperature on polymer yield and average
molecular weight for the cathodic polymerization of
acrylonitrilea

Temperature
(K)

Polymeryield
(%)

Averagemolecular
weight

293 33.00 4.0� 104

298 64.54 4.0� 104

300 78.95 4.0� 104

305 92.48 3.6� 104

a Conditions: current, 200 mA; [AN], 1.21mol dmÿ3; [H2SO4],
0.5mol dmÿ3; [DMG], 0.01mol dmÿ3; [methanol]18%(v/v); electro-
lysis time, 60 min.

Copyright  1999JohnWiley & Sons,Ltd. J. Phys.Org. Chem.12, 605–611(1999)

606 B. S. SHERIGARA,M. P. YASHODA AND PADMALATHA



Kinetics of polymerization

Thepolymerizationkinetic studieswerecarriedout with
different currents,monomerconcentrationsandsolvents
at 300K and the resultsare presentedin Figs 1–3 and
Tables4–6.

Figure 1. Time±conversion curves for the cathodic polymer-
ization of acrylonitrile (1.21 mol dmÿ3) at different current
levels in aqueous sulphuric acid±methanol medium at 300 K

Figure 2. Time±conversion curves for the cathodic polymer-
ization of acrylonitrile at a ®xed current of 200 mA in
aqueous sulphuric acid±methanol medium at 300 K. Acrylo-
nitrile concentration: (I) 1.82; (II) 1.52; (III) 1.21; (IV) 2.12; (V)
2.42; (VI) 0.91 mol dmÿ3

Figure 3. Effect of various solvents on the yield of the
cathodic polymerization of acrylonitrile at a ®xed current of
200 mA and 300 K: (I) in aqueous sulphuric acid±dimethyl-
formamide medium; (II) in aqueous sulphuric acid±methanol
medium; (III) in aqueous sulphuric acid±dimethyl sulphoxide
medium; (IV) in aqueous sulphuric acid±methanol±carbon
tetrachloride medium

Table 4. Effect of current on polymer yield and average
molecular weight for the cathodic polymerization of
acrylonitrilea

Current
(mA)

Polymeryield
(%)

Averagemolecular
weight

150 61.95 4.0� 104

200 78.95 4.0� 104

250 91.86 3.8� 104

300 71.46 3.2� 104

400 63.95 2.5� 104

a Conditions: temperature,300K; [AN], 1.21mol dmÿ3; [H2SO4],
0.5mol dmÿ3; [DMG], 0.01mol dmÿ3; [Ti(IV)], 0.03mol dmÿ3;
[methanol],18%(v/v); electrolysistime, 60 min.

Table 5. Effect of acrylonitrile concentration on polymer
yield and average molecular weight for the cathodic
polymerization of acrylonitrilea

[AN]
(mol dmÿ3)

Polymeryield
(%)

Averagemolecular
weight

0.91 43.46 4.0� 104

1.21 78.95 4.0� 104

1.52 89.05 4.0� 104

1.82 92.28 4.0� 104

2.12 74.82 3.8� 104

2.42 59.89 3.7� 104

a Conditions: temperature, 300K; current, 200 mA; [H2SO4],
0.5mol dmÿ3; [DMG], 0.01mol dmÿ3; [Ti(IV)], 0.03mol dmÿ3;
[methanol],18%(v/v); electrolysistime, 60 min.
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Factors in¯uencing polymer yield

Effect of cathode current. The effect of variationsin
titanium(IV) sulphate concentration,electric current,
temperatureand sulphuric acid concentrationon the
currentefficiencyfor thegenerationof titanium(III) was
studiedby Narasimhanetal.10 Thecurrentefficiencywas
found to decreasewith increasein currentor concentra-
tion of titanium(IV) sulphate.Also, thecurrentefficiency
was found to increasewith increasein sulphuric acid
concentrationor temperature.

It was found that the polymer yield increaseswith
increasein cathodecurrent in the range150–250mA.
However,whenthecathodecurrentexceeds250mA, the
polymeryield decreases(Fig.1).Thiscanbeexplainedas
follows. As alreadystated,the currentefficiencyfor the
generationof titanium(III) decreaseswith increasein
current.Consequently,the reductionof dimethylglyox-
ime becomesslowerandtherewill bea slow andsteady
generationof free radicals. Hence the polymer yield
increases.

However,at highercurrentlevels (250–400mA), the
apparentdecreasein currentefficiencycanbedueto the
depletion of the monomer at the cathode–catholyte
interface,andalsodueto hydrogenproduction,asshown
in someearly studies.11,12

Effect of monomer concentration. Thepolymeryield
increaseswith increasein monomerconcentrationin the
range0.91–1.82mol dmÿ3. However,it decreaseswhen
themonomerconcentrationexceeds1.82mol dmÿ3. This
deviationmaybedueto anincreasein theviscosityof the
mediumanda consequentdecreasein themobility of the
propagatingspecies.

Effect of dimethylglyoxime concentration. The
polymer yield decreaseswith an increase in the
concentrationof dimethylglyoxime.This is becausean
increasein dimethylglyoximeconcentrationresultsin an
increasein the rateof its reduction13 andtherewill be a
local over-concentrationof the free radicals in the
vicinity of the eletrodesurface.This situation favours

chaininitiation andchaintermination.Consequently,the
polymeryield decreases.

Effect of titanium(IV) sulphate concentration. The
polymer yield increaseswith increasein titanium(IV)
sulphate concentration in the range 0.015–
0.04mol dmÿ3. However, the yield decreasesif the
titanium(IV)sulphate concentration exceeds 0.04mol
dmÿ3. This may be dueto the steadygenerationof free
radicalsin therange0.015–0.04mol dmÿ3. Thissituation
favourschain propagationand hencethe polymer yield
graduallyincreases.However,beyonda certainoptimum
concentration of titanium(IV) sulphate (>0.04mol
dmÿ3) the titanium(III) generated will be of low
concentrationand the free radicals generatedby the
reduction of dimethylglyoxime will also be of lower
concentration.Consequently,thepolymeryield gradually
decreases.

Effect of temperature. The currentefficiency for the
generationof titanium(III) increaseswith increasein
temperature.Also, the reaction rate of titanium(III)
reduction of dimethylglyoxime has been shown to be
temperaturedependent.13 Therewill be slow andsteady
generationof free radicals, hence the polymer yield
graduallyincreasesin thetemperaturerange293–305K.
However,above305K, the reductionreactionbecomes
very fast, resultingin a local over-concentrationof free
radicalsneartheelectrodesurface.Thissituationfavours
chain initiation andchain terminationat the expenseof
chainpropagation,hencethepolymeryield decreases.

The activation energy (Ea) calculated from the
Arrhenius plot of log(rate) vs 1/T in the temperature
range 293–305K was 36.35� 2 kJ molÿ1. The other
activationparameterscalculatedfrom theEyringplot are
DH‡ = 33.86� 2 kJ molÿ1, DG‡ = 71.31� 0.6kJ molÿ1

andDS‡ =ÿ125.18� 6 J Kÿ1 molÿ1. Therelatively low
energyof activationor enthalpyof activationand high
negativeentropyof activationobservedarecharacteristic
of a free radicalpolymerizationprocess.

Effect of sulphuric acid concentration. The current
efficiencyfor thegenerationof titanium(III) sulphateand
alsotherateof titanium(III) reductionof dimethylglyox-
ime increasewith increasein sulphuricacid concentra-
tion.13 This situationfavourschain propagation.Hence
the polymer yield increases in the range 0.3–
0.6mol dmÿ3 sulphuric acid. However, when the sul-
phuric acid concentrationexceeds0.6mol dmÿ3, the
reduction reaction becomesso fast as to increasethe
productionof free radicalsto favourchaininitiation and
chain terminationagainstchain propagation.Hencethe
polymeryield decreasesat higheracidconcentrations.

Effect of solvent composition. It was found that the
polymer yield decreaseswhen the percentage of
methanol increases.This is due to retardationof the

Table 6. Effect of solvent on polymer yield and average
molecular weight for the cathodic polymerization of
acrylonitrilea

Solvent
Polymer
yield (%)

Average
molecularweight

Methanol 78.95 4.0� 104

Dimethyl sulphoxide 68.30 3.6� 104

Dimethyl formamide 83.21 4.7� 104

Mixture of methanol
andcarbontetrachloride

30.30 2.0� 104

a Conditions: temperature, 300K; current, 200mA; [H2SO4],
0.5mol dmÿ3; [Ti(IV)], 0.03mol dmÿ3; [DMG], 0.01mol dmÿ3;
[methanol],18%(v/v); electrolysistime, 60 min.
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titanium(III) reduction reaction of dimethylglyoxime
with decreasein dielectric constant of the medium
brought about by the increasein methanolconcentra-
tion.13

Polymer characterization

Molecular weight. The viscosity-averagemolecular
weight of the polymerproductin a typical standardrun
wasfound to be4.00� 104.

Spectral analysis. The IR spectrumof the polymer
product revealedabsorptionfrequenciesat 3468cmÿ1

(N7H andO7H stretching),2939cmÿ1 (C7H stretch-
ing), 2250cmÿ1 (C�N stretching) and 1650cmÿ1

(N7H bending and C=N stretching), indicating that
the dimethylglyoxime moiety is an end group of the
polyacrylonitrilemacromolecule.

In¯uence of electrode material. Apart from copper,
severalotherelectrodematerials,suchasplatinum,lead
and graphite, were also tried for the polymerization
process.Although the yields weredifferent for different
electrodematerials,themolecularweightsof thepolymer
productswerenearlythesame(Table7).Work relatingto
the kinetic behaviour pattern with different cathode
materials(platinum,leadandgraphite)is in progress.

Polymerization in a different solvent medium. The
percentageyields weredifferent in dimethylformamide,
dimethylsulphoxideandmethanol.This is in accordance
with thefindingsof previousworkers.14,15However,the
molecularweightsof theproductsweremoreor lessthe
same.The kinetic behaviouris expectedto besimilar.

We wanted to know whether the chain transfer
mechanismoperatesin the termination step. Carbon
tetrachlorideis known to be the most efficient chain
transferagent.The kinetic studywith a solventmixture
containing 18% methanol� 3% carbon tetrachloride
resultedin a 50% decreasein polymer yield (Fig. 3)
and a consequentlowering of molecular weight from

4.0� 104 to 2.0� 104. This is due to the enhanced
termination by the chain transfer mode. It can be
concluded that chain transfer to initiator molecules,
monomer moleculesor solvent moleculesis not sig-
nificant in the absenceof chain transferagentssuchas
carbontetrachloride.Therefore,in all probability under
the conditionsemployedfor the polymerizationin this
investigation,theterminationoccursmostlyby coupling.

Kinetic scheme

The kinetics of the reductionof dimethylglyoximeby
titanium(III) in aqueoussulphuric acid medium has
recently been studied.13 The stoichiometry of the
reduction of dimethylglyoxime by titanium(III) was
found to be1:8 accordingto

C4H8N2O2� 8Ti3� � 8H�ÿ!
C4H12N2� 8Ti4� � 2H2O �1�
�butaneÿ 2;3ÿ diamine�

Thekineticordersof thereactantswerefoundfrom log
(rate) versuslog (concentration)plots. The order was
found by varying the concentrationsof dimethylglyox-
ime, titanium(III), sulphuricacid in turn while keeping
the othersconstant.The kinetic orderswith respectto
dimethylglyoximeandtitanium(III) wasnearlyunity and
theorderwith respectto sulphuricacid wasabout0.5.

In theabsenceof afreeradicalscavengerin thesystem,
thetitanium(III) reductionof dimethylglyoximehasbeen
shownto follow Scheme1.

The protonatedsubstrateSH� reactswith Ti3� in the
slow step to give a free radical, R.. This free radical
further reactswith additionalTi3� ions in a fast stepto
give the product.By applying the steady-stateapprox-
imation to the intermediateSH�, the rate law was
derived:

rate� Kk�S�0�Ti3���H��
1� K�H�� �2�

Table 7. Effect of electrode material on polymer yield and
average molecular weight for the cathodic polymerization of
acrylonitrilea

Electrode
Polymeryield

(%)
Averagemolecular

weight

Copper 78.95 4.0� 104

Lead 70.38 3.8� 104

Graphite 62.06 3.6� 104

Platinum 59.29 3.3� 104

a Conditions: temperature, 300K; current, 200 mA; [H2SO4],
0.5mol dmÿ3; [Ti(IV)], 0.03mol dmÿ3; [DMG], 0.01mol dmÿ3;
[methanol],18%(v/v); electrolysistime, 60 min.

Scheme 1
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where the resultantsubstrateconcentration,[S], is the
difference between the initial, [S]0, and protonated,
[SH�], substrateconcentrationvalues,K is the equili-
brium constantfor the protonationstepandk is the rate
constantfor the rate-determiningstep.

The kinetic schemewhich accountsfor the results
obtained in the electroinitiatedpolymerizationsystem
canbedescribedby Scheme2.

In Scheme2,M is themonomer,acrylonitrile,ke, kd, ki,

Ti4� � Hÿÿÿÿ!ke Ti3�H�

(at the cathode)

Ti3� � SH� ÿÿÿÿ!kd Ti4�R�

R� �Mÿÿÿÿ!ki RM�

RM��mÿ1� �Mÿÿÿÿ!kp
RM�m

RM�m � RM�nÿÿÿÿ!
kt RMm�nR

RM�m � Hÿÿÿÿ!ktr RMmH

RM�m � XHÿÿÿÿ!ktr RMmH� X�

Scheme 2

kp, kt, ktr are the rate constantsfor the electrolysis,
decomposition,initiation, propagation,terminationand
chain transfersteps,respectively,and XH is the chain-
transferagent.

The rateof initiation is

Ri � fkd�Ti3���SH�� �3�

Substitutingfor [Ti 3�] with theproduct,ke [I], leadsto

Ri � fkdke�I��SH�� �4�

where[I] is thecurrentin faradyperunit volumeandf is
the factor representingthe fraction of the currentwhich
initiate chains.

Understeady-stateconditions,

Ri � Rt �5�

If terminationtakesplaceby coupling,

fkdke�I��SH�� � kt�M��2 �6�

Rearrangementof Eqn.(6) gives

�M�� � �fkdke�I��SH���1=2
kt

�7�

The rateof polymerizationis givenby

Rp � kp�M���M� �8�

Substitutingfor [M.] in Eqn.(8) gives

Rp � kp�fkdke=kt�1=2�I�1=2�SH��1=2�M� �9�

Replacing[SH�] by K[S] [H�] leadsto

Rp � K1=2kp�fkdke=kt�1=2�I�1=2�S�1=2�H��1=2�M� �10�

The dependenceof the initial rateof polymerizationRp

on [I] 1/2, [S]1/2, [H�]1/2 and[M], which wasexperimen-
tally observed,is consistentwith Scheme2.

The kinetic chain length, �, has the following
dependenceon thecurrentandmonomerconcentration:

� � Rp=Rt � kp�M���M�=kt�M��2 �11�

Substitutingfor Rp and Rt and on simplification, Eqn.
(11) gives

� � kp�M�kt=�fkdke�1=2�I�1=2�SH��1=2 �12�

CONCLUSIONS

This is a clear caseof indirect electrochemicalpoly-
merization.It involves the electrolytic generationof a
reactive species,Ti3�, which in turn reacts with a
chemicalinitiator, dimethylglyoxime,presentin thebulk
of thesolutionto producefreeradicals.Chaintermination
of the polymer is essentiallyby coupling.This provides
an excellent means for the controlled initiation of
polymerizationreactions.
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