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ABSTRACT: The catalytic effect of trans-dichloro-bis(eth-
ylenediamine)cobalt(Il)  chloride  (trans-[Co(en),Cl,]Cl)
complex on the microemulsion polymerization of acryloni-
trile, in the absence of added emulsifier, was investigated.
Polymerization was studied at varying concentrations of
initiator, monomer, complex, and solvent over the temper-
ature range of 30-70°C. The overall activation energy (E,,
39.26 kJ/mol), energy of dissociation of initiator (Eg, 61.62
kJ/mol), number of micelles (0.122 X 10'®), and viscosity
average molecular weight of the polymer were computed.
The distribution of particle sizes was determined by trans-
mission electron microscopy (TEM). It was found that the

oil-in-water microemulsion polymerization was stabilized
by the presence of the Co(Ill) complex, reducing the particle
size into the nano range. The average diameters of PAN
nanoparticles, obtained by TEM, were in the range of 50-150
nm at maximum conversion. The experimental particle size
was mainly dependent on the concentration of complex and
temperature. © 2004 Wiley Periodicals, Inc. ] Appl Polym Sci 91:
3120-3126, 2004
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INTRODUCTION

In a conventional emulsion process, the presence of
absorbed surfactant gives rise to somewhat variable
properties and applications. The use of a non-conven-
tional process, in the absence of surfactant or emulsi-
fier, will help in eliminating the complicated, costly,
and time-consuming process of removal of surfac-
tants. Emulsifier-free emulsion polymerization of vi-
nyl and acrylic monomers has received much atten-
tion because of both practical and academic inter-
ests,''% and also with a view to synthesize commercial
polymers for biomedical, coatings, and adhesive ap-
plications. Again, microemulsion polymerization has
gained its importance in past years''™ because the
microemulsion medium allows polymerization of var-
ious monomers, which differ appreciably in their po-
larity and reactivity. Use of a microemulsion controls
the macromolecular characteristics and later particle
morphology.

In our earlier publications, we reported on the ki-
netics of emulsifier-free emulsion polymerization of
acrylonitrile initiated by KHSOj in the presence of in
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situ developed complexes of transition metals and
amino acids, viz. Cu(Il)/glycine,'"* Ni(I)/glycine,'
Co(Il)/glycine,'® and Cu(Il)/Hysalen.'” The present
research work relates to the development of a new
catalyst of freshly prepared trans-[Co™(en),Cl,]Cl on
microemulsion polymerization of acrylonitrile initi-
ated by ammonium persulfate. The new Co(IlI)-com-
plex system is not only found to stabilize the emulsion
latex leading to high conversion in the absence of any
added emulsifier but also is successful in decreasing
the size of the particles to the nano range. This inter-
esting findings prompted us to make use of the Co(IlI)
complex over our previous Co(Il)/glycine system.'®
Further, this has come as an advantage over the de-
veloped PMMA nano composites by conventional
emulsion method with the use of emulsifier and sili-
cate additives.'® Another advantage of this emulsifier-
free microemulsion polymerization is explained by
the fact that a high concentration of surfactant/emul-
sifier is considered as one of the main drawbacks of
microemulsion polymerization due to difficulties in
removing the residual emulsifier from the nanopar-
ticle surfaces."

EXPERIMENTAL

Acrylonitrile of BDH (AR) grade was purified as re-
ported earlier.** Ammonium persulfate [APS], cobalt(Il)
chloride, ethylene diamine, and other reagents were of
BDH (AR) grade and used after purification.
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Preparation of the complex trans-[Co"(en),Cl,]Cl

The complex was prepared by treating Co(II) chloride
hexahydrate (CoCl, - 6H,0) with a 10% solution of
ethylene diamine according to the literature method.”'
A solution of ethylene diamine hydrate in water was
slowly added with stirring to a solution of Co(II)
chloride hexahydrate in water and air-oxidized vigor-
ously for 9-10 h; concentrated HCI was then added to
the oxidized solution. The mixture was evaporated on
a steam bath until a crust formed over its surface. This
was then cooled and allowed to stand overnight,
when bright green platelets of the hydrochloride of the
complex were separated out. The crystals were filtered
off, washed with ether, recrystallized in presence of
concentrated HCI, and then dried at 110°C until a
solution of the complex in distilled water was neutral
to litmus. The formation of the complex
[Co™(en),CL,]Cl was confirmed by UV-spectral anal-
ysis (Scheme 1).

Polymerization

The polymerization experiments were carried out in a
round-bottomed flask containing known concentra-
tions of monomer (AN), Co(Ill)-complex solution in
water under nitrogen atmosphere. A required amount
of initiator (APS) solution was carefully added after
maintaining constant temperature. The pH of the so-
lution was found to be 4.2, before and after the poly-
merization, with an E-Merck (Germany) digital pH
meter. After the desired time of 4—4.5 h, the polymer-
ization was terminated by keeping the flask in ice-cold
water and by adding a known excess of ferrous am-
monium sulfate solution, which spontaneously con-
sumed unreacted initiator.”> The precipitated poly-
mers were filtered, washed repeatedly with distilled
water and absolute alcohol, and then dried to constant

weight at 60°C. The percent conversion and rate of
polymerization were calculated gravimetrically. The
UV-visible spectra of trans-[Co(en),Cl,)Cl] complex,
complex/AN, complex/AN/APS, and AN/APS were
studied using a Perkin-Elmer UV—vis spectrophotom-
eter.

Characterization

The viscosity average molecular weights of the puri-
fied polymers were determined by using a Ubbelohde
viscometer in pure DMF at 30°C, with the equation®

[n] = 3.335 x 10°* M)7

Particle size was investigated by TEM (Joel JEM
2000-Ex11). Samples were prepared by dropping
highly diluted latex on a carbon-coated copper grid
and dried in a desiccator at room temperature.

RESULTS AND DISCUSSION

From the series of experiments, it was found that the
isolated complex trans-[Co(en),CL,]JCl had a pro-
nounced catalytic effect on the polymerization reac-
tion of AN initiated by APS as compared to the non-
catalyzed system (Table I). The possibility of Co™-
complex initiated polymerization was excluded by the
fact that no polymer was precipitated in absence of
APS even after 48 h. Figure 1 shows the UV-visible
spectra of various mixtures like CoCl, (a), trans-
[Co™(en),CL,]Cl complex (b), complex/APS (c), and
complex/AN/APS (d), measured to obtain a complete
picture of the interaction between reacting compo-
nents and their relationship with the rate data. The
high conversion may be ascribed to the high rate of
production of initiating radicals by facile homolysis of
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TABLE 1

Effect of Concentration of AN, (NH,),S,0;, and [Co™ (en),Cl,ICl on % Conversion, Ry,
and Viscosity Average Molecular Weight (Mv) of PAN at 50°C

[AN] [(NH,),5,054] [[Co™ (en),CLICI] % R X 10°

(mol dm™—3) (X 10®> mol dm™3) (X 10® mol dm™3) Conversion (mol dm 32571 Mol wt 10*
1.51 10 0.0 8.1 0.8 1.78
0.759 10 10 12.40 243 2.30
1.51 10 10 15.2 6.08 3.24
2.27 10 10 29.04 25.40 4.14
3.03 10 10 90.40 14.66 5.14
3.79 10 10 41.68 14.36
4.53 10 10 34.03 3.26
1.51 15 10 23.20 4.12
1.51 20 10 27.23 5.0
1.51 25 10 36.54 7.46
1.51 30 10 53.03 7.7
1.51 10 15 55.21 8.1
1.51 10 20 61.3 8.9
1.51 10 25 48.3 7.01
1.51 10 30 40.6 5.8

the initiator bound by the transient complex trans-

A preliminary study on the particle morphology

[Co™(en),CL,]Cl, where the internal energy is trans-  was carried out by TEM micrographs. Average parti-
ferred to the initiator. The new non-conventional com-  cle sizes (diameters) of the nanoparticles were calcu-
plex initiating system helps stabilize the emulsion la-  lated by evaluating micrographs containing about

tex to a high conversion level in the absence of added  300-450 particles. Again, it is observed in Table II that

emulsifier.
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Figure 1 Spectral evidence for the interaction of [Co™(en),Cl,] Cl with acrylonitrile, APS at [Co™(en),CL,]Cl = 10 X 107>
mol dm 3, [AN] = 1.51 mol dm 2, [APS] = 10.0 X 10~ mol dm (a) CoCL,, (b) [Co™(en),CL,]CL, (c) [Co(en),CL,]CI + APS,
(d) [Co™(en),CL,]C1 + AN + APS.
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TABLE 1I
Variation of Particle Size and % Conversion at Different
Temperatures and Concentrations of Complex at [AN]
= 1.51 mol dm 3, [APS] = 10.0 X 10> mol dm—3

Diameter of

[[Co™ (en),CL]Cl] Temperature, % particle

(X10° mol dm™3) °C) Conversion (nm)
10 50 15.20 67
15 50 55.21 82
20 50 61.30 98
25 50 48.30 122
30 50 40.60 148
10 55 39.12 57
10 60 53.66 48
10 65 56.42 42
10 70 72.98 34

temperature, and the result is in good agreement with
the literature.** Also, the average diameter of particles
as determined from TEM (Fig. 2) at different conver-
sions is in the range 50-150 nm (Table II).

It was found that the conversion was strongly af-
fected by the monomer, initiator, complex concentra-
tions, and also by the reaction time and temperature.

Effect of monomer concentration

The polymerization of AN with monomer variation
(0.759-4.53 mol dm ) clearly indicates that the rate of
polymerization and conversion increase with increase
in monomer concentration at fixed concentration of
complex  trans-[Co™(en),CL,]JCI (10.0 X 107* mol
dm™3), APS (10.0 X 10> mol dm?) at 50°C under N,
atmosphere (Table I). From the double-logarithm plot
of rate versus [AN], the rate has been found to depend
on the 0.56 power of monomer concentration. The
deviation from first-order dependence may be as-
cribed to more active participation of monomer in the
initiation step. Further, a value of order less than 1 has
also been cited in the literature, as Chapiro25 found the
monomer exponent varying from 1 to < 1, and the
findings were attributed to the presence of impurity in
the polymerization system. In addition, deviation
from unity is normally observed as the polymerization
system is heterogeneous in nature.”

The average molecular weight &Mmacr;,, of PAN
determined by viscosity was found to increase from
3.24 X 10* to 5.14 X 104 with [AN] increasing from
1.517 to 3.034 mol dm~>.

Effect of initiator concentration

The effect of [APS] on the conversion was studied by
varying concentration in the range (10.0 X 1072)—(30.0
X 107°) mol dm™?. It was found that the rate of
polymerization and conversion increase with [APS].
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This is attributed to the increase in concentration of
active species resulting in smaller oligomers with
higher critical micelle concentration (CMC). The rate
of polymerization depends on the number of primary
free radicals generated from initiator decomposition
and hence with the increased initiator concentration,
the number of primary free radicals, and Rp increase.
Therefore, the number of particles will increase,
thereby increasing the chance of diffusion of the
monomer in the particles: as a result, the rate of poly-
merization increases. The overall rate is found from
the plot of log Rp versus log [APS] to be 0.94-order
dependent on [initiator], which is near to first-order
dependence on the rate in the conventional free radi-
cal polymerization.

Effect of organic solvents

The addition of concentrated organic solvents such as
acetic acid, acetone, and benzene to the reaction mix-
ture retarded the percent conversion and Rp. In fact,

2Bk U
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Figure 2 TEM micrographs of PAN particles at different
magnifications obtained by the complex-catalyzed micro-
emulsion polymerization at [Co™(en),CL]CI = 10 X 1073
mol dm 3, [AN] = 1.51 mol dm 3, [APS] = 10 X 102 mol
dm ™2 at 50°C for 4 h.
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Figure 3 Variation of percent conversion with reaction
time for [Co™(en),Cl,]Cl complex-catalyzed polymerization
of AN with [Co™(en),CL,]Cl = 10 X 107> mol dm 3, [AN]
= 1.51 mol dm ™3, [APS] = 10 X 10~% mol dm 2 at various
temperatures: () 50°C, (@) 55°C, (%) 60°C, (A) 65°C, (H)
70°C.

the conversion is negligible in the case of benzene. The
retardation of the reaction in presence of these sol-
vents may be due to reduction of Co(IlI) to Co(Il) and
simultaneous oxidation of additives by APS, thus re-
ducing the optimum concentration of the initiating
radicals in the immediate vicinity of the monomer (the
oxidation of acetic acid to ethyl acetate has been es-
tablished®*) and also due to premature termination of
growing polymer chains resulting from activity trans-
fer to those solvents.

Effect of complex concentration

Rp and percent conversion increase with increase in
trans-[Co™(en),C1,]Cl concentration from 10.0 X 1072
to 20.0 X 1072 mol dm 2 and then decrease (Table I),
which is due to the high concentration of complex of
the AN/APS/trans-[Co™(en),CL,]Cl system. The rate
is found to be 0.75-power dependent on trans-
[Co™(en),C1,]Cl concentration. From the experimental
evidence, it is observed that particle size increases
with increase in concentration of complex at decreas-
ing temperature (Table II). Hence it may be suggested
that the polymerization was stabilized by the presence
of the complex with reduction of the particle size into
the nano range.”

Effect of time variation

The polymerization of AN was carried out over a time
range of 60 min up to 270 min (Fig. 3). It was found
that conversion increased steadily with time up to 240

SAHOO, SAMAL, AND SWAIN

min and then decreased, perhaps due to a high pop-
ulation of free radicals with increase in duration of
polymerization.

Effect of temperature and arrhenius plot

The Rp and percent conversion were investigated by
varying the temperature in the range of 50-70°C. The
results showed a steady increase in both Ry and per-
cent conversion up to a temperature of 70°C.

From the Arrhenius plot of log Ry versus 1/T (Fig.
4), the overall activation energy, E,, was found to be
39.26 k] /mol and, taking Ep = 16.2 k]/mol, E, = 15.5
kJ /mol reported for AN,*® the activation energy for
initiator decomposition was found to be 61.62 kJ/mol
by using the formula

E,=E, — E/2 + Eq/2,

and the number of micelles, 0.122 X 10'® against the
theoretical values? of 10'®, characteristics of emulsifi-
er-free emulsion polymerization. Figure 5 shows the
relationship between R, with the reciprocal of DP of
PAN at different initiator concentrations at 50°C. The
linear relationship observed excludes any significant
chain transfer to the initiator in the present system. As
the conversion depends upon the rate of production of
primary free radicals from the initiator decomposition,
the number of primary free radicals generated from
the initiator decomposition increases with increasing
temperature.

Mechanism

The microemulsion mechanism involves the following
steps:
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Figure 4 Arrhenius plot of log R, versus 1/T at
[Co™(en),Cl,]JCI = 10 X 10~2 mol dm ™%, [AN] = 1.51 mol
dm™3, [APS] = 10 X 1072 mol dm 3.
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Figure 5 Degendence of the reciprocal of degree of polymerization (1/DP) of AN on R}, on varying [APS] from 10.0 X 1073

to 30.0 X 10~

I. Production of free radicals (SO, - ) from initia-
tor decomposition catalyzed by Co(IlI) complex,
as shown in Scheme L.

II. Production of free radicals in an aqueous phase
to form oligomeric free radicals or to precipitate
homogeneously from the aqueous phase and to
form colloidal particles.

III. Capture of free radicals by monomer swollen
micelles or monomer droplets.

IV. Termination of free radicals in the aqueous
phase, leading to a capture efficiency less than
100%.

The rate of complex catalysis has been found to be
dependent on the proportions obtained as below, and
the rate expression is derived applying the steady-
state principle and assuming mutual termination:

RP o [AN]OA57 [APS]0.84 [complex]°‘75

CONCLUSION

The most significant outcome of this research de-
scribed herein is the development of a novel noncon-
ventional initiating system leading to stabilizing the
emulsion latex to a high conversion in absence of
added emulsifier. The trans-[Co(en),Cl,]Cl1 complex
most likely plays the role of surfactant in decreasing
the latex particles to the nano-order scale. The poly-

mol dm ™2 at [AN] = 1.51 mol dm~%, [Co™(en),Cl,]JCl = 10 X 102 mol dm~2 at 50°C.

mer latex was characterized by TEM (size and mor-
phology) and molecular weight measurements. Nano-
scale latex particles could be obtained without emul-
sifier more easily than in a conventional emulsion
polymerization. Hence it is a promising technique for
the preparation of polymer nanoparticles and nano-
composites that are under study in our laboratory.
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