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ABSTRACT: Stable, translucent nanolatex with monomer
weight % as high as 25 was obtained through emulsion
copolymerization of partially water-soluble monomers,
ethyl acrylate and methylmethacrylate. The kinetics of reac-
tion, studied at monomer/surfactant (M/S) ratio 10 and 50
showed two intervals and higher rate of particle nucleation
for KPS initiated systems. However, AIBN initiated system
showed phase separation. The copolymer composition was

determined through 'H-NMR studies and copolymers
showed two glass transition temperatures. Dynamic light
scattering studies indicated bimodal distribution of polymer
particle size. © 2003 Wiley Periodicals, Inc. ] Appl Polym Sci 90:
2593-2603, 2003

Key words: emulsion polymerization; ethylacrylate; meth-
ylmethacrylate; kinetics and particle nucleation

INTRODUCTION

Emulsion polymerization leads to products with high
molecular weights." However, the particle size is re-
ported® to be generally greater than 100 nm. Long-
term stability of the latexes in some cases is also poor.
Reduction in the particle size is desirable, simply be-
cause it increases the effective surface area and, there-
fore, finds numerous applications.”> Moreover, some
specific applications, such as use of nanoparticles as
carriers for controlled drug delivery, require the par-
ticle size to be smaller than the one generally obtained
through emulsion systems.*Though microemulsion
polymerization is a well-established technique for the
production of nanoparticles with very low particle size
and narrow particle size distribution, it suffers from the
disadvantage of high surfactant concentration.

Our earlier work® on polymerization of ethylacrylate
(EA) has shown emulsion polymerization as an alterna-
tive route for the production of stable nanolatex with
particle size comparable to that obtained through micro-
emulsion polymerization. Higher rate of particle nucle-
ation was observed for KPS initiated systems. Pokhriyal
et al.® also made a similar observation in the emulsion
copolymerization of ethylhexyl acrylate-acrylonitrile.
Roy and Devi’ gave a comparative account of the emul-
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sion and microemulsion polymerization of MMA /so-
dium dodecyl sulphate (SDS)/water system. They ob-
served higher isotacticity in the PMMA synthesized
through microemulsion polymerization whereas emul-
sion polymerization resulted in a product with greater
syndiotacticity. This was attributed to the difference in
the underlying mechanism of polymerization.

Copolymerization in emulsion is a much more com-
plex process as it involves additional parameters like
monomer reactivity. In addition, monomer partition-
ing in case of partially water-soluble monomers makes
it more complex. Nevertheless, copolymerization al-
lows a quantitative study of emulsion polymerization
with respect to composition and variation in copoly-
mer properties. Capek et al® first investigated the
emulsion copolymerization of EA-MMA in the pres-
ence of both anionic surfactant spolapan AOS and
nonionic emulsifier Tween 40. They reported negligi-
ble growth of polymer colloids in the latter stages of
emulsion polymerization. It was suggested that copo-
lymerization of partially water-soluble monomers
generates new particles by homogeneous nucleation
even at higher conversion.

In the present work, we give some experimental
evidences for the suggested homogeneous nucleation
in the emulsion copolymerization of EA-MMA. The
importance of homogeneous nucleation in determin-
ing the final particle size and its stability, solid content
of latex, and mechanism of copolymerization have
also been discussed.
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Figure 1 Effect of KPS concentration on % conversion and rate of polymerization. M/S = 10 and temperature 70°C. (A) 0.18

mM, (A) 0.36 mM, (@) 0.55 mM, (O) 0.73 mM.

EXPERIMENTAL
Materials

EA and MMA from National Chemicals (Baroda,
India), was purified by passing through an alumina
column and stored at 4°C after vacuum distillation
under reduced pressure till further use. SDS extrapure
from S.D. Fine Chemicals (Baroda, India) was used as
received. Potassium persulphate (KPS) from Sisco
Chem (Mumbai, India) was recrystallized from distilled
water before use. AIBN from S.D. Fine Chemicals
was recrystallized from a mixture of chloroform and
methanol.

Polymerization procedure
Kinetics

The batch polymerization in emulsion medium was
carried out in a five-neck reaction kettle equipped
with a mechanical stirrer, condenser, nitrogen gas in-
let, and dropping funnel. The micellar solution con-
taining water and surfactant was stirred for 30 min at
the polymerization temperature. This was followed by
the addition of monomer over 2 min. The mixture was
further stirred for 15 min for emulsification. Requisite
quantity of initiator (KPS) was added to the reaction
mixture and the kinetics of the reaction was studied by
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Figure 2 Effect of KPS concentration on % conversion and rate of polymerization. M/S = 50 and temperature 70°C. (A) 0.18

mM, (A) 0.36 mM, (@) 0.55 mM, (O) 0.73 mM.

withdrawing the aliquots at regular time intervals.
The reaction was quenched by adding 40 ppm of
hydroquinone. When AIBN was used as an initiator, it
was dissolved in the monomer and added to the re-
action mixture. Percentage conversion was deter-
mined gravimetrically using methanol as a nonsol-
vent. The kinetic studies were performed at mono-
mer/surfactant (M/S) ratio 10 and 50. The
composition of the respective systems in weight per-
centages was M/S =10: 10 EA, 1.0 SDS, 89 water,
0.18-0.73 mM KPS; M/S = 50: 25 EA, 0.50 SDS, 74.5
water, 0.18—-0.73 mM KPS.

For the systems initiated with AIBN, concentration
used was 0.73 and 12 mM for M/S = 10.

Characterization
Spectroscopic analysis

The composition of the copolymer was determined
from 'H-NMR recorded on 200 MHz Bruker DPX 200
instrument using TMS as an internal reference and 2%
w /v solution in CDCl.

Thermal analysis

Differential scanning calorimetric (DSC), analysis was
carried out on an universal V.2.6D TA instrument at a
heating rate of 10°C/min.
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Figure3 TEM of EA (0.5-MMA (0.5) system initiated with
12 mM AIBN for M/S = 10 and temperature 70°C at 96%
conversion and 80 k magnification.

Particle size measurements

A Malvern Photon Correlation spectrophotometer,
model 4700, equipped with a vertically polarized ar-
gon ion laser source operating at 488 nm was used to
measure the particle size of the polymerized emulsion
latexes in dynamic mode. The scattering intensities
from the sample were measured at 90° with the help of
a photomultiplier tube. Intensity correlation data were
analyzed by the method of cumulants to provide the
average decay rate, 2= qu, where g = (41In/A\)
sinf/2 is the scattering vector, n is the index of refrac-
tion, D is the diffusion coefficient, and the variance (v),
which is a measure of the width of the distribution of
the decay rate is given as

<I?> — <I'>?
<I>?

The measured diffusion coefficients were represented
in terms of apparent radii by means of Stokes law.
Latexes were diluted up to 100 times and filtered
through 0.2 um Millipore filters before measurements
to minimize particle-particle interaction and remove
dust particles. The number of particles were, calcu-
lated using the following equation:

N, = 6MX,,/mpD;, (1)

BHAWAL, DHOBLE, AND DEVI

where D, is a number average diameter of the poly-
mer particles obtained from dynamic light scattering,
X,, is fractional conversion, M, is amount of monomer
initially charged in g/cm?, p is density of polymer in
g/cm?, and N,, is number of particles/ cm®.

Particle sizes of the polymer latexes at 97% conver-
sion were also determined using a Philips Technai-20
transmission electron microscope operated at 200 kV
accelerating voltage. The polymerized latexes were
diluted 100 times with deionized distilled water and
one drop of the diluted dispersion was placed on
200-mesh carbon coated copper grid. Uranyl acetate
(2% w/v) was used as a staining agent. Diameters of
at least 60 randomly chosen particles were measured
directly from the micrograph. The number and weight
average diameters were calculated using egs. (2 and
3), where D, is the diameter of the particle and 7 is the
number of particles measured.

D, = EniDi/ Eni = EniDi/n (2)

D, = EniD?/ EniDi3 (3)

Molecular weight determination

A Thermo-Quest GPC equipped with Spectra system
RI 150 refractive index detector, As-300 auto sampler
and Spectra system P100 pump was used along with
PSS-GPC software for molecular weight determina-

Figure4 TEM of EA (0.5-MMA (0.5) system initiated with
0.73 mM KPS for M/S = 50 and temperature 70°C at 50%
conversion and 80 k magnification.
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Figure 5 Effect of monomer feed ratio on the copolymerization kinetics of EA-MMA initiated with 0.73 mM KPS at
M/S = 50. (@) MMA (0.25)-EA (0.75), (O) MMA (0.5)-EA (0.5), (A) MMA (0.75)-EA (0.25).

tion. HPLC grade THF from S.D. Fine Chemicals was
used as a mobile phase at room temperature. Column
8 X 600 mm size, with the stationary phase consisting
of two PL Gel SDV 5 u linear and 100 A was used.
Twenty microliters of 0.1% polymer solutions were
injected to get a neat chromatogram. PMMA with
narrow molecular weight distribution (molecular
weight range, 1.4 X 10°-3.06 X 10%) was used as cali-
brating standards.

RESULTS AND DISCUSSION

Emulsion copolymerization of EA-MMA (1:1 mole
ratio) was carried out at M/S ratios 10 and 50. Figures
1 and 2 show the conversion versus time and R

versus conversion plots for M/S = 10 and 50, respec-
tively. These emulsions turned into stable, translucent
nanosized latexes, when 0.73 mM KPS was used at
70°C. The latexes were stable against coagulation over
a period of 1 year. Such a transition was not observed
with AIBN at the same M/S ratio, initiator concentra-
tion, and temperature. Instead, the system showed

phase separation at around 70% conversion. This can
be attributed to the lower decomposition rate constant
(k;) of AIBN at 70°C compared to KPS at the same
temperature.” In addition, due to the partial solubility
of AIBN in water, its concentration available for initi-
ation of polymerization in emulsion is significantly
less. It is reported that AIBN fraction dissolved in
water contributes significantly to the initiation of po-
lymerization and its mechanism is similar to KPS ini-
tiation."” This leads to the lesser number of active
radicals initiating polymerization resulting in the gen-
eration of lesser number of polymer particles. Diffu-
sion of monomer from monomer droplets and unini-
tiated micelles results in the particle growth. The rate
of coagulation is also expected to be higher compared
to KPS initiated system due to the absence of surface
charge on the growing polymer chain generated by
AIBN initiation. The combination of these facts makes
the available surfactant insufficient, resulting in phase
separation. However, use of 12 mM AIBN concentra-
tion resulted in stable latex. The latex was analyzed by
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TABLE 1
Kinetic and Colloidal Parameters for Emulsion
Copolymerization of EA-MMA Initiated With 0.73 mM
KPS at M/S Ratio 10 and 50

Fractional Rate D,
(moles/s)  (nm)

conversion Np/cm?® 7 p,

M:S =10
0.18 0.0038 28 135 x 10" 466 0.13
0.41 0.0056 33 1.88 x 10" 413  0.11
0.76 0.0025 36 27 %10 138 010
0.89 0.0009 38 2.7 X 10'° — 0.11
0.95 0.0001 37 3.06 X 10 — 0.11

M:S = 50
0.05 0.0011 30 7.58 X 10 — 0.39
0.17 0.0041 35 1.62x10% 279  0.08
0.56 0.0065 46 23x10% 373 0.08
0.70 0.0049 50 23x10"% 281 005
0.86 0.0007 54 2.3 X 10'° — 0.08
0.92 0.0001 57 2.03 x 10" — 0.11
0.97 0.00002 59 1.99 x 10%° — 0.10

n is average number of radical per particle & P, is the
polydispersity index.

TEM and number of average diameter of particles was
calculated to be 85 nm at 96% conversion (Fig. 3).

It has been reported for water soluble initiators such
as KPS that the oligomeric radical formed in aqueous
phase can make its entry into the monomer swollen
micelle only after the attainment of a critical chain
length or hydrophobicity at which it becomes surface
active."' This can increase its residence time at the
micelle water interface and hence the probability of
radical entry. For the present system, the critical chain
length for entry was calculated from hydrophobic free
energy consideration using Maxwell’s model.'?

z=1-23k] mol”"/RT In C* (4)
where, z is the average degree of polymerization for
entry, C,,** is the saturated aqueous phase concentra-
tion of the monomer in mol/dm?®. The saturated water
solubility reported for EA and MMA is 1.8 and 1.5%,
respectively.' The average value of C,** was used for
calculation, since 0.5 mole fraction of each monomer
was taken for kinetic studies. The calculated value of z
was observed to be 6. Further addition of monomer
units to this chain results in the increase in hydropho-
bic free energy of the surfactant making it hydropho-
bic enough not to form a micelle but to precipitate out
to generate new particle in aqueous phase leading to
homogeneous nucleation. It has been reported'® that
the critical degree of polymerization for homogeneous
nucleation, j.., can be calculated from the consider-
ation of hydrophobic free energy of the surfactant
whose Kraft temperature is similar to the temperature
of the emulsion polymerization using eq. (5).

BHAWAL, DHOBLE, AND DEVI

joiw =1 — 55 k] mol™'/RT In C* (5)

The value of j, for the present system was ob-
served to be 12 at 70°C. The fact that polymer particles
are generated by both micellar and homogeneous nu-
cleation is evident from the following studies.

Reaction kinetics

The R, versus conversion plots (Figs. 1 and 2) show a
prolonged nucleation period and the absence of a
generally observed constant rate period in classical
emulsion polymerization. The emulsion system
turned translucent in the range of 35-40% conversion.
TEM (Fig. 4) for a 50% conversion sample (soon after
the system turned translucent) shows a large number
of smaller particles most likely to be generated by
homogeneous nucleation for M/S = 50 system. Since
the conversion of micelles into polymer particles takes
place at lower conversion, the further increase in the
rate of polymerization can be attributed to particle
nucleation in aqueous phase (homogeneous nucle-
ation). The slower increase in rate due to particles
generated through homogeneous nucleation has been
attributed' to reduced swelling of the particles by
monomer due to their hydrophilic character and rapid
exit of free radicals due to their small size. Simulta-
neous diffusion of monomer into the particles gener-
ated via micellar and homogeneous nucleation results
in the disappearance of monomer as a separate phase
by the time the rate maxima is achieved. Due to higher
rate of particle nucleation, particle growth kinetics
becomes less important in these emulsion systems
involving both partially water soluble monomers.
Two-stage kinetics in emulsion polymerization has
been reported even in the case of styrene and SDS as
a surfactant by Varela de la Rosa et al.'® where the
conversion was monitored by a microcalorimeter. Gan
et al. also have reported two-stage kinetics in the
emulsion polymerization of styrene and MMA.'

TABLE 1I
Molecular Weight Through GPC and Particle Size Data
From DLS and TEM for EA (0.5)-MMA (0.5) Copolymers
at M/S = 10 and 50

M/S:10 M/S:50

By GPC

M, 5.19 X 10° 1.34 X 10°

M, 1.63 X 10° 5.09 X 10°

M,, /M, 3.17 2.64
By TEM

D,, (nm) 40 63.15

D,, (nm) 39 61.32

D,/D, 1.01 1.02
By DLS

D, (nm) 424 64.2
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TABLE III
Composition Derived From "H-NMR Studies of EA/MMA Copolymers Synthesised in Bulk and Emulsion
Feed concentration Emulsion (M/S = 50) Emulsion M/S = 10) Bulk

fEA fMMA FEA FMMA FEA FMMA FEA FMMA
0.90 0.10 0.81 0.19 0.76 0.24 0.72 0.27
0.75 0.25 0.58 0.42 0.54 0.46 0.51 0.49
0.66 0.33 0.48 0.52 0.43 0.57 0.42 0.57
0.50 0.50 0.35 0.65 0.32 0.68 0.30 0.70
0.25 0.75 0.19 0.81 0.14 0.86 0.13 0.86
0.10 0.90 0.10 0.90 0.06 0.94 0.05 0.94

fear fumaiFeed concentrations of ethylacrylate (EA) and methylmethacrylate (MMA). Fi 5, Fyvia:EA and MMA fraction in
copolymer synthesized through emulsion and bulk polymerization.

However, to the best of our knowledge, no explana-
tion is offered for the observation.

Increase in the initiator concentration increases the
free radical flux. As a result the fraction of micelles
that capture the free radicals to become active particles
increases, leading to increased rate of polymerization.

The dependency of R, on initiator concentration was
found to be 0.72 and 0.81 for M/S = 10 and 50, respec-
tively. The observed deviation from the 0.4 exponent
proposed by Smith and Ewart'” for hydrophobic
monomer styrene, can be explained on the basis of
requirement of growth of primary free radicals in
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Figure 6 '"H-NMR spectra of EA-MMA copolymers synthesized through emulsion polymerization. MMA in feed 0.5 and in

copolymer 0.651.
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Figure 7 DSC thermograms of EA (0.5)/MMA (0.5) copolymer synthesized through emulsion polymerization. M/S ratio 10

(..e.....)and M/S ratio 50 ( ) at conversion below 10%.

aqueous phase to a certain chain length before enter-
ing into micelles. Once the critical chain length is
attained, the oligomer can contribute to particle nucle-
ation through the entry into micelle, or it may form
micelles by aggregating with the free or desorbed
surfactant molecules or else it will grow and precipi-
tate as primary particles in aqueous phase (homoge-
nous nucleation).”® All these possible processes will
make the rate of polymerization more sensitive to
initiator concentration when polar monomers are
used. Copolymerization kinetics studied at three dif-
ferent feed ratios (Fig. 5) also shows similar nature of
the rate plot. Increase in MMA in the feed increases
the rate of polymerization due to higher reactivity of
MMA in the presence of EA. Particle stability in these
systems is provided by the products of aqueous phase
termination events and the available surfactant. For a
given surface area, polar polymers require lesser
amount of emulsifier in comparison to a hydrophobic
polymer like styrene. Therefore, a greater number of

particles can be stabilized with the same amount of
surfactant.

Probable termination

The number of radicals per particle (1) for the system
under study was calculated using the following equa-
tion, and the results are given in Table L

TABLE IV
Effect of Copolymer Composition on T,’s for M/S = 10
and M/S = 50 System

Composition M/S =10 M/S =50

EA MMA T, (° O T, (O T, (° O T (°O)
0.25 0.75 72 100 68 102
0.50 0.50 69 91 62 86
0.75 0.25 28 66 23 71
0.90 0.10 0.30 50 -1.0 68
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Figure 8 Particle size distribution of EA (0.5)-MMA (0.5) copolymer synthesized through emulsion polymerization at
M/S = 50 at various conversions initiated with 0.73 mM KPS. (a) 4%, (b) 27%, (c) 57%, (d) 97%.

Rp(c) (X)N X (Kpga X nvima

;71 =
[M]equPMMAXkPEAXNP X (rymat2L + rea XL?)
(6)
where [M]eq is the equilibrium monomer concentration,

taken as 6.0 mol/dm” as reported by Capek et al.® from
the swelling studies of the final MMA-EA copolymer
latexes. The reported® propagation rate constant (k,) val-
ues of 1,500 and 686 dm® mol ! s}, for EA and MMA
have been used for the calculation of n. The monomer
ratio [EA]/[MMA], is represented as L. Reactivities of
EA and MMA used for calculation in emulsion medium
are reported to be 0.25 and 1.44 respectively by us ear-

lier."® Np is the number of particles calculated from eq.
(1) using dynamic light scattering data Table II.

The final particle size obtained by TEM was 39 and
61 nm for M/S = 10 and 50. However, the number of
polymer chains per particle (1,) was observed to be 35
and 135 for M/S = 10 and 50, respectively. The higher
value of 1, can arise due to the larger volume of the
particles and lower molecular weight resulting from a
higher frequency of radical entry, as a fewer number
of polymer particles are available.

'h-nmr study

Even the small difference in solubility of EA (1.8%)
and MMA (1.5%) has shown considerable influence in
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the copolymer composition as seen from NMR studies
and thermal properties. The copolymer composition
data for emulsion polymerization obtained by 'H-
NMR at various feed compositions and below 10%
conversion is given in Table IIl. The copolymers syn-
thesized through emulsion polymerization showed
greater fraction of the more water-soluble monomer
EA in comparison to the copolymer synthesized by
bulk polymerization of EA-MMA'? for identical feed
concentration and below 10% conversion. This indi-
cates composition drift in emulsion polymerization,
which arises due to the initiation of polymerization in
both aqueous phase and micelles. The copolymer com-
position studied at M/S = 10 for conversion below
10% and at various compositions shows lesser drift in
copolymer composition compared to M/S = 50 (Table
III). A representative NMR for EA-MMA copolymer is
given in Figure 6.

Dsc study

The copolymers synthesized through emulsion poly-
merization show two T,’s (Fig. 7 and Table IV). Ap-
pearance of two T,’s can be attributed to the formation
of a diblock copolymer due to large difference in the
monomer reactivities'® (rypa = 144, 71pa = 0.25).
However, such a possibility can be denied as the poly-
mer characterization is done below 10% conversion
and copolymer synthesized in microemulsion showed
single Tg18 Hence the appearance of two T,s confirms
the formation of two types of copolymer chains with
different composition arising from micellar and homo-
geneous nucleation. The polymer generated via micel-
lar polymerization is expected to have a greater frac-
tion of the less water soluble monomer, MMA and
corresponds to the higher T,. Whereas, homogeneous
nucleation generates polymer chains with higher frac-
tion of the more water soluble monomer, EA resulting
in the lower T,. The difference in observed T,s is
significant due to the large difference in the T,s of the
homopolymers.

Dynamic light scattering

The observed bimodal distribution of particles partic-
ularly at lower conversions (Fig. 8) also indicates par-
ticle generation through two nucleation mechanisms.
Particles generated by homogeneous nucleation are
relatively unstable in a colloidal state, which is re-
ported'* to arise as a consequence of their small size
and extreme curvature of electrical double layer.
Therefore, the particles are likely to coagulate leading
to a slight increase in particle size and monodispersity
as seen in TEM (Fig. 9) and particle size distribution
for a 97% conversion sample [Fig. 8(d)]. Table I shows
the final number of particles (N,/mL) for the system

BHAWAL, DHOBLE, AND DEVI

Figure 9 TEM of EA (0.5-MMA (0.5) system initiated with
0.73 mM KPS for M/S =50 and temperature 70°C at 97%
conversion and 80 k magnification.

with M/S ratio 10 and 50. Number of particles was
observed to increase initially and thereafter remained
nearly constant.

CONCLUSIONS

Emulsion system with M/S ratio 10 and 50 could be
turned into stable translucent nanolatexes, with mono-
mer content as high as 25 wt % for KPS initiated
systems. The rate of particle nucleation was observed
to be higher than the rate of particle growth resulting
in larger number of smaller particles stabilized by the
available surfactant. Appearance of two T,s and NMR
data suggests that particle generation in emulsion po-
lymerization takes place both via homogenous and
micellar nucleation. Higher rate of particle nucleation
allows the formation of stable nanolatexes in the size
range otherwise obtained through microemulsion po-
lymerization but with much lower surfactant and
higher monomer concentration.

Interestingly, same molar concentration of AIBN
shows separation of two phases due to lower rate of
particle nucleation and higher rate of particle growth.

Authors gratefully acknowledge the financial support for
this work from University Grants Commission, New Delhi,
India. Authors also thank Dr. S. Sivaram, Director, NCL,
Pune for providing light scattering facility.
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