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ABSTRACT: Emulsifier-free emulsion polymerization of
styrene was performed in the presence of small amount of
methacrylic and itaconic acids as carboxylic acid monomers
and potassium persulfate as an initiator at 70�C to prepare
monodisperse polymer particles. Diameter of monomer
swollen polymer particles (dpswol) was measured by
dynamic light scattering for samples taken from the reaction
mixture during the Intervals II and III of the emulsion poly-
merization. Graphically treatment of dpswol versus conver-
sion data allowed us for the first time to directly determine
the critical monomer conversion (xc), from which constant
monomer concentration in the polymer particles (CMP) dur-

ing the Interval II was then calculated. xc and CMP were
obtained to be 0.379 and 5.68, respectively. CMP value is in
good agreement with that obtained by centrifugation
method and those reported in the literature for the similar
system. Attempts were also made to evaluate the average
number of growing chain per particle (n) during the Interval
II of emulsion polymerization of styrene. VVC 2009 Wiley Period-
icals, Inc. J Appl Polym Sci 114: 1055–1063, 2009
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INTRODUCTION

The swelling of polymer particles by the monomer(s)
is a key aspect in the emulsion polymerization proc-
esses. Rate of polymerization, molecular weight of
the polymer, and composition of the copolymer (in
the case of emulsion copolymerization) are directly
related to the concentrations of monomer(s) in all
the coexisting phases, i.e., the aqueous phase, the
polymer particles, and the monomer (oil) droplets.1

Overall polymerization rate per unit volume of
the continuous phase (Rp) in a batch emulsion poly-
merization can be determined by eq. (1).

RpðtÞ ¼ CM;0
dxovðtÞ
dt

(1)

Although the aqueous phase plays an important role
in the emulsion polymerization, the particle phase is
the major locus for polymerization progress. Hence,
the participation of propagation in aqueous phase
and its effect on Rp could be neglected.2–4 So Rp is
calculated from eq. (2).

Rp ¼
kpnNpCMP

Nav
(2)

Equation (2) is used to evaluate n in the Interval II of
emulsion polymerization where polymerization sys-
tem is in the steady state (see the next section).
It is clear from eq. (2) that the monomer concen-

tration in the polymer particles (CMP) is one of the
three key factors that control the particle growth rate
(Rp/Np), and accordingly, the rate of polymerization
(Rp). In emulsion polymerization, the course of
emulsion polymerization is usually divided into
three stages, namely, Intervals I, II and III. In the
Intervals I and II of emulsion homopolymerization,
CMP is assumed to be approximately constant and
independent of particle diameter when the polymer
particles has a diameter greater than � 100 nm.5

Monomer droplets disappear in the beginning of the
Interval III and the overall conversion will be also
an effective parameter on the CMP. So CMP decreases
with reaction conversion in the Interval III. It is very
important to establish a precise method for determi-
nation of CMP because, as mentioned earlier, CMP is
one of the most important parameters than governs
the emulsion polymerization rate, molecular weight
of the produced polymer, and composition of the
copolymer (in the case of emulsion copolymer-
ization). Two methods are now used to predict the
monomer concentration in the polymer particles
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(CMP) in emulsion homo- and copolymerizations6:
empirical7–11 and thermodynamic12–16 methods.

According to the empirical method for the emul-
sion homopolymerization system,7,8 CMP in the Inter-
vals I and II can be expressed as eq. (3).

CMP ¼ CMP;C (3)

Critical monomer conversion (xc) where monomer
droplets disappear from the aqueous phase can be
determined experimentally for the emulsion polymer-
ization system.5,7,8 If we assume that monomer and
polymer behave ideally within the polymer particles
and mutual solubility of monomer and water is low
enough to be ignored, CMP can then be calculated
from eq. (4) by available values of xc, MM, qM and qP
for the given emulsion homopolymerization system.5

CMP ¼
1�xc
MM

1�xc
qM

þ xc
qp

(4)

Interval III begins when the monomer droplets dis-
appear from the system at xc. The monomer concen-
tration in the polymer particles in this interval (C0

MP

for x > xc) is approximately given by eq. (5).

C0
MP ¼ CMP

1� x

1� xc

� �
(5)

On the other hand, several studies12–15 have been
done to thermodynamically describe the swelling
behavior of polymer particles by one monomer. The
thermodynamic approach now used is based on the
so-called Morton equation given by eq. (6).

DFip
RT

¼ lnð1� upÞ þ up 1� 1

Pn

� �
þ vu2

p þ
2Vmcu

1=3
p

r0RT
¼ 0

(6)

Because the value of Pn is usually very large, the
term 1=Pn can be neglected. Given the values of v
and r0, eq. (6) can be solved iteratively to yield up.
Then, by introducing the value of up into the follow-
ing equation [eq. (7)], one can get the CMP value.

CMP ¼
1� up

Vm
(7)

xc and CMP values for the seeded or unseeded emul-
sion polymerization of styrene has been reported in
the literature5,7,8,17,18 to be in the range of 0.40–0.43
and 5.48–6.28 mol.dm�3, respectively. It has been
reported that xc and thereby CMP is independent of
the initial emulsifier concentration.7 When the poly-
mer particles are small (dp < 100 nm), CMP is only
weakly dependent on x (or equivalently on dp) dur-

ing the Interval II of emulsion polymerization.5,19

This dependence arises, e.g., from changes in the
surface free energy of the small particles with size.
However, results show that CMP can be considered
to be almost constant and equal to � 5.5 mol.dm�3

during the Interval II of styrene emulsion polymer-
ization when dp is larger than � 100 nm.5,7 In the
recent years, CMP value of 5.5 mol.dm�3 reported in
the original works has been used to investigate the
kinetics of particle growth stage (i.e., Interval II) in
the emulsion polymerization of styrene.2–4,20–23

In the classical emulsion polymerization systems, dp
increases continuously with conversion in the Inter-
vals II and III of emulsion polymerization (see the
‘‘Results and Discussion’’ section for more details).
On the other hand, dpswol increases with conversion
only in the Interval II of emulsion polymerization and
then slightly decreases with conversion in the Interval
III (see the next section for more details). Moreover,
CMP is approximately constant in the Interval II of
classical emulsion polymerization and then decreases
with conversion in the Interval III, reaching zero
when the monomer is fully converted to polymer at
the end of Interval III of emulsion polymerization.
It has been well known that compared with con-

ventional emulsion polymerization, monodisperse
polymer particles can be obtained through emulsi-
fier-free emulsion polymerization.24,25 dpswol will
change only with conversion when polymer particles
are monodisperse and Np is constant during the
Intervals II and III of emulsion polymerization.
Hence, emulsifier-free emulsion polymerization of
styrene in the presence of small amount of unsatu-
rated carboxylic acid monomers is performed in this
study to obtain monodisperse polymer particles. A
new method is developed for the first time (to the
best of our knowledge) on the basis of volume aver-
age diameter of (nearly monodisperse) monomer
swollen polymer particles (dpswol) data obtained
from dynamic light scattering (DLS) to determine xc
and CMP. First, xc is determined directly by graphi-
cally treating dpswol of the samples withdrawn at the
various time intervals. The directly obtained xc from
DLS is then used to calculate CMP in the Interval II
of the above mentioned emulsion polymerization
system. It is believed that the new method can be
used with accuracy for any emulsion polymeriza-
tion with nearly monodisperse polymer particles
and slightly water-soluble liquid monomer(s), where
the mutual solubility of monomer and water is
low enough to be ignored, to evaluate xc and then
CMP. It should also be mentioned that for the emul-
sion copolymerization systems, although xc can be
directly obtained from DLS analysis, however,
determining the mole fraction of comonomers in the
copolymer chains or in the unreacted comonomer
mixture at xc is necessary to calculate CMP.
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EXPERIMENTAL

Materials and equipments

Styrene (St) monomer from Merck Chemical Co.
(Darmstadt, Germany)was washed three times with
a 5% aqueous solution of sodium hydroxide fol-
lowed by three times washing with distilled water
and then dried over anhydrous calcium chloride. To
remove the inhibitor completely, St was passed
through activated basic aluminum oxide (Brockmann
I standard grade, basic, � 150 mesh, 58 Å, 155 m2/g
surface area, Aldrich, Tehran, Iran) column. The
purified St monomer was stored in a refrigerator
until use. Methacrylic acid (MAA) from Merck was
distilled under vacuum to remove the inhibitor. The
purified MAA were stored at about 14�C under run-
ning tap water. Potassium persulfate (KPS) as initia-
tor and itaconic acid (IA) monomer both from Merck
Chemical Co. were used without further purification.
Double distilled water was used in the polymeriza-
tion recipe.

Emulsion polymerization of St was carried out in
a stainless steel Buchi reactor equipped with
mechanical stirrer and heating system with silicon
oil circulation. In addition to withdrawing the sam-
ples for conversion analysis, a separate sampling for
DLS analysis and SEM observations was carried out
at the various time intervals. Then, suitable samples
for particle size analysis by DLS and SEM were
selected according to the conversion-time data, so
that the conversion of sample falls in the Intervals II
and III of emulsion polymerization. Volume average
diameter of the monomer swollen polymer particles
(dpswol) was measured by a D5000 SIEMENS DLS
(using a He-Ne laser as light source with wave-
length of 632.8 nm under scattering angle of 90�) at
ambient temperature) (20�C) immediately after dilut-
ing the latexes up to � 0.01% solid content (SC) with
double distilled water saturated with St monomer.
The dilute latexes were also filtered using Millipore
filter to remove dust from the latexes, which is nec-
essary to avoid the heterodyne scattering. Direct
inversion technique (cumulants analysis) was used
for obtaining the average diameter and polydisper-
sity. In the cumulants method, the logarithm of auto-
correlation function is expanded in a Taylor series

[LnðG1ðsÞÞ �
s!0

K0 � K1sþ K2 s2=2
� �

� . . .] to obtain

average diameter of the polymer particles. Coeffi-
cients in this series are called the cumulants. For
polydisperse particles, the first cumulant (K1) is
related to the diffusion coefficient of particles and

gives the average value of the particles size (dp) and

the second cumulant (K2) gives the standard devia-
tion of the particle size distribution (PSD). The poly-
dispersity is then defined as the standard deviation
of the PSD divided by the average value of the par-

ticles sizes (see the equation of ‘‘footnote e’’ in Table
III). It should be noted that the software of DLS
equipment gives directly both average value of the
particles size and polydispersity. As polymer par-
ticles contain carboxyl and sulfate groups covalently
bonded onto the surface of particles, it is expected
that polymer particles keep their colloidal stability
during the dilution with water. Moreover, narrow
PSD measured by DLS indicates that polymer par-
ticles maintain their stability during the dilution
with water.
In particle size measurements by scanning electron

microscopy (SEM) (Model Stereoscan 360, Cam-
bridge Instrument Co.), one drop of diluted latex
was placed on the sample holder and then freeze
dried under vacuum for removing the water and
unreacted monomers (which swell the particles).
Typically 500–1000 particles were measured on the
micrographs. The volume average diameter of poly-
mer particles (dp) and polydispersity was deter-
mined from these measurements, which was then
used to calculate Np. It should be mentioned that the
ratio of weight average to number average diameter
of polymer particles (i.e., polydispersity index) at the
various conversions was calculated from SEM micro-
graphs to be always below 1.020, indicating that
polymer particles are monodisperse.
To further verify the accuracy of the new

approach introduced in this study, CMP was also
determined by the following method. Emulsifier-free
emulsion polymerization of St in the presence of car-
boxylic acid monomers was performed according to
a recipe given in Table I. Four samples were with-
drawn at the various conversions corresponding to
the Interval II of emulsion polymerization. Monomer
droplets remained in the samples were separated by
a high-speed centrifuge.7 Monomer concentration in
the polymer particles was then measured by weigh-
ing the polymer before and after polymerizing the
residual monomer in the polymer particles. CMP was
obtained by this method to be 5.54 � 0.03 mol.dm�3.

TABLE I
Recipe for the Emulsifier- Free Batch

Emulsion Polymerization of Styrene in the
Presence of Carboxylic Acid Monomersa

Ingredients Amount (g)

Distilled water 525.000
Styrene 125.000
Methacrylic acid 3.000
Itaconic acid 2.000
Potassium persulfateb 0.910

a Total SC is � 20%. pH of the reaction mixture was
� 2.5 due to the presence of carboxylic acid monomers.
Polymerization was performed at 70�C. Reaction time was
about 6 h (see Fig. 6)

b Initiator concentration is 6.4 � 10�3 mol.dm�3.
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Emulsion polymerization procedure

Emulsifier-free batch emulsion polymerizations were
carried out in a Buchi reactor equipped with a six-
bladed turbine impeller, which was set at 300 rpm.
Reaction was performed at 70�C under N2 atmos-
phere. The amounts of monomers and initiator in
the experiment have been mentioned in Table I. The
reactor was charged under nitrogen at room temper-
ature with all ingredients except the initiator. Nitro-
gen flow-pump cycle was repeated three times to
remove oxygen from the reaction mixture as far as
possible. The reaction mixture was equilibrated for
� 30 min at reaction conditions (temperature of
70�C and stirring speed of 300 rpm). Emulsion poly-
merization was initiated by adding the initiator
under N2 atmosphere to the reaction mixture. Mix-
ture of IA and MAA was selected as the carboxylic
acid monomers to obtain a polymerization system
with the complete monomer conversion21 and stable
polymer particles,26 which are necessary for the full
investigation of dpswol during the Intervals II and III
of emulsion polymerization.

In most of the studies, it has been reported that
stirring speed of � 300 rpm is enough to obtain
homogeneous emulsions.27,28 Also, in the previous
studies,20–22 we observed that at the stirring speed of
300 rpm, emulsions are homogeneous. To check the
homogeneity of emulsions, samples were withdrawn
from the various points of reactor at the various
time intervals of emulsion polymerization. It was
observed that difference in the conversions obtained
from the various points of reactor was always below
�0.1% relative to the average value, indicating that
stirring rate of 300 rpm is enough to prepare homo-
geneous emulsions.

Determination of conversion and
polymerization rate

SC of latex during the progress of reaction was
measured gravimetrically according to ASTM D1417
(method B). A sample � 5–6 g was withdrawn from
the bottom of reactor. After weighing, each sample
was quenched immediately by addition of 1 mL of
1% (w/v) hydroquinone solution in methanol. Then,
samples were dried at 80�C under reduced pressure
until the weight of dried samples become constant.
SC at time t (SC(t)) was calculated by dividing the
weight of dried sample to that of initial sample. It
should be mentioned that the weight of dried sam-
ples was corrected by considering the amount of hy-
droquinone added to the each sample (0.01 g).
Overall mass conversion (xov(t)) was calculated
according to the following equation [eq. (8)] for each
sample. All the obtained data have been figured out
in the next section.

xovðtÞ ¼
SCðtÞ � SCðinitialÞ

SCðfinalÞ � SCðinitialÞ (8)

Rp in a batch emulsion polymerization can be deter-
mined from eq. (1) by known values of CM,0 and
dxov(t)/dt. It should be noted that the effect of car-
boxylic acid monomer amount on Rp could be
neglected relative to the St monomer due to its low
amount in the emulsion polymerization recipe and
its low solubility in the particle phase (see the par-
tition coefficients of carboxylic acid monomers in
Table II).

Theoretical treatment of DLS data

Generally, polymer particles diameter (dp) and PSD
can be measured by SEM and TEM techniques.
These methods can be applied with accuracy when
there are dried latexes. Number of latex particles per
unit volume of the aqueous phase can then be calcu-
lated from the following eq. (9).

NP ¼ 6P=W
qP
qW

pd3P
(9)

P/W is a function of monomer to water ratio and
conversion. So P/W in emulsion polymerization sys-
tems can be calculated as below [eq. (10)].

P

W
¼ M

W
xov (10)

Diameter of the monomer swollen polymer particles
in the batch emulsion polymerization can be calcu-
lated by eq. (11).4,21,23

TABLE II
Some Useful Parameters Used in the Calculations

Parameter Monomer Amount Reference

MM (g mol�1) St 104.15 Chemical
catalogue

qM (kg dm�3) St 0.9050 (20�C) 29
qP (kg dm�3) St 1.044 (50�C) 2,3,5
CMP (mol dm�3) St 5.5 2,3,5,21
kp(dm

3 mol�1 s�1)
at 70�C

St 480 30

kp(dm
3 mol�1 s�1)

at 70�C
MAA 1208 31

kp(dm
3 mol�1 s�1)

at 70�C
IA 35.6a 32

aMAA
b MAA 1.01 (25�C) 33

aIA
b IA 0.01 (50�C) 34

a Value reported for dimethyl itaconate. It is very likely
that IA has a kp value similar to that of dimethyl ester,
although no study on this matter currently exists.

b ai is the partition coefficient of carboxylic acid mono-
mer i between styrene and water.
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d3pswol ¼ d3p 1�MMCMP

qM

� ��1

(11)

In Intervals I and II of emulsion polymerization
model introduced by Harkins,35 the monomer still
exists as a separate phase and CMP depends only on
the particle diameter. It should be noted that for
polymer particles greater than � 100 nm in diame-
ter, CMP is almost independent of particle diame-
ter.5,13 Monomer droplets disappear in Interval III,
and the overall conversion will be also an effective
parameter on the CMP value.

Two situations can be considered in determination
of the polymer particles diameter by using DLS tech-
nique: (i) when the conversion is near 100%. Then,
the measured particle sizes are almost equal to those
obtained from SEM and TEM techniques. It should
be mentioned that the hydrodynamic diameter of la-
tex particles measured by DLS is slightly larger than
those measured by SEM and TEM at the dry state.
(ii) When the conversion is low. In this case, DLS
analysis gives dpswol (diameter of polymer particles
swelled with the monomers under the polymeri-
zation conditions) whereas SEM and TEM give dp
(diameter of dried polymer particles).

Because Np and CMP are considered to be almost
constant in the Interval II of emulsion polymeriza-
tion (� 0.1 < x < 0.4 in the case of St2,3,7,21,23), dpswol

will grow by increasing monomer conversion in this
interval up to xc where monomer droplets disappear
from the aqueous phase (see Fig. 1). By further pro-
gress of the reaction in the absence of monomer
droplets (i.e., Interval III of emulsion polymeri-
zation), monomers inside the polymer particles con-
sume and convert to the polymer chains. Because
qP is generally greater than qM, dpswol will, thus,
decrease as a function of monomer conversion in the

Interval III of emulsion polymerization (� xc > 0.40
in the case of St emulsion polymerization sys-
tem2,3,7,21,23) (see Fig. 1). Therefore, determination of
xc by treating dpswol versus conversion data seems to
be possible, which will be discussed in detail in the
next section.
To validate the new approach introduced here for

calculation of CMP, it is necessary to confirm the
accuracy of dpswol values obtained by DLS (see the
following section). There are still issues regarding
accurate determination of offline particle size and its
distribution of polymer particles, even though recent
advances have been made. However, it has been
reported that for monodisperse polymer particles (as
be the case in this study), DLS technique gives accu-
rate average particle size and its distribution.36,37 In
the present approach, volume average diameter of
(nearly monodisperse) monomer swollen polymer
particles (dpswol) is measured with accuracy by off-
line DLS at the various conversions. dpswol is then
treated graphically to obtain xc, from which CMP is
then calculated by eq. (4). Hence, even though we
accept a minor error in the dpswol measurements, it
will not affect graphically obtained xc value, because
error percentage for all dpswol values measured at
the various conversions will be almost the same.
Therefore, it is believed that the present method can
be used accurately to obtain precise xc especially for
nearly the monodisperse polymer particles.

Relationship between dpswol and x in the Interval
II of emulsion polymerization

Substituting eq. (11) in eq. (9) results in eq. (12).

6M
W xov

qP
qW

pNp
¼ d3pswol 1�MMCMP

qM

� �
(12)

As already mentioned, Np and CMP are almost con-
stant in the Interval II of emulsion polymerization.
Consequently, eq. (12) can be simplified to eq. (13).

d3pswol ¼
k

1� k0
x (13)

where k ¼
6M
W

qP
qW

pNp
and k0 ¼ MMCMP

qM
(14)

Equation (13) can be rewritten as eq. (15).

1

dpswol
¼ 1� k0

k

� �1=3 1

x

� �1=3

(15)

This equation [eq. (15)]) can be used to plot 1/dpswol

versus (1/x)1/3 for dpswol data obtained from DLS
analysis in the Interval II of emulsion polymerization
(0.1 < x < 0.4 in the case of St2,3,7,21,23).

Figure 1 Dependence of dpswol on the x in the emulsifier-
free batch emulsion polymerization of styrene in the pres-
ence of carboxylic acid monomers (MAA þ IA).
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Relationship between dpswol and x in the Interval
III of emulsion polymerization

Interval III begins when the monomer droplets dis-
appear from the system at xc. Same as Interval II, Np

is assumed to be constant during the Interval III of
emulsion polymerization. However, monomer con-
centration in the polymer particles in this interval
(C0

MP) decreases with conversion according to eq. (5).
Substituting eq. (5) in eq. (11) results in eq. (16). This
equation [eq. (16)] can be used for evaluating the
variations in dpswol with conversion during the Inter-
val III of emulsion polymerization.

d3pswol ¼ d3p 1� k0
1� x

1� xc

� �� ��1

(16)

For simplicity, eq. (16) can be rewritten as eq. (17).

d3p ¼ d3pswol½1� k00 þ k00x� (17)

where k00 ¼ k0

1� xc
and k0 ¼ MMCMP

qM
(18)

AsNp is constant in the Interval III, substituting eq. (17)
in eq. (9) and some manipulation results in eq. (19).

1

dpswol
¼ 1� k00

k

� �1=3 1

x

� �1=3

þ k00

k

� �1=3

(19)

It is clear from eqs. (15) and (19) that plotting 1/
dpswol versus 1/x1/3 for dpswol data obtained from
DLS analysis in the Intervals II and III will result in
two straight lines with different slopes and inter-
cepts. Therefore, monomer conversion at which two
straight lines meet each other will be equal to xc (see
the next section).

RESULTS AND DISCUSSION

As mentioned earlier, eqs. (15) and (19) were
derived by assuming the constant value of Np in
both the Intervals II and III as well as the constant
value of CMP in the Interval II of emulsion polymer-
ization. Thus, it will be proper to check the varia-
tions in Np (see the following section) and CMP (see
the next section) with conversion to confirm the
above-mentioned assumptions. It has been reported
for the emulsifier-free emulsion polymerization of
St-carboxylic acid monomer that homogeneous-coag-
ulative particle nucleation is occurred in the conver-
sions below � 10% and then Np become almost
constant in the particle growth stage (i.e., Interval II)
and Interval III of emulsifier-free emulsion polymer-
ization of St in the presence of small amount of car-
boxylic acid monomer.21 Constant Np in the Intervals
II and III not only allow us to evaluate the steady
state n in the Interval II of emulsion polymeriza-

tions2–4,20–23 (see the next section) but also make pos-
sible to use eqs. (15) and (19) to determine xc and
CMP from DLS data. Figure 2 shows the SEM micro-
graph of polymer particles obtained at the final con-
version (see sample XPS6 in Table III) for the
emulsifier-free emulsion polymerization of St in the
presence of small amount of carboxylic acid mono-
mers (MAA þ IA). Full results of dp and polydisper-
sity of polymer particles obtained from SEM
micrographs for all samples are given in Table III. It
is clear from Figure 2 and Table III that polydisper-
sity of polymer particles is in general low (below
� 5% in the all cases) and also decreases by increas-
ing the monomer conversion. This is reasonable
because the polymer particles nucleate during the
time period of the Interval I of emulsion polymeriza-
tion (� x < 0.1 in the case of St21,38). As a result, it is
expected that the polydispersity of polymer particles
decreases further by increasing the monomer con-
version in the Intervals II and III of emulsion
polymerization.
In the Intervals II and III where Np is constant, it

is expected according to the eqs. (9) and (10) that dp
is proportional with x1/3. dp as a function of x1/3 for
the latex samples taken at the various time intervals
during the Intervals II and III of St emulsion poly-
merization has been plotted in Figure 3. It is clear
from Figure 3 that the relationship between dp and
x1/3 is linear, indicating that Np in the Intervals II
and III of the emulsifier-free emulsion polymeriza-
tion of St in the presence of small amount of MAA
and IA is constant. Np was calculated from eq. (9) by
dp data of SEM and other available data given in
Tables II and III. Results of Np values as a function
of x in the Intervals II and III (Fig. 4) confirm this
assumption that Np is constant in the Intervals II
and III of emulsion polymerization. Assumption of

Figure 2 SEM micrographs of polymer particles obtained
at the conversion of 99.95% (see sample XPS6 in Table III)
for the emulsifier-free batch emulsion polymerization of
styrene in the presence of carboxylic acid monomers
(MAA þ IA).
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constant CMP value during the Interval II can be con-
firmed via investigating the dependence of dp/dpswol

on conversion by coupling of data obtained from
DLS and SEM. dp/dpswol ratio will be independent of
x when the value of CMP is constant [see eq. (11)].
On the other hand, in the Interval III where CMP is
dependent on x, it is expected from eq. (17) that dp/
dpswol ratio will be dependent on the x. (dp/dpswol)

3

as a function of x is shown in Figure 5, indicating
that (dp/dpswol)

3 in the Interval II (0.1 < x < 0.4) is
almost independent of x. It means that CMP can be
considered to be almost constant in the Interval II of
the present system.

According to the above results, eqs. (15) and (19)
can now be used with accuracy to investigate 1/
dpswol as a function of 1/x1/3 in the Intervals II and
III. Corresponding results are shown in Figure 6. It
is clear from Figure 6 that two straight lines with
different slopes and intercepts obtain individually

for the Intervals II and III according to the eqs. (15)
and (19). As already mentioned, conversion at which
two straight lines meet each other is equal to xc.
Hence, xc was obtained directly from Figure 6 to be
0.379, which is in good agreement with xc value
reported in the literature for the styrene emulsion
polymerization.5,7 It has been reported that the
monomer partitioning between the various (aqueous
and polymer particle) phases under the partial swel-
ling of polymer particles (i.e., Interval III of emulsion
polymerization and x � xc) is insensitive to the tem-
perature.14 As a result, it is expected that there is no
significant difference between xc at the various tem-
peratures. xc obtained from DLS analysis can be
used in eq. (4) to calculate CMP by available values
of qP and qM. CMP at 20�C (temperature at which
DLS analysis was carried out) was calculated to be
5.68 mol.dm�3. There is a good agreement between
the CMP value obtained in this study with that

TABLE III
Data Obtained for Samples Taken at the Various Time Intervals from the Emulsifier-Free Batch Emulsion Styrene

in the Presence of Carboxylic Acid Monomers (see Table I)

Parameter XPS1 XPS2 XPS3 XPS4 XPS5 XPS6

xov (kg kg�1)a 0.1888 0.2715 0.3644 0.5227 0.8392 0.9995
P/W (kg kg�1)b 0.04675 0.06723 0.09023 0.1294 0.2078 0.2475
dpswol (nm)c 198.6 (5.0)e 220.7 (4.5) 239.4 (3.7) 238.4 (3.2) 233.3 (3.0) 232.2 (2.8)
dp (nm)d 132.2 (4.6)e 149.6 (4.2) 165.7 (3.5) 186.1 (3.1) 216.5 (2.7) 229.8 (2.5)
Np � 10�16(dm�3)f 3.70 3.67 3.63 3.67 3.75 3.73g

a Conversions corresponding to the samples used for DLS and SEM.
b P/W ¼ M/W � x where M/W is equal to 0.248 according to the emulsion polymerization recipe (Table I).
c dpswol and its polydispersity were obtained from DLS measurements.
d These data were obtained from SEM micrographs.
e Values presented inside the parentheses indicate polydispersity (Cv, %) of particles size defined as

Cv ¼ S

dp
¼

P
i½di � ð

P
i nidi=

P
i niÞ�

2=
P

i ni

n o1=2
=
P

i nidi=
P

i ni.
f Np was calculated from eq. (9) by available data given in Tables II and III and qw ¼ 1.000 kg.dm�3.
g This value of Np was used to evaluate steady state n during the Interval II.

Figure 3 dp as a function of x1/3 for the emulsifier-free
batch emulsion polymerization of styrene in the presence
of carboxylic acid monomers (MAA þ IA).

Figure 4 Np versus x in the Intervals II and III of emulsi-
fier-free batch emulsion polymerization of styrene in the
presence of carboxylic acid monomers (MAA þ IA).
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obtained by centrifugation method in this study
(5.54 � 0.03 mol.dm�3) and those reported in the lit-
erature.5,7,17 Therefore, measuring dpswol as a func-
tion of the monomer conversion by DLS technique
allow us to directly determine xc and then calculate
CMP with accuracy for any emulsion polymerization
system with nearly monodisperse polymer particles
and slightly water-soluble liquid monomer(s). It
should also be mentioned that for emulsion copoly-
merization systems, xc can be directly obtained from
DLS analysis, however, determining the mole frac-
tion of comonomers in the copolymer chains or in
the unreacted comonomer mixture at xc is necessary
to calculate individual or overall CMP.

CMP value calculated in this study along with data
reported in the literature was used to evaluate the
average number of growing chain per particle (n)
during the Interval II of emulsion polymerization of

St (see supporting information). It was observed that
emulsion polymerization of St in the presence of car-
boxylic acid monomers (IA and MAA) obeys Case 3
(n > 0:5Þ of Smith- Ewart theory.

CONCLUSIONS

Emulsifier-free emulsion polymerization of St was
performed in the presence of small amounts of metha-
crylic acid and IA as carboxylic acid monomers and
KPS as an initiator at 70�C to obtain monodisperse
polymer particles. DLS technique was used to deter-
mine dpswol for the samples taken at the various time
intervals from the reaction mixture during the Inter-
vals II and III of the emulsion polymerization. Theo-
retical treatment of dpswol versus conversion data
showed for the first time that it is possible to directly
determine xc from graphically treating dpswol data
obtained by DLS. The experimentally obtained xc was
then used to calculate CMP during the Interval II. xc
and CMP for the present system were obtained to be
0.379 and 5.68, respectively. CMP value obtained by
the new approach is in good agreement with that
obtained by centrifugation method and those
reported in the literature for the similar system. It is
believed that the new method can be used with accu-
racy for any emulsion polymerization with nearly
monodisperse polymer particles and slightly water
soluble liquid monomer(s) to evaluate xc and then
CMP. It should also be mentioned that for emulsion
copolymerization systems, xc can be directly obtained
from DLS analysis; however, determining the mole
fraction of comonomers in the copolymer chains or in
the unreacted comonomer mixture at xc is necessary
to calculate individual or overall CMP. Finally,
attempts were also made to evaluate the average
number of growing chain per particle (n) during the
Interval II of emulsion polymerization of St. It was
observed that emulsion polymerization of St in the
presence of carboxylic acid monomers (IA and MAA)
obeys Case 3 (n > 0:5Þ of Smith- Ewart theory.

NOMENCLATURE

xov(t) Overall mass conversion at time t
xc Critical monomer conversion where

monomer droplets disappear from
the aqueous phase

SC(t) Solid content at time t
SC(initial) Solid content at the beginning of

reaction
SC(final) Solid content at the end of reaction
Rp Polymerization rate per unit volume

of the continuous phase
CM,0 Initial monomer concentration (moles

per unit volume of the continuous
phase)

Figure 5 Variations in (dp/dpswol)
3 as a function of x in

the Intervals II and III of emulsifier-free batch emulsion
polymerization of styrene in the presence of carboxylic
acid monomers (MAA þ IA).

Figure 6 Dependence of 1/dpswol on the 1/x1/3 in the
Intervals II and III of emulsifier-free batch emulsion poly-
merization of styrene in the presence of carboxylic acid
monomers (MAA þ IA).
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n Average number of growing chains
per particle

Np Number of latex particles per unit
volume of the aqueous phase

CMP Overall monomer concentration in the
monomer swollen polymer particles
at interval II

CMP,C(¼CMP) Saturation monomer concentration
in the monomer swollen polymer
particles

C0
MP Monomer concentration in the

polymer particles at interval III
Nav Avogadro’s number
P/W Weight ratio of polymer to water
M/W Weight ratio of monomer(s) to water
qP Average density of the polymer
qW Density of water
qM Density of the swelling monomer
dp Volume average diameter of polymer

particles
dpswol Volume average diameter of monomer

swollen polymer particles
MM Molecular weight of the swelling

monomer
kp Average propagation rates constant

in the particle phase
kp,ii Propagation rate coefficient in

homopolymerization of monomer i
ai Partition coefficient of carboxylic acid

monomer i between styrene and
water

Mi Molecular weight of monomer i
DFip Partial molar free energy of the

monomer in the polymer particles
up Volume fraction of polymer in the

polymer particles
Pn Number average degree of

polymerization
v Flory- Huggins interaction parameter
r0 Unswollen radius of the particles
R Gas constant
T Temperature in Kelvin
Vm Partial molar volume of the monomer
c Interfacial tension between the particles

and the aqueous phase

References

1. Tognacci, R.; Storti, G.; Bertucco, A. J Appl Polym Sci 1996, 62,
2341.

2. Slawinski, M.; Schellekens, M. A. J.; Meuldijk, J.; Van Der
Herk, A. M.; German, A. L. J Appl Polym Sci 2000, 76, 1186.

3. Slawinski, M.; Schellekens, M. A. J.; Meuldijk, J.; Van
Der Herk, A. M.; German, A. L. J Appl Polym Sci 2000, 78,
875.

4. Mahdavian, A. R.; Abdollahi, M. Polymer 2004, 45, 3233.
5. Hawkett, B. S.; Napper, D. H.; Gilbert, R. G. J Chem Soc Fara-

day Trans 1980, 76, 1323.
6. Nomura, M.; Tobita, H.; Suzuki, K. Adv Polym Sci 2005, 175, 1.
7. Harada, M.; Nomura, M.; Kojima, H.; Eguchi, W.; Nagata, S.

J Appl Polym Sci 1972, 16, 811.
8. Nomura, M.; Kojima, H.; Harada, M.; Eguchi, W.; Nagata, S.

J Appl Polym Sci 1971, 15, 675.
9. Nomura, M.; Yamamoto, K.; Horie, I.; Fujita, K.; Harada, M.

J Appl Polym Sci 1982, 27, 2483.
10. Nomura, M.; Fujita, K. Makromol Chem Suppl 1985, 10, 25.
11. Nomura, M.; Horie, I.; Kubo, M.; Fujita, K. J Appl Polym Sci

1989, 37, 1029.
12. Morton, M.; Kaizerman, S.; Altier, M. W. J Colloid Sci 1954, 9,

300.
13. Gardon, J. L. J Polym Sci Polym Chem Ed 1968, 6, 2859.
14. Maxwell, I. A.; Kurja, J.; Doremaele, G. H. V.; German, A. L.;

Morrison, B. R. Makromol Chem 1992, 193, 2049.
15. Antonietti, M.; Kasper, H.; Tauer, K. Langmuir 1996, 12, 6211.
16. Maxwell, I. A.; Kurja, J.; Van Doremaele, G. H. J.; German, A.

L. Makromol Chem 1992, 193, 2065.
17. Said, Z. F. M.; Fataftah, Z. A. Polym Int 1996, 40, 307.
18. Gilbert, R. G.; Napper, D. H. J Macrornol Sci Rev Macromol

Chem Phys 1983, 23, 127.
19. Van Der Hoff, B. M. E. Polymerization and Polycondensation

Processes; American Chemical Society Advances in Chemistry
Series: New York, 1962; Vol. 34, p 1.

20. Abdollahi, M.; Sharifpour, M. Polymer 2007, 48, 2035.
21. Abdollahi, M. Polym J 2007, 39, 802.
22. Abdollahi, M.; Rahmatpour, A.; Khoshniyat, A. R. J Appl

Polym Sci 2007, 106, 828.
23. Slawinski, M.. Strategic Aspects of Incorporation of Acrylic

Acid IN Emulsion Polymers,PhD Thesis, Eindhoven Univer-
sity of Technology, 1999.

24. Wang, X.; Zhang, Z. Radiat Phys Chem 2006, 75, 1001.
25. Li, J. Q.; Salovey, R. J Polym Sci Part A: Polym Chem 2000, 38,

3181.
26. Chaterjee, A. K. Rubber Chem Technol 1983, 56, 995.
27. Jain, M.; Vora, R. A.; Satpathy, U. S. Eur Polym J 2003, 39,

2069.
28. Yamada, Y.; Sakamoto, T.; Gu, S.; Cono, M. J Colloid Interf Sci

2005, 281, 249.
29. Martines, M. Safe Handling and Storage of Styrene; 1 st ed.;

Chevron Phillips Chemical Company LP, The Woodlands,
Texas, 2005; p 3.

30. Buback, M.; Gilbert, R. G.; Hutchinson, R. A.; Klumperman,
B.; Kuchta, F. D.; Manders, B. G.; O’driscoll, K. F.; Russel, G.
T.; Schweer, J. Macromol Chem Phys 1995, 196, 3267.

31. Beuermann, S.; Paquet, D. A.; Mcminn, J. H.; Hutchinson, R.
A. Macromolecules 1997, 30, 194.

32. Yee, L. H.; Coote, M.; Chaplin, R. P.; Davis, T. P. J Polym Sci
Part A: Polym Chem 2000, 38, 2192.

33. Sakota, K.; Okaya, T. J Appl Polym Sci 1976, 20, 2583.
34. Vijayendran, B. R. J Appl Polym Sci 1979, 23, 893.
35. Harkins, W. D. J Am Chem Soc 1947, 69, 1428.
36. Elizalde, O.; Leal, G. P.; Leiza, J. R. Part Part Syst Charact

2000, 17, 236.
37. Asua, J. M. J Polym Sci Part A: Polym Chem 2004, 42, 1025.
38. Yuan, X. Y.; Dimonie, V. L.; Sudol, E. D.; El-Aasser, M. S.

Macromolecules 2002, 35, 8346.

MONOMER CONCENTRATION IN THE POLYMER PARTICLES 1063

Journal of Applied Polymer Science DOI 10.1002/app


