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ABSTRACT: For the emulsifier-free emulsion polymerization of styrene with a minor amount of acrylamide
as water-soluble comonomer and potassium persulfate as initiator, experimental studies on the kinetics,
molecular weight distributions, and particle morphology have been carried out. It was found that the particle
nucleation is likely to yield primary particles via the mechanism of homogeneous coagulative nucleation and
coagulation of the primary particles to yield uniform particles. The particle growth in the postnucleation
stage is via a shell growth mechanism, by which the polymerization occurs mainly in the shell region with
a thickness equal to the root-mean-square end-to-end distance of the growing polymers (about 100~400 A
in thickness). The particles are considered to be uniformly saturated with monomer before disappearance
of the monomer droplets. On the premise of the combination termination mechanism of the growing radicals,
the shell reaction characteristic in the present systems is due to surface anchoring of the sulfate ends of the
irowing radicals and to the large size of the particle (greater than twice its end-to-end distance, ca. 1500-2000

in diameter). The average number of growing radicals per particle in the growth period is found to be from
two to six, much higher than that in the conventional case. The high A value and confined polymerization
in the shell region cause a termination of the growing radicals at lower molecular weight (MW), on the order
of 10¢-105. This lower MW is consistent with the calculated shell thickness, since the growing chain end must

locate within the shell having a thickness equal to its end-to-end distance.

Introduction

Emulsifier-free emulsion polymerization can be used to
synthesize particles having functional groups exposed on
the surface for biomedical and catalytic support appli-
cations and latexes having no surfactant migration after
film forming for coating and adhesive applications.

For improving stability of the emulsion or incorporating
functional groups on the particle surface, a minor amount
of hydrophilic ionic or nonionic comonomer (less than 5
mol % of total monomer) is added in the system styrene
(St)/potassium persulfate (KPS)/water. Systems with
ionic comonomers were reviewed in our previous works,1
while systems with nonionic comonomers (or weak acid or
weak base), which involve 2-hydroxyethyl methacrylate
(HEMA), acrylamide (AAm), and acrylic acid (AA), are
of particular interest in this work and are reviewed below.

For the system St/HEMA/KPS/water, Chen and
Chang® observed an apparent linearity of (conversion)?/3
against time for conversions up to about 40% and
considered that the particle, which consists of a rigid core,
grows due to shell region polymerization. However, no
direct evidence was provided to support existence of the
rigid core and shell region reaction during the postnu-
cleationstage. Forthesystem St/AAm/KPS/water, Oht-
suka et al.8 used a high AAm content (up to 67 mol % ) and
proposed a three-stage scheme for consumption of the
monomers. Tamai et al.” also found that only about one-
sixth of AAm could copolymerize with the styrene mono-
mer. Ceska®used AA as the comonomerinthe preparation
of styrene/butadiene copolymer particles. However, these
works made no attempt to explore the particle growth
mechanism.

In regard to the nucleation mechanism, for emulsifier-
free systems of styrene, the presence of oligomers seems
to favor the micellar mechanism,? while the variation of
particle number density (N,) with initiator concentration
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and ionic strength seems to favor the coagulative nucleation
mechanism.101! Forsystems of styrene with ionic comono-
mers, however, it is sometimes suggested to follow the
micellar nucleation mechanism or a combination of the
micellar and coagulation mechanisms, .2

The objective of this work is to clarify the mechanisms
of particle nucleation and growth for the emulsifier-free
system St/AAm/KPS/water.

Experimental Section

Materials. Styrene was used after purification by the usual
method.! Water was fresh deionized. Acrylamide (AAm) and
potassium persulfate (KPS) were recrystallized from benzene
and deionized water, respectively. The chemicals sodium sulfate,
isoprene, tetrahydrofuran (THF), sodium lauryl sulfate (SLS),
and azobis(isobutyronitrile) (AIBN) were used as received from
Merck Co. The epoxy resin (Epon 812), its curing agent (2,4-
bis(dimethylamino)-6-methylphenol), and osmium tetroxide were
used as received from Electron Microscopy Science Co.

Polymerization Procedure and Particle Characteri-
zation. Emulsion polymerizations were carried out at 70 = 0.5
°C in a 500-mL four-neck receptor purged with nitrogen
continuously. The reactor was equipped with a Teflon mixer,
condenser, thermocouple, and a rubber septum caped on one
neck for taking samples. The agitation speed for all runs was
200 % 20 rpm. The recipes of all runs are listed in Table L

The samples withdrawn from the reactor were first exposed
to air, quenched in an ice/water bath, and then vacuum-dried
without heating for determination of conversion curves. Although
noinhibitor was added, it was found that addition of the inhibitor,
hydroquinone, into the samples before drying provided no
additional inhibition effect in the determination of conversion.
Molecular weight distributions (MWDs) were measured by use
of GPC with dual detectors for comparison, an UV detector at
the wavelength of 254 nm, and a refractive index (RI) detector.
The columns used were two Ultrastyragel columns (Waters Co.)
in series having the regular MW exclusion limit from 2000 to 108.
The flow rate of the carrier solvent, THF, was 1 mL/min.
However, for identification of MWDs of oligomers, columns A-801
and 803 (Shodex Co.) in series having the MW exclusion limit
from 10 to 7 X 10* were used. Particle diameter (D,) and particle
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Table 1
Recipes and Characteristic Values of the Emulsifier-Free Emulsion Polymerization Runs at 70 °C
A series K series
parameter Al A2 A3 A4 A5 K1 K2 (A3) K3 K4 K5 Ké
polymerization recipes )
styrene, g 50.00 50.00 50.00 50.00 50.00 50.00 50.00 50.00 50.00 5000 50.00
acrylamide, g 0.00 0.20 0.40 0.80 1.60 0.40 0.40 0.40 0.40 0.40 0.40
KPS, g 0.50 0.50 0.50 0.50 0.50 0.25 0.50 0.75 1.00 1.50 2.00
water, g 400.00 400.00 400.00 400.00 400.00 400.00 400.00 400.00 400.00 400.00 400.00
NagSOy, g
ionic strength, mol/L of H;O 0014 0014 0014 0014 0.014 0.007 0.014 0021 0028 0042 0.055
limiting conv® 0.92 0.95 0.98 0.99 0.96 0.98 0.98 0.98 0.98 0.99 1.00
M., 104 5.59 4.84 4.62 4.67 6.25 6.03 4.62 3.16 3.19 2.60 2.80
My, 105 3.07 2.96 2.72 2.55 2.83 4.39 2.72 1.79 1.84 1.31 1.11
D, by TEM, 103 A 5.40 5.10 4.90 4.70 4.50 4.00 4.90 7.60 5.40 4,70 4.50
N by TEM, 102/cm? of Hy0 1.33 1.64 1.91 2.20 2.46 3.48 191 0.52 1.44 2.22 2.59
N, by scattering, 1012/cm of H,0 1.07 1.46 1.80 1.62 1.69 1.80 0.41 1.05 1.32 2.06
shell thickness (L), A 155 238 225 313 391 261 225 413 206 250 263
av shell thickness, A® 250 250 250 250 250 250 250
J series I series
parameter J1 J2 J3 J4 (K6) I1 (A3) 12 I3 I4
polymerization recipes
styrene, g 50.00 50.00 50.00 50.00 50.00 50.00 50.00 50.00
acrylamide, g 0.40 0.40 0.40 0.40 0.40 0.40 0.40 0.40
KPS, ¢ 0.50 1.00 1.50 2.00 0.50 0.50 0.50 0.50
water, g 400.00 '00.00 400.00 400.00 400.00 400.00 400.00 400.00
NagSOy, g 0.79 0.53 0.26 0.20 0.40 0.60
ionic strength, mol/L of Hy0 0.055 0.055 0.055 0.055 0.014 0.024 0.036 0.046
limiting conv® 0.90 0.94 1.00 1.00 0.98 0.96 0.95 0.97
M., 104 4.05 3.83 2.68 2.80 4.62 5.23 4,12 4.29
M,, 10% 3.31 2.54 1.44 1.11 2.72 2.94 2.37 2.58
Dp by TEM, 103 A 5.50 6.00 6.30 4.50 4.90 5.50 5.90 6.20
N; by TEM, 1012/cm? of HyO 1.24 101 0.93 2.59 1.91 1.31 1.06 0.94
N, by scattering, 1012/cm3 of H,0 2.05 0.63 0.89 2.06 1.80 0.91 0.80 0.62
shell thickness (L), A 114 126 240 263 225 134 261 265
av shell thickness, A® 250 250

@ Measured at 24 h. ¢ Determined from the slope of K’ versus ([KPS]!/2Np1/6) in Figure 17.

morphology were determined by use of transmission electron
microscope (TEM). The particle number density (N,) was
determined by use of the mass balance and the data of bp and
conversion. The TEMs used were H-600 from Hitachi Co. and
JEOL 200 CX STEM from Japan Electron Optics Laboratory.
Hydrodynamic radius of the particles was measured by use of a
He-Ne laser light scattering spectrophotometer (DLS-700 from
Otsuka Co., Japan) for comparison. Characteristic dataresulting
from the measurements are also listed in Table L.

Concentration of monomer in polymer particles, [M],, was
determined by the following procedure.!? The latex samples
withdrawn during the reaction were exposed to air and the
monomer droplets in the latex were removed by centrifugation.
The monomer-droplet-free latex was then divided into two equal
parts, parts A and B. Part A was vacuum-dried after adding a
hydroquinone/methanol (0.5 g/L) solution. Part B was heated
to 100 °C in a closed vessel for 30 h after adding a KPS/water
(1g/L) solution and then dried. The weight fraction of polymer
in the monomer-swollen particles (X;) was determined by

X
P
(wt of dried A)/(wt of A before adding hydroquinone soln)
(wt of dried B)/(wt of B before adding KPS soln)

Assume that the volumes of monomer and polymer in monomer-
swollen particles are additive, then

1-X, 1000
X,/dy+ (1- X)) /dp, Wn

where dy, is the density of the monomer, d; the density of the
polymer, and Wy, the molecular weight of the monomer.

To investigate factors that control the particle morphology
and growth mechanism, we undertook seeded emulsion polym-
erization as follows. The seed latexes used were the final latexes
of reaction runs A2, B1, and B2 as shown in Table II. Specific

1

(M], = @

amounts of monomers (styrene and a minor amount of isoprene)
were added totheseed latex. Thereaction mixtures were agitated
at 0 °C for 24 h to allow monomers to penetrate into the central
region of the particles and then heated to 70 °C. Furtherswelling
for a longer period of time did not show appreciable increase in
the degree of swelling. Although the swelling was not carried out
at the polymerization temperature, 70 °C, it would not affect our
investigation on the presence of core-shell morphology resulting
from the shell growth mechanism and on the uniform monomer
distribution within the particles as discussed in the section
Particle Morphology. Subsequently theinitiator, KPS, was added
to start the reaction at 70 °C, while for run L2 the initiator,
AIBN, together with the monomers was added at the same time
at the beginning of the swelling procedure. Since the residual
unsaturation in the isoprene units can be stained by osmium
tetroxide, the minor amount of isoprene served to tag the newly
generated polymer. The recipes of the seeded emulsion poly-
merizations are also shown in Table II.

The ultrathin cross sections were obtained following the
procedure described in the works of Williams and co-workers. 1314
In the staining step, both aqueous and water/acetone solutions
of osmium tetroxide were used. The aqueous staining was found
to develop unsatisfactory contrast of the morphology. To hasten
the staining efficiency, the microsections were exposed to the
vapor from the mixture osmium tetroxide/water/acetone (2/
49/49 wt ratio) at 25 °C for 72h. The samples were then washed
with water, vacuum-dried, and examined under the TEM.

Results and Discussion

Effect of the Hydrophilic Comonomer, AAm. The
polymerizations of styrene (run A series) were carried out
at various concentrations of AAm ([AAm}) with constant
concentration of KPS ([KPS]) and ionic strength. D,
decreases (or N; increases) with increasing [AAm] (Table
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Table II
Recipes of Seeded Emulsion Polymerization Runs#

run latex, g St, g KPS, g H:0, ¢ isoprene, g AIBN, g additives,g = D, um temp, °C Figure
Seed Latex
A2 50 0.50 400 0.2 (AAm) 0.51 70 13(1), 14(1)-(4)
B1 20 0.40 400 0.4 (SLS) 0.07 70
B2 20 0.50 400 0.4 (NaSS) 0.09 70
Large Emulsion Particles
L1 50 (A2) 8 0.07 214 0.3 0.65 70 13(2)-(6)
L2 50 (A2) 4 138 0.2 0.008 0.1 (SLS) 0.55 70 16(1)-(6)
Small Emulsion Particles
S1 100 (B1) 40 0.30 310 0.5 0.13 65 15(1)-(2)
S2 100 (B1) 40 0.40 310 0.5 0.13 65 15(3)-(4)
83 100 (B2) 5 0.05 181 0.1 0.11 70 15(5)~(6)

¢ St, styrene; KPS, potassium persulfate; AIBN, 2,2’-azobis(isobutyronitrile); SLS, sodium lauryl sulfate; AAm, acrylamide; NaSS, sodium

p-styrenesulfonate; D), final particle diameter; temp, temperature.

T -

05 [ 2
(IAAM] or [ISD) x 10% .
Figure 1. Logarithmic plot of particle number density, N, versus

(AAm] for run series A (O, A2-A5) and Ny versus ionic strength
(IS) for run series I (O, I11-14).

3 4 56
mol/L H0

I). Thelogarithmic plot of N versus [AAm] is linear with
the slope of 0.19 (Figure 1); i.e., Ny is proportional to
{AAm]%19, The result is very close to that of the system
using the nonionic comonomer, HEMA (0.17 power).5

Effect of Ionic Strength. For the run I series, the
ionic strength is varied by adding various amount of the
inert salt, sodium sulfate, while [KPS] and [AAm] are
kept constant. In this case, I)p increases with increasing
ionicstrength (TableI). The logarithmic plot of N, versus
ionic strength is linear with a slope of —0.61 (Figure 1).

Effect of Initiator, KPS. Two series of experiments
(series K and J in Table I) were carried out for studying
effects of [KPS] on Dy and N;. Recipes of the two series
are the same except that various amounts of sodium sulfate
were added to adjust the ionic strength for series J. As
shown in Figure 2, each logarithmic plot of N, verus [KPS]
shows a minimum. This result is different from the linear
plots in the other emulsifier-free systems (Table III). N,
is nearly proportional to the 1.29 power of [KPS] as [KPS]
is within the range 7-18.5 mmol/L of H0.

Monomer Concentration in Monomer-Swollen Poly-
mer Particles. Figure 3 shows weight fractions of polymer
in the monomer-swollen particles, Xy, at various conver-
sions for the systems with the lowest AAm content (A2),
with the highest AAm content (A5), and without AAm
(Al). Ascanbeseen,before the disappearance of monomer
droplets, the weight fraction of polymer (X;) or the
monomer concentration in the particles is constant at X,
=0.37 and is about the same for the three systems. While
after the disappearance of monomer droplets, X, is equal
to the monomer conversion, confirming that the experi-
mental technique used in the determination of X, is
reliable. This X, = 0.37 is equivalent to the saturated
concentration of monomer in the particles, 5.8 M, which
is very close to 5.5 M in the emulsifier-free system of

S
L

L

(Np or pr[lS]oﬁl)x 1072, (mi Hol!

(=)
p1aal

003
2

D 20
[KPS] x10° . mol/L Hp0

Figure2. Logarithmic plot of particle number density, N,, versus
[KPS] without ionic strength adjustment (O, run series K, K1-
K6) and the run with constant ionic strength (O, run series J,

g(l 1;J4) and the plot of Ny{IS]%6! versus [KPS] for run series K
9).

styrene.!? The horizontal line at X, = 0.37 intersects the
diagonal line (along which X, equals the conversion) at
the conversion 0.37, which can be regarded as the point
after which the monomer droplets disappear. However,
there are some deviations in the conversion range 0.27-
0.42 from the theoretical curve (the horizontal line when
the conversion is below 0.37 and the diagonal line when
the conversion is above 0.37). Such deviations are due to
the experimental difficulty in the separation of monomer
droplets from the latex.

Conversion Data. The conversion curves of the A
(Figure 4) and K (Figure 5) series show that the polym-
erization rates increase with increasing [AAm] and [KPS],
respectively. All the conversion curves are concave upward
until about 90% conversion, after which the curves
suddenly level off and the conversions increase slowly with
time. N, versus conversion for the typical runs, A3, A5,
and K1,show a constant level near 10% conversion (Figure
6), indicating that the nucleation period has ended at this
conversion. Since the monomer droplets were found to
disappear at 37% conversion, the particle growth period
is within the conversion range 10-37%. Within this
conversion range 10-37%, the log/log plot of conversion
versus time gives a straight line with the slope ranging
from 1.22 to 1.49 (the insets in Figures 4 and 5). Variation
of the values of these slopes seems to be independent of
{AAm] and (KPS]. The plot of (conversion)?/3 versus time
for each of these cases also gives a straight line in the same
conversion range (ca. Figure 7 for the A series). Thus, the
conversion data in the particle growth period is consistent
with the shell region polymerization model, which can be
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Table III

Systems: N, « [initiator]®; N, « [comonomer)’; N, = [ionic strength]”

Dy, N, 102 L/mL [initiator], [St],
gystem? a B ¥ 109p A of H,0 mmol/L of H0 mol/L of H;O ratio° X108 T,°C ref
St/KPS/H,0 0.72 -0.71 70 11
Nonionic Comonomer
St/AAm/KPS/H30 b 019 -0.61 4.0-7.0 0.9-3.5 2.3-18.5 1.2 6.0-47 70 a
St/FEMA/KPS/H,0 094 017 -0.78 5.7-7.2 1.0-2.0 3.4-11.4 2.2 2.9-23 60 5
St/AA/KPS/H;0 063 045 -1.00 3.6-5.4 1.0-5.4 2.8-8.3 2.2 8.3-42 70 4
Anionic Comonomer
St/NaUI/KPS/H;0 0.5 1.0 b 1.0-1.8 170-500 0.6-3.0 3.84 2.6-7.6 60 1
St/NaSS/KPS/H,0 0.6 19 -192 1.3-5.0 3.2-65 2.8-9.0 2.4-1.0 2.0-4.0 65 30
St/NaSEM/KPS/H,0 1.0 20 -081 14-9.0 0.9-250 2.8-9.0 5.2-4.1 0.4-1.8 65 30
St/NaMS/KPS/H,0 03 b -11 63-80  06-11 1.5-5.5 0.9 1.0-3.0 60 2
Cationic Comonomer
St/DVPM/AIBA/H;0 128 b =097 1.8-56.7 3.2-40.0 0.1-0.9 1.2-6.2 0.4-2.1 65 36
St/EMVPB/AIBA/H,0 143 b -1.88 2.1-5.7 3.8-45.0 0.1-0.8 2.3-4.6 0.3-0.5 65 36

& This work. ® A curve with a minimum value. ¢ The ratio of comonomer concentration to styrene concentration in the recipes. ¢ St = styrene;
KPS = potassium persulfate; AAm = acrylamide; HEMA = 2-hydroxyethyl methacrylate; AA = acrylicacid; NaUI = sodium undecylenic isethion-
ate; NaSS = sodium styrenesulfonate; NaSEM = sodium salt of 2-sulfoethyl methacrylate; NaMS = sodium methallyl sulfonate; DVPM = 1,2-
dimethyl-5-vinylpyridinium methylsulfate; EMVPB = 1-ethyl-2-methyl-5-vinylpyridinium bromide; AIBA = azobis(isobutyramidine hydro-

chloride).
]
Symbol
eA]
J oA2
08 "
0.6
=
0.4-,g80 st
02{
O.G /’ ) U U T
00 a2 04 a6 08 10

conversion

Figure 3. Weight fraction of polymer in the monomer-swollen
particles, X, at various conversions for runs Al, A2, and A5.
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Figure 4. Conversion versus time at different [AAm] for run
series A (A1-A5). The inset shows a log/log plot in which the
slopes of the straight lines were determined by use of the least-
square method. The slopes for A1-A5 are 1.48, 1.45, 1.46, 1.35,
and 1.49, respectively.

described by the following equation;?3.15
m?3 - m % = K'(t - t,) 3)

as was also considered by Wilkinson and co-workers!é.17
and by Chen and Chang?® for the systems St/KPS/water

1s; —
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Figure 5. Conversion versus time at different [KPS] for run
series K (K1-K6). The inset shows a log/log plot in which the
slopes of the straight lines were determined by use of the least-
square method. The slopes for K1-K5 are 1.31, 1.46, 1.36, 1.30,
and 1.22, respectively. The slope for K6 was not calculated since
only two data are available.

and St/HEMA /KPS /water, respectively. Here m and
my are conversions at time ¢ and ¢y, and K’ is given as

K’ = 1.04W, W%, [M],0,/*N,V*LY2/(d,/*k,MD) (4)

where W, is the molecular weight of the monomer, W the
weight of the monomer in a liter of latex, [M], the monomer
concentration within the reaction loci, p; the rate of
initiation, L the proposed thickness of the reactive shell
region in the particle, dp the intensity of the polymer
formed, and k, the apparent propagation constant. This
particle growth mechanism can be termed as the “shell
growth mechanism”.

Ininterval II, with the assumption of constant monomer
concentration in the particle, k. is considered a constant
value that is equal to k¢ n=0.37 throughout the whole interval
II; while in interval III, & is a function of conversion as
shown in Table VI. The result of the Trommsdorff effect
ininterval I is primarily to decrease k¢, which is a constant
value, but not to accelerate the reaction rate in the whole
interval II. Besides, the volume change effect was also
considered in the shell reaction model as the parameter
Us, the volume of the reaction shell, in the original paper
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Figure6. Variations of mean number of free radicals per particle
(), particle diameter (D;), and particle number density (N,)
with conversion for runs A3, A5, and K1.
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Figure 7. Plots of (conversion)?/3 versus time using the data of
run series A (A1-A5) shown in Figure 4.

of Ugelstad.!’® Accordingly, the 2/3 exponent of the
conversion data cannot be exclusively attributed to the
results of the Trommsdorff effect and the volume change
effect in interval II.

In interval III (m = 0.37), the 2/5 exponent of the
conversion data can be extended to about 50 % conversion,
since the values of ([M]s/[Mlsm=037)(Rt/kt,m=037)7'/2 are
1.00,1.06,1.17, and 1.31 for the conversions 0.37, 0.4, 0.45,
and 0.5, respectively. According to eq 4, the observed 2/;
exponent in interval ITI can be ascribed to the shell reaction
characteristic of the present systems and to the compen-
sation effect of the decreased rate of conversion, due to
the decreased monomer concentration in the particle by
theincreased rate due to the increased Trommsdorff effect,
as that considered by Ugelstad in the conventional
emulsion polymerizations.15

Molecular Weight and Its Distribution. MWDs of
the samples obtained after the determination of conversion
for all the reaction runs are similar and those of the typical
run, K1, at various conversions are shown in Figure 8.
Bimodal molecular weight distributions of high polymers
as well as an oligomer peak are observed in the initial
period of reaction (less than about 9% conversion): the
higher MW peak located at about 106, the medium MW
peak (the major peak) at about (3 X 104)-105, and the
oligomer peak at about 1000. The growth of the higher
MW peak becomes negligible after about 10% conversion.
As the polymerization proceeds further, the major peak
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Figure 8. (a) Molecular weight distributions at different
conversions of run K1: 1.2% (1); 1.8% (2); 21% (3); 2.7% (4);
3.3% (5);3.9% (6);9.3% (7). The area below each curve is about
proportional toits conversion. (b) Molecular weight distributions
at different conversions of run K1: 9.3% (1); 21.4% (2); 41.7%
(3); 55.8% (4); 89.2% (5); 98.3% (6). The area below each curve
is about porportional to its conversion.
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Figure 9, Variations of weight- and number-average molecular
weights (M, M;) with conversion for runs K1, A5, A3, K5, and
14. The open symbol is_for M, _and the close symbol is for M,.
In the determination of M, and M,,, the MW below 10%is omitted.

shifts gradually to the higher MW region and finally covers
the higher MW peak generated in the initial period. While
the oligomer peak grows continuously in the entire range
of conversion, it grows more rapidly in the nucleation
period. Alternatively, the growth and shift of the major
peak can also be seen from the variations of the average
MWs of the MWD (excluding the oligomer peak) with
conversion for run K1 and some other typical runs shown
in Figure 9. Only the major peak grows after about 10%
conversion. This also confirms that the growing period
ends at about 37% conversion, since the My, increases
steeply after this conversion. M, increases slowly with
conversion before 90% conversion and is quite different
from that of the conventional case, in which M}, increases
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Figure 10. Molecular weight distribution of the final latex of
run Al (system styrene/KPS/H;0) (a) using Ultrastyragel
columns (Waters, exclusion limit 131 >2000) and (b) using col-
ums A-801 and A-803 in series (Shodex, exclusion limit M, 10~
70000). (--:) Latex after drying; (—) latex after replacement of
the continuous phase by water four times; (- - -) polymer dissolved
in the aqueous phase.
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Figure 11. Molecular weight distribution of the final latex of
run A5 (a) usi g Ultrastyragel columns (Waters, exclusion limit

M, >2000) and (b) using columns A-801 and A-803 in series
(Shodex exclusion limit M, 10-70000). (:--) Latex after drying;

(—) latex after replacement of the continuous phase by water
four times; (- - -) polymer dissolved in the aqueous phase.

with conversion during the particle growth period and
then decreases afterward.!81? This would also indicate a
different kinetic behavior.

The oligomer peaks as well as the bimodal MWD of
high polymers in Figure 8a were also found in the system
St/KPS/water.® However, by use of GPC columns with
the exclusion limits from 10 to 7 X 104, the oligomer peak
becomes a broad distribution having MWs in the range
200 to a few thousands (Figures 10 and 11). A majority
of the oligomers have MWs in the range 200-800. Note
that the samples involve polymers in the particles and in
the aqueous phase. In order to clarify the origin of the
oligomer peak, the final latexes of runs Al and A5 were
subject to the following treatment for separating polymers
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in the particle and aqueous phase. By centrifugation, the
particles in the latex were precipitated. The clearsolution
above the precipitate was removed, filtrated through a
filter with an average pore size of 0.2 um, and then dried
under vacuum. The polymers (and oligomers) in the
particle phase (the precipitate) and in the aqueous phase
were both subject to MWD measurements. The results
areshown in Figures 10and 11. For thesystems St/KPS/
H30 (run Al) and St/AAm/KPS/Hy0 (run A5), not all
the oligomers were adsorbed on the polymer particles, but
a considerably large part (about 14—40 wt % as shown in
Table IV) was dissolved in the aqueous phase.

Particle Morphology. TEM micrographs of the
polymer particles at various conversions of the typical run
(K1) are shown in Figure 12. The particles at the earlier
stage (at 1.76% conversion) have the morphology of a
sphere with an empty core (Figure 12(1)), as the latex on
the copper grid was dried under dynamic vacuum, This
morphology was also found in the systems St/ KPS /water.?
While the latex dried in a quiescent desiccator, the particles
have solid sphere morphology. These observations would
indicate that the particles have a uniform monomer
distribution even though polymerization might occurs only
in the shell region. The empty core morphology resulted
from a flash evaporation of the styrene in the small particles
(of which the surface to volume ratio is so high, allowing
a high mass transfer rate per unit surface area) during the
dynamic vacuum pumping.

At 9.3% conversion, the particles show an anomalous
shape (Figure 12(2)), as that in the system St/HEMA/
KPS /water.’ Thisindicatesthat the particlesin the earlier
stage involve polymerization of a significant amount of
AAm units in the surface region, allowing the absorption
of a considerable amount of water. Thus during drying
the latex on the copper grid for TEM observation, the
particles exhibit an anomalous shape with an uneven
surface. When the polymerization proceeds further at
33.3% and 90.3% conversions, the particles became
spherical as shown in parts 3 and 4 of Figures 12,
respectively. This is due to lowering of the AAm units
relative to the styrene units in the particles.

Figures 13-16 show the electron micrographs of some
sectioned particles obtained from the seeded emulsion
polymerizations with different sizes of the seed particles
(Table II). The sectioned particles are highly distorted
and are larger than the original particles. This is due to
a high shear stress produced during microtome sectioning
and to a swelling of the particles by absorption of the
embedding resin during the sample preparation, respec-
tively. Nevertheless, the contrast of the electron micro-
graphs still develops so well as that the characteristic
morphology of the present systems can be easily identified
in Figures 13-16. It is also obvious that each particle is
spherical and has uniform size before and after the po-
lymerization process as shown in Figures 13-16. Thus
each particle was subject to the same extent of reaction,
and the electron micrograph of any sectioned particle is
representative.

Figure 13 shows the electron micrographs of some
sectioned particles obtained from the seeded emulsion po-
lymerization with the final latex of run A2 as the seed,
which has the diameter of 5100 A. The composition of the
reaction mixture L1, (the final latex of A2)/St/isoprene/
KPS/H,0,is50/8/ 0.3 /0.07/214 by weight. A comparison
of parts 3 and 4 of Figure 13 for the unstained and stained
sectioned particles of run L1, respectively, shows that only
the shell region of the particle was stained; i.e., polym-
erization only occurred in this region. By partial replace-
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Table IV
Weight Fractions of the Polymer Composition Calculated from Figures 10 and 11
wt % of wt % of oligomers wt % of
wt % of high polymers washed away oligomers washed
oligomers rel to washed away rel to rel to total away rel to
sample system total polymers total polymers polymers total oligomers
Al St/KPS/H.0 7% 1% 14%
A5 St/AAm/St/Hz0 5% 10% 2% 40%

0.5 M 0.5 u

Figure 13. Transmission electron micrographs of the core-shell

morphology, 0sO, stained: (1) particles of the seed A2; (2)

particles of L1; (3-6) microtome sections of particles of L1; (3)

unstained; (4) stained by aqueous 0s0, solution for 2 weeks; (5,

g) stained by vapor of the solution 0sQ,/acetone/water for 3
ays.

Figure 12. TEM micrographs of polymer particles at different
stages of polymerization for run K1: (1) 20min, 1.76 % conversion;
(2) 2 h, 9.3% conversion; (3) 5.5 h, 33.3% conversion; (4) 10 h,
90.3% conversion.

ment of water with acetone in the 0sO4 solution for
staining, the dark-white contrast is much sharper (Figure
13(5),(6)).

The dark ring in Figure 13(4)-(6) cannot be due to phase
separation of polystyrene and styrene—isoprene copolymer
within the particle, because the dark region in the
micrograph of stained film cast from toluene solution
(Figure 14(1),(2)) is quite different from those of the core—
shell morphology shown in Figure 13(5),(6). It cannotalso
be due to higher acrylamide content in the region close to
the surface, since the micrograph of the OsQOy-stained
?ectioned seed particle shows no dark ring (Figure 14-

3),(4)).

Figure 14. Transmission electron micrographs of run A2, 0s0,
stained: (1, 2) solution-cast film; (3, 4) microtome sections of the

articles.

In order to further explore the particle growth mech- p
anism, D, of the seed is reduced to 0.07 and 0.09 um inreactionrun L2. As monomer isdistributed everywhere
(obtainedp from runs B1 and B2); particles of the resulting in its seed, the introduction of the oil-soluble initiator,
latexes S1, S2, and S3 have D, of 0.13, 0.13, and 0.11 um, AIBN, should allow styrene to react with isoprene ev-
respectively. Their microtome-sectioned particles exhibit erywhere within the particle. The microtome-sectioned
uniform morphology as shown in Figure 15(2),(4),(6), particles of L2 show uniform morphology as shown in
indicating that polymerization occurred uniformly within Figure 16(2)-(6). The observation further indicates that
the small particles. Thus the core—shell morphology in the core—shell morphology should not be due to nonuni-
Figure 13 and the homogeneous morphology in Figure 15 form swelling or a monomer diffusion-controlled mech-
provide strong evidence for the occurrence of the shell anism. In addition, this observation also indicates that
growth mechanism in the large emulsion particles but not swelling for 24 h is enough for the monomers to diffuse
in the small particles. into the center of each emulsion particle.

To elucidate the dominating factor for the formation of Although the degree of swelling at 0 °C could be different
the core-shell morphology, we also used the oil-soluble from that at 70 °C and monomer distribution in the

initiator, AIBN, instead of the water-soluble initiator, KPS, particles during the polymerization at 70 °C may not be
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Figure 15. Transmission electron micrographs of the homo-
geneous morphology for small particles, OsO, stained: (1)
particles of run S1; (2) microtome sections for particles of run
S1; (8) particles of run S2; (4) microtome sections for particles
of run S2; (5) particles of run 83; (6) microtome sections for
particles of run S3.

. 0920900
90 e :
.0.0000 (] 0.03 e
.. ... o por
. . — r Y W |
q 218
4
I 4 I K b
v '
: g u I M

Figure 16. Transmission electron micrographs of the homo-
geneous morphology with oil-soluble initiator, AIBN, OsO,
stained: (1) particles of run L2; (2-6) microtome sections for
particles of run L2.

in an equilibrium state, the presence of homogeneous
morphology for the cases of the large seed (0.51 ym) with
AIBN and small seeds (0.07 and 0.13 um) with KPS as
initiators as discussed in the above paragraph indicates
that monomer did distributed everywhere in the particles
if treated in accordance with the swelling procedure at 0
°C. Thus if the latex particles are allowed to swell at 70
°C until an equilibrium state is reached, the same result
of homogeneous morphology should be expected. The
reasons why we did not allow the particles to swell at 70
°C are that parts of the styrene could polymerize via a
thermal polymerization mechanism and that a high
percentage of the minor amount of added isoprene
monomer might evaporate during the swelling, since its
boiling point is only 34.1 °C. Thus, for the presence of the
core-shell morphology in run L1, swelling at 0 °C should
give the same result as that at 70 °C.

Emulsifier-Free Emulsion Polymerization 3347

Table V
Estimated Initial Instantaneous Copolymer Composition in
the Aqueous Phase

run A2 A3 Ad A5
[AAm], (L of H,0)! 0.007 0.014 0.028 0.056
[St], (L of H;0)! 0.003 0.003 0.003 0.003
Faam® 0.512 0.647 0.767 0.860

@ Faam i8 the molar ratio of AAm units of the polymer generated
in the aqueous phase as calculated from F; = (rifi2+ fif2)/
(rifi2 + 2fifz + raf?) and Fo = 1 = Fy. The reactivity ratios used are
r1 = 1.44 and r; = 0.30 in the polar solvent, ethanol,3* where 1 and
2 refer to styrene and acrylamide, respectively.

The core-shell morphology for polystyrene emulsion
particles has been observed long ago by Williams and co-
workers.1314 They attributed this occurrence to a ther-
modynamic factor such that, in the particle growth period,
each particle consists of a polymer-rich core with relative
little monomer and a monomer-rich shell. However, no
sufficient evidence was given to support their interpre-
tation.!%2021 Besides, the emulsion particles prepared by
Williams et al. were synthesized by using the nonionic
surfactant Triton-X-100 (octylphenoxyethylene oxide),
which can create a strong chain-transfer reaction and may
mislead the experimental observations.!®

Particle Nucleation Mechanism. Recall the obser-
vations that about 40% of the total oligomers is soluble
in water (Table IV) in the final latex of run A5 and that,
resulting from the TEM result (Figure 12(2)), a significant
amount of AAm units relative to styrene units is located
in the surface region when conversion is less than 9.3%.
These two observations would favor an occurrence of the
homogeneous nucleation mechanism as described below.
In the beginning of the polymerization, KPS is thermally
decomposed into primary radicals to induce the copo-
lymerization of styrene and AAm in the aqueous phase.
The so-formed copolymers or their radicals could either
be soluble in the aqueous phase or coagulate to form
primary particles, depending on their AAm content and
MW. This coagulative nucleation mechanism has been
proposed by Napper and co-workers!? for emulsifier-free
emulsion polymerization. During the nucleation period,
the AAm content in the polymer chains in the particles
israther high as calculated from the copolymer composition
equation (Table V). Most of the AAm-rich chains would
preferably locate on the particle surface. As collision
between the primary particles occurs, particle coagulation
could take place due to insufficient surface charges and
mutual entanglements of chains on the surface of the
colliding particles. After the particle coagulation, more
stable particles would form due to an increase of surface
charge density. Due tothe coagulation, thestable particles
would have uniform size and large diameter, about 2000
A at end of the nucleation period, and have N, less than
those in systems with the ionic comonomers (Table III).
As polymerization proceeds further, more ionic groups
from the decomposition of KPS could be incorporated on
the particle surface to provide more electrostatic repulsive
forces, and the polymers in the particles will contain more
styrene units to harden the particles. Both factors will
cause the particles to become more stable.

Recall that N is proportional to the 0.19 power of
[AAm], to the —0.61 power of [ionic strength], and to the
1.29 power of [KPS] (as [KPS] is within the range of 7-18.5
mmol/L of Hy0). Obviously, among these reaction
parameters, [KPS] plays a predominant role in the particle
nucleation period. The 0.19 power of [AAm] is much less
than that of the [anionic comonomer], which is about 1.0~
2.0, as shown in Table III. This observation implies that
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Table VI
Kinetic Constants and Characteristic Data for the Systems St (M1)/AAm (M2)
parameters values temp, °C solvent ref
kq of KPS 27X 1081 70 water 17
kon 480 (L/mols) 70 23
p22 6 %X 10% L/mol's 25 water, pH 5.5 35
ka1, (Reo)® 6.1 X 107 L/mol's 70 23
122 3.3 X 108 L/mol-s 25 water, pH 5.5 35
kp11/ (k1) 12 0.06 (L/mol:s)!/2
kpan/ (keg)!/? 3.3 (L/mol-s)1/?
(FuM)st 1.9 X 10 L/mols 70 37
(kyst® ky exp[-2(Bm + Cm? + Dm?)) 37
conversion, m > 0.27
B = (2.57 - 5.05) X 103T
C = (9.56 - 1.76) x 1072T
D (-3.03 + 7.85) X 10737
reactivity ratios r1 = ku/fkig, re = kao/ ko
ry=1.44 +0.22, r, = 0.30 2 0.09 70 ethanol 34
ri=025,r; =125 benzene 33
partition coeff {AAm] in St/[AAm] in H;0 = 0.093 6
solubility 215.5 g of AAm/100 g of H,O 30
0.032 g of St/100 g of H,0 room temp 38

MW of monomer St, 104.14; AAm, 71.08

density, g/cm?®

St, 0.906; AAm, 1.122; polystyrene, 1.065

¢ Extrapolated from 50 °C and 60 °C data of ky by assuming an Arrhenius form of ky. b k, = 1.3 X 107 L /mol-s is used in the calculation

of A and L before the disappearance of monomer droplets (m = 0.37).

the effect of [AAm] on N, is much less than that of anionic
comonomers. This consideration can also be supported
by the fact that N, in the present system is about 102 per
mL of water, about 1-2 orders lower than those of systems
using the anionic comonomers.

The existence of aminimum Ny as [KPS] varies indicates
a competition between the nucleation and particle coag-
ulation, as revealed below. Since the pH value of the
aqueous phase is about 4.0 due to the presence of KPS,
the protons (H*) can be incorporated with the amide
groups on the AAm units to form protonated amide ions
carrying positive charge. The positive charges can then
interact with the sulfate groups (OSOg™) on the chain ends,
causing a reduction of the electrostatic repulsive forces
among the particles. As [KPS] increases, the increase in
the number of precipitated chains cannot compensate for
the increased coagulation. Thus N decreases as [KPS]
increases at lower [KPS] (Figure 2). As [KPS] is higher
than 7 mmol/L of H;0, N, increases with [KPS] and is
about proportional to [KPS]12®, This is due to that the
rate of generation of precipitated chains is so high, allowing
an over-compensation for the increased coagulation.

The Particle Growth Mechanism in the Postnu-
cleation Period. Allthe conversion curvesin the present
St/AAm systems are concave upward. The log/log plots
of conversion versus time have the slopes ranging from
1.22 to 1.49 during the particle growth period (the insets
of Figures 4 and 5). From a theoretical standpoint, for
the “Smith-Ewart case III”, the slope is 2, while for the
“Smith-Ewart case IIl applied to the shell reaction model”
it is 1.5.315822 Accordingly, the experimental results are
more consistent with the Smith-Ewart case III applied to
the shell reaction model, and the particle growth mech-
anism is termed the shell growth mechanism.

According to eq 4, the shell thickness, L, can be
calculated. kpqin the equation could vary with monomer
composition, which is also changing as the reaction
proceeds. However, nodatum of kp, for the present system
isavailable. Fortunately, for the present St/AAm system,
kpa can be taken as k&, of styrene (480 L /mol-s)?® as shown
in the Appendix.

Note that the shell with a thickness L is a moving layer
during the growth period within which the reaction occurs.
The occurrence of the shell reaction indicates a presence

of propagating polymer radicals with the sulfate end groups
anchored on the particle surface and the growing ends
located in the shell region. This consideration can also be
supported by the result reported by Vanderhoff? that a
major part of the sulfate groups are exposed on the particle
surface for systems of styrene resulting from conducto-
metric titration works. The shell thickness so calculated
is listed in Table I; it has a value in the range ~100-400
A. Ashell thickness of this size is consistent with the MW
of the polymers generated in the growth period as revealed
later.

For chain termination in the emulsion polymerization,
two mechanisms were proposed, being combination? and
transfer to monomers.?5 For the present systems, the
evidence below favors the combination termination mech-
anism, which, in conjunction with surface anchoring of
the sulfate end groups, is the “requirement” for the
occurrence of the shell growth mechanism. First,theratio
of rates of termination by transfer to monomer to that by
bimolecular combination (ki M[M],/(ki[R]) can be esti-
mated as (2.6 X 103-(1.3 X 10-2). Here kM and k& are
rate constants for transfer to monomer and combination,
respectively, and are listed in Table VI. The particle
diameter is taken as 5000 A, 7 as 10-2, and [M], as 5.8 M.
This result shows that chain termination by transfer to
monomer is negligible. Second, the result of end-group
titration given by Vanderhoff2¢ shows that each chain was
formed through radical combination. Third, if chain
transfer to monomer should occur, the core-shell mor-
phology would not develop. However, in the present
system, the core—shell morphology obviously exists for
particles with a seed diameter of 5100 A.

The plots of K’ versus [KPS]1/2N1/€ are linear for series
A,K,and Jin Figure 17. Thestraight line passing through
the origin for series K (varying [KPS]) indicates a constant
shell thickness (about 250 A). While for series J and A
(varying [KPS] at constant ionic strength and [AAm],
respectively), the straight lines do not pass through the
origin, indicating that the shell thickness (L) varies with
[AAm] or ionic strength.
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Figure 17. Plots of the slopes of K’ versus (KPS]/ 2NP‘/ 6 of the
linear portions in Figure 7 (series A) and those of series K and
J.

It is informative to know the average number of free
radicals per particle (%), which can be calculated by

ro = kyu[M] 72/ Na )

where rp is the rate of polymerization per particle, kg, the
apparent rate propagation constant, [M], the total mono-
mer concentrations in a particle at time ¢, and Na the
Avogadro number. Before disappearance of monomer
droplets, the particles are saturated with monomers as in
the conventional case, and [M], can be taken as 5.8 M
(equivalent to 37% conversion after which the monomer
droplets disappear). Since the concentration of AAm in
the particle phase is so small, the apparent k4, which is
estimated to be 480.4 L /mols, can be taken as kj, in the
systems of pure styrene (480 L/mol's) as shown in the
Appendix. Using eq 5 and calculated r, from the con-
version data, 7 value versus conversion for runs A4, A5,
and K1 were calculated as shown in Figure 6. It shows
that i increases with conversion and reaches the values
of about 2-6 at about 40% conversion, much higher than
that of the conventional case.

The MWD measurements are also consistent with the
shell growth mechanism, as revealed below. The bimodal
MWD of high polymers in the nucleation period implies
that there are two kinds of reaction loci in the particles.
Besides, for polystyrene at © condition,28 the root-mean-
square end-to-end distance ({72))!/2, calculated from the
equation ((F2)/My)1/2=0.714, is 710 A for M,, = 108 and
225 A for My, = 105, The former MW is typical for the
conventional case?’ (Smith-Ewart case II) and for the
earlier stage of the nucleation period in the present St/
AAm system; while the latter MW is typical in the shell
growth period. Such low MW in the growth period must
be due to the growing radicals having a greater chance to
terminate with the other entering radicals or the growing
radicals in the reactive region of the particle.

From the analysis above, it is clear that the shell growth
mechanism is well consistent with the conversion and
MWD data. The TEM examination in Figure 13 for the
seeded emulsion polymerization of styrene, with trace
amount of isoprene to serve as a tag for the newly generated
polymer, also gives strong evidence for the existence of
thereactionshell. Thisreaction shell solely resulted from
the large particle size and surface anchoring of the sulfate
ends of the growing radicals.

As polymerization proceeds to the conversions above
10%, the lower MW (about (3 X 104)-105) mode gradually
shifts to the higher MW region and covers the higher MW
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Figure 18. End-to-end distance distribution function () of a
radical chain in the particle at different reaction times.

(108) mode generated in the initial period (Figure 8b).
The 108 peak is contributed from polymerization in the
particle rather than from copolymerization of styrene with
acrylamide in the aqueous phase as revealed in the
Appendix. The increase of the number-average molec-
ular weight (M,) with conversion in Figure 9 can be
illustrated by use of the end-to-end distance distribution
of the growing radicals in the particles (Figure 18).28 In
the particle, the growing end of the radical would be
removed from its hydrophilic end (which is anchored on
the particle surface) by the most probable end-to-end
distance. Of course, there is some chance, though small,
that the end-to-end distance could be higher than the most
probable value. As the shell growth mechanism occurs,
the radical ends located outside the shell region having a
thickness equal to the most probable end-to-end distance
would have less chance to be terminated. Thus, as the
particle grows larger, the average MW of the newly
generated polymer would increase slowly with conversion
before 37% conversion is reached. After this conversion,
the MW increases rapidly due to the strong gel effect in
the particles.

As the reaction proceeds to about 90%, the conversion
curve levels off due to lack of monomer, and the monomer
diffusion controls the reaction. Thus, the MWD shifts
slightly toward the lower MW side in this period (Figure
8b). This observation of MWD was not found in the
systems St/KPS/water in our laboratory. The reason for
this difference is probably that, for the present system,
the polymer chains exposed on the particle surface have
additional nonionic hydrophilic units (acrylamide), causing
the packing of the sulfate groups (0SOj3-) on the particle
surface to be looser. This allows the oligomeric radicals
generated in the water phase to be absorbed more easily
into the particles to take part in the polymerization.

According to the description above, the occurrence of
thereaction shell is due to the large particle size and surface
anchoring. Thus, one might expect that this mechanism
could also occur in the conventional case, having sufficient
particle size. Hasan’s? result on the seeded emulsion po-
lymerization of styrene with the presence of emulsifier
shows that this is the case. As the diameter of the seed
latexes is less than about 1200 & (e.g., 660, 860, and 1140
A), there is a constant rate period up to 50% conversion.
As the diameters of the seed particles are greater than
about 2000 A (e.g., 2030, 3370 A), the conversion curves
before the disappearance of monomer droplets are concave
upward, as are those in the present St/ AAm systems. Qur
calculation on his conversion data again shows that values
of the slopes in the log/log plots of conversion versus time
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Figure 19. Plots of (conversion)?/3 versus time of Hasan's® data
for various seeding experiments. The diameter of the seed is
2030 A for each run except for run F3 (3370 A). The inset shows
a log/log plot in which the slopes of the straight lines for H2, F2,
H3, F3, and H4 are 1.52, 1.26, 1.33, 1.23, and 1.35, respectively.

range from 1.23 to 1.52 (Figure 19), close to “1.5” for the
shell growth mechanism.

On the other hand, emulsifier-free systems with ionic
comonomers can sometimes give a period of constant po-
lymerization rate in the particle growth period as in the
conventional case when its particle size is small, such as
the systems with sodium undecylenic isethionate (NaUI)!
and sodium styrene sulfonate (NaSS)30 as comonomers,
in which the final particle diameters range from 1080 to
1820 A and 1480 to 2020 A, respectively. The values of
7 calculated from the original data of the former system
by using eq 5 are about 0.40, further confirming that the
particle growth behavior follows the Smith-Ewart case II.

All the results discussed above indicate that the oc-
currence of the shell region polymerization is solely due
to the large size of the particles. The reason this is usually
observed in the emulsifier-free systems is due to the lack
of charge density on the particle surface in the nucleation
period, which results in serious coagulation of the primary
particles and therefore in the formation of large particles.

Conclusion

Particle nucleation is likely via the homogeneous
nucleation mechanism. During the nucleation period,
particle coagulation also occurs. The particle grows in
accordance with the shell growth mechanism, as the
particle has a diameter greater than about 1500-2000 A,
by which the reaction only occurs in the shell region, having
a shell thickness of about 100-400 A. Monomer distri-
bution in the particle is considered to be uniform in the
entire growth period.
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Appendix: Effects of [AAm] on k;, and MWD

For copolymerization systems, the overall rate of po-
lymerization can be expressed in terms of the apparent
rate constant as

R, = -dM/dt = k,, XM (A-1)

as proposed by Kuo and Chen?! and by us,? where &,
denotes the apparent rate constant of propagation. M
refers to the total concentration of monomers A and B in
the reaction mixture at reaction time ¢, and X represents
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the concentration of the two types of polymeric radicals
in the reaction mixture at time t. In this treatment, &y,
is defined as®!

= (k12k21 - kukzz)f 1f 2
pe (k21 - kn)FJ1 + (kxz - kzz)F1f2

where k;; refers to the rate propagation constant of radical
species : to monomer species j. F; and f; are the polymer
and monomer compositions for the chemical species i.

For the systems St/AAm, no data of kp;; in water and
in styrene are available. Estimation of the rate constants
is necessary in order to determine the effects of [AAm} on
the apparent rate constants and MWD. Acrylamide
monomer has little tendency to copolymerize with styrene
in nonpolar medium.3®* On the other hand, when acry-
lamide monomer is highly hydrogen bridged or strongly
affected by dipolar interactions, styrene haslittle tendency
to copolymerize with acrylamide. Thus the reactivity
ratios in the polar solvent, ethanol,3 and in the nonpolar
solvent, benzene,? can be adopted as the approximated
values in water and styrene, respectively. The kinetic
constants and the partition coefficients used for the
calculation are shown in Table VI.

For acrylamide in water, the value of kpy, 6 X 108
L/molss, and that of kpga/(ke22)'/2, 3.3 (L/mol-s)'/?, are
extremely large in comparison to those of styrene, 480
L/mol-s and 6.0 X 10-2 (L/mol:s)!/2, respectively.?3:35 Ag
aresult, the acrylamide could polymerize to give polymers
with molecular weights in the millions. However, the
reactivity ratios of St(M1) and AAm(M2) in the polar
solvent, ethanol, are r; = 1.44 and ry = 0.3,3 which mean
that, in a polar solvent, acrylamide radicals are readily
converted to styrene radicals even at low styrene con-
centrations because of the high reactivity of both acry-
lamide radicals and styrene monomers. The estimated
kpa in water is 1000 L /mol-s, which is lower than that of
AAm alone by a factor of about 6 and is higher than that
of St alone by a factor of about 2, while the ki, can be
approximated as ky; listed in Table VI. Since the kinetic
chain length is proportional to ky/(k)!/2, the estimated
MW of the copolymer generated in the aqueous phase is
on the order of 10%. Thus, the molecular weights of St/
AAm copolymers in the aqueous phase are expected to be
much lower than those with acrylamide alone. Inaddition,
the bimodal MWD of high polymers was also observed in
the emulsifier-free systems of pure styrene.®!¢ Therefore,
the higher MW peak (MW = 108) in the early stage of the
reaction must come from polymerization in the small
particles, which follows the Smith—-Ewart case II theory,
and not from the copolymerization of AAm and styrene
in the aqueous phase.

Inthe particle phase, though, k4 can be strongly affected
by the comonomer composition in the feed and composition
shift during the reaction asshownineq A-2. Nevertheless,
in our experiments, the concentration of AAm in the
particle phase is so small (fz = 1.2 X 10-3) that AAm can
hardly increase the value of kp,. The calculated value of
kps is 480.4 L/mol's, which is very close to that in the
systems of pure styrene, 480 L/mol:s.?> This result can
also be supported by another independent experimental
result for the St/AAm system; namely, after particle
formation, styrene polymerized exclusively in the particles
until styrene droplets disappeared.? Therefore, the prop-
agation rate constant of pure styrene can be applied to the
postnucleation period in the estimation of A and the shell
thickness of the growing particles for the emulsion co-
polymerization systems of St/AAm.

k

(A-2)
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