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Abstract The mechanism for the
formation of polymer particles in the
dispersion polymerization of methyl
methacrylate and styrene in alcohol-
water mixtures has been investigated.
Methacrylic based poly(ethylene
oxide) macromonomers and poly(vinyl-
pyrrolidone) have been used as steric
stabilizers. Dynamic light scattering

from 80 to 400 nm in diameter size
were detected. The nucleation process
was quite rapid and completed within
less than ca. 0.1% monomer conver-
sion. The experimental results are
compared with those predicted by the
multibin kinetics model for coalescence
developed by Paine [(1990)
Macromolecules 23: 3109].
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Introduction

Dispersion polymerization in polar media is an attractive
route to prepare monodisperse polymer particles in the
1-20 ym size range [1-4]. In the early stages of the
polymerization, the polymer precipitates from an initially
homogeneous reaction mixture containing monomer, in-
itiator, steric stabilizer, and solvents. The particle forma-
tion stage is a very important period because it conditions
the final particle size as well as the particle size distribu-
tion. In dispersion polymerization, the nuclei are thought
to be formed by self or aggregative nucleation mechanism
[5]. These nuclei aggregate with each other unless a suffi-
cient amount of steric stabilizer is present on their surface.
Paine has developed a multibin kinetics model for coales-
cence among unstabilized particles [6]. This model was
used in dispersion polymerization to predict the size of
polymer particles stabilized through grafting on hydro-
philic polymers such as poly(vinylpyrrolidone) (PVP)
[6] as well as through copolymerization with macro-

microscopy have been applied to
determine the evolution of the
average particle size at the beginning
of the polymerization. Stable nuclei

Key words Dispersion polymeriza-
tion — steric stabilization — polystyrene
— poly(methylmethacrylate) — nonionic
macromonomers

monomers such as poly(ethylene oxide) macromonomers
[71.

Recent studies have demonstrated the usefulness of
macromonomers in dispersion polymerization [8-11]. In-
deed, much less macromonomer stabilizer is needed com-
pared to more conventional stabilizers such as PVP. This

is due to the fact that most of the macromonomers can be

anchored to the surface while only a minor part of the total
amount of PVP actually takes part in the stabilization of
the particles.

In this paper, we look at the mechanism of formation
of poly(methyl methacrylate) and polystyrene particles in
dispersion polymerization in polar media. Dynamic Light
Scattering (DLS) is a very useful technique because it
allows to measure “instantly” colloidal particle sizes. Some
attempts for applying this technique in dispersion poly-
merization were recently made by Shen et al. and it al-
lowed them to detect 20 nanometers unstable nuclei and to
follow their aggregation, but they were unable to detect
mature particles [12]. Thus, DLS has been used in this
study to determine on line the evolution of the average
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particle size at the very beginning of the polymerization.
Moreover, Transmission Electron Microscopy (TEM) has
been applied in the early stages of the polymerization as
well as at the end of the polymerization in order to rein-
force the reliability of the data obtained by DLS. These
experimental results provide an interesting comparison
with the theoretical models developed by Paine [6]
and Kawaguchi et al. [7] and contribute to a better
understanding of the nucleation process in dispersion
polymerization.

Experimental
Materials

Methyl methacrylate (MMA) (Aldrich, 99%) and styrene
(S) (Aldrich, 99%) were purified by distillation under
reduced pressure. Polyvinylpyrrolidone (PVP-K30) (Al-
drich, M, = 40000 g/mol), 2,2'-azobis isobutyronitrile
{AIBN) (Janssen Chimica, 98%), ethanol-water (95/5 v/v)
(EtOH 95°), absolute ethanol (EtOH) and absolute meth-
anol (MeOH) (Docks des alcools) were used as received.
A commercially available methoxy poly(ethylene glycol)
methacrylate MPEG 2000 (M, = 2000 g/mol) was ob-
tained from BP Chemicals. It was stabilized with hy-
droquinone monomethyl ether, and was thus purified by
precipitation from chloroform in diethyl ether.

Dispersion polymerization in reactor and TEM
measurements

Dispersion polymerization was carried out in a double-
walled glass reactor (250 mL) fitted with a gas supply (N,),
a condenser and a glass stirrer. In a typical batch process,
36 g of water and 114 g of EtOH were purged with nitro-
gen during at least 1 h. The mixture was heated at 55°C at
250 rpm, and 2.359 g of stabilizer was added to the reactor.
The polymerization starts with the addition of a solution
of 0.337 g of AIBN dissolved in 16.854 g of monomer.
During the polymerization, some samples were taken
from the reaction medium. The polymerization was stop-
ped by adding hydroquinone monomethyl ether and the
sample was cooled in ice. The monomer conversion was
determined from the respective solid contents, In addition,
the latices were diluted with EtOH95° and a drop of this
dispersion was placed on a Formvar coated electron
microscope grid. The grids were placed under vacuum at
ambient temperature in order to quickly evaporate the
solvents and the unreacted monomer. They were then
examined on a Hitashi HU12 Electron Microscope.

Dispersion polymerization and DLS measurements

In a typical run, a solution of 0.786 g of PVP-K30 and
0.112 g of AIBN dissolved in 12 g of water, 38 g of absolute
ethanol and 5.618 g of styrene was prepared in a glass
bottle which was cooled in ice. About 10 mL of this solu-
tion was passed through a 0.2 um filter into a capped
quartz cell which was subsequently used as the reactor for
the dispersion polymerization. The solution was purged
for a few minutes with nitrogen before being placed in the
DLS equipment which was kept at a constant temperature
of 55°C.

The DLS measurements were performed on a Brook-
haven Instruments BI800O, with an argon laser source
(514 nm) at a fixed angle of 90°, at a power of 2 W.
Individual measurements were made every 30s. The re-
fractive index as well as the viscosity of the medium at
55°C, needed for the investigation of the DLS data,
were measured on an Atago-3T refractometer and an
Ubbelohde viscometer, respectively. The density of the
medium at 55°C was measured on a Yokogawa DM61
density meter.

Results and discussion
DLS and TEM measurements

The objective of this section is to correlate the experi-
mental data with the aggregative nucleation model pro-
posed by Paine [6].

The applied conditions for the dispersion polymeriz-
ation of methyl methacrylate and styrene are summarized
in Table 1.

Concerning the DLS measurements, the initial reac-
tion mixture was homogeneous and colloidal species were
detected only after a few minutes of reaction. The data

Table 1 Recipes for the dispersion polymerization of methyl methac-
rylate and styrene® )

A B C
MMA 5 - -
Styrene - 9.94 9.98
PVP-K30 4 1.39 -
MPEG2000 - - 0.15
Water - 21.23 16.85
EtOH 95° - 72.82
Absolute EtOH - 67.24 -
MeOH 90.9 - -
AIBN 0.1 0.2 0.20
medium refractive index 1.326 1.369 1.366
medium density (g/cm®) 0.776 0.8297 0.8235
medium viscosity (¢P) 0.7527 1.0895 0.8386

*T = 55°C; amounts are given in wt %.
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after 4 min of analysis were not taken into account due to
the occurrence of multiple scattering, which can artificially
decrease the measured particle size.

At first, the dispersion polymerization of methyl meth-
acrylate in methanol using PVP-K30 as steric stabilizer
has been studied. The conditions were chosen in order to
compare our results with those of Shen et al. [12], and the
experiment was repeated three times. The evolution of the
measured average particle size with time is seen on Fig. 1.
A population of very small particles, from 12 to 35 nm in
diameter size, was seen throughout the analysis. The other
population concerned bigger particles whose average dia-
meter size was roughly stabilized at ca. 345 nm. Although
the estimation of bimodal particle size distribution from
DLS data may be arguable, it has been found that this can
be done in favorable conditions. For example, a blend of
two model latices (75 nm and 340 nm, with a ratio 1/4 by
weight for the small particles to the large particles) has
been successfully analyzed with our DLS equipment, giv-
ing two peaks at 68 nm and 334 nm [13]. Our results differ
from those of Shen et al. who observed an increase in the
average diameter of the precipitated species, related to the
aggregative mechanism, but did not observe the stabiliz-
ation of the particle size. Possible differences may come
from the induction period and the sensitivity of the appar-
atus, because the recipe and the experimental conditions
were kept similar. :

Such experiments were also conducted with styrene
in ethanol-water (80/20 v/v) using PVP-K30 or macro-
monomers as steric stabilizers.

As seen on Fig. 2, in the case of PVP-K30, the experi-
ment was repeated two times with a good reproducibility.
Particles as small as 12 nm in diameter were sparingly
detected, and the average particle size of the bigger popu-
lation was stabilized at ca. 92 nm, which is a lower value
than for the poly{methylmethacrylate) particles using the
same stabilizer. When the small particles were not detec-
ted, the average value of the particle size distribution was
close to the average particle size of the bigger population.

Using MPEG2000 macromonomer as the steric stabi-
lizer precursor, the DLS measurements were conducted
three times with a poorer reproducibility than for the PVP
experiment (Fig. 3). Small particles of about 11 nm were
sparingly detected, and the average diameter size of the
bigger population was stabilized at ca. 88 nm, which is in
the same range as for the polystyrene particles using PVP-
K30 as stabilizer.

These results revealed some important information.
The colloidal species appeared suddenly and their size is as
small as about 1020 nm. The aggregation of these unsta-
ble nuclei is very fast, leading to particles greater
than 300 nm and 80 nm for poly(methyl methacrylate)
and polystyrene respectively within a few seconds. The
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measured average particle size is quickly stabilized at
a value which would correspond to the diameter size of the
primary mature particles.

An experiment, which was conducted in a glass reactor,
has been followed by TEM analysis in order to reinforce
the previous results obtained by DLS. The preparation of
the grids was very difficult, especially for those at the very
beginning of the polymerization, due to the low conversion
of monomer and the relative high poly(ethylene oxide)
content of the samples. Although the grids were placed
under vacuum to quickly evaporate the solvents and the
unreacted monomer, we have not been able to prevent the
particles from partially coalescing. Nevertheless, the ob-
tained photographs of the samples are of great interest
(Fig. 4). Indeed, attributing the smallest particle size ob-
served on these photographs to the primary mature par-
ticles, it leads to an estimation of the critical particle size.
Here, the critical particle size is defined, according to the
mechanistic model of Paine, as the average diameter size of
the particles when sufficient stabilizer is produced so that
homocoagulation (coagulation of same-size particles) is
inhibited and only heterocoagulation (coagulation of
small particles with larger mature particles) can continue
[6].

The results are in relatively good agreement with the
DLS measurements (Table 2). At the critical point, the
particle size distribution is thought to be quite large (the
geometric standard deviation = GSD = (dg4/dy6)"/* is
about 1.5); but after the critical point, the particle number
should remain constant and the simulation developed by
Paine showed that a monodisperse size distribution should
evolve (GSD < 1.1) [6]. This was confirmed by TEM

Fig. 4 TEM photographs of polystyrene particles prepared by dis-
persion polymerization (type C): sample n°1, t = 4 mn of polymeriz-
ation (see Table 2)

Table 2 DLS and TEM measurements of particle size

Sample  Styrene D, (nm) (TEM) Number of

N° conversion® (%) [Dprs] Particles
{per mL)

1 < 0.15 123 -

[70-120]

2 <0.15 128 -

3 0.15 151 6.86 x 101°

4 0.50 222 7.03 x 101°

5 1.59 314 7.91 x 101°

6 98 1333 6.38 x 10*°

*by gravimetry.

L_400nm N°3

Fig. 5 TEM photographs of polystyrene particles prepared by dis-
persion polymerization (type C). samples n°3, 4, 5 and 6 (see Table 2)

analysis of samples at higher conversion which indicates
that the total particle number remained nearly constant
and that monodisperse particles were produced (Table 2
and Fig. 5).
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Thus, all these results are consistent with the model of [ @fkalIT k) N Cess[ST]7! 3
particle formation proposed by Paine [6] and originally 1 +a) k,[M] [M] ' (

derived from the homogeneous nucleation theory of Fitch
and Tsai [14]. It can be summarized as follows: 1) Poly-
mers and graft stabilizer are formed from an initial
reaction mixture; 2) Polymers and graft stabilizer with
a molecular weight larger than a certain critical value
precipitate and coagulate to form nucley; 3) These nuclei
aggregate until enough stabilizer is present at the surface
of the particles; 4) This point is designed as the critical
point after which the particle number remains constant (in
favorable conditions, i.e., neither lack or excess of stabilizer
produced during the entire polymerization) and the par-
ticle size distribution sharpens to produce monodisperse
particles.

Comparison with the predictive models

In the preceding section, we have checked the reliability of
the aggregative model in a qualitative way. Now, we will
try to test this model in a more quantitative way, compar-
ing the values of the critical and final particle size predicted
by the model to those obtained in our experiments.

Theoretical background

The fundamental relation for the model of Paine [6] is
expressed in the following equation

6 MW(CL)

TPINA

43y = 0386 kykai?, )

where ds is the volume median diameter (in cm?), MW, is
the molar weight of the monomer (in g-mol 1), (CL) is the
chain length, p is the density of the polymer {in g-cm™?),
N, is Avogadro’s number, k; is a pseudo-zero-order rate of
dead chain generation (in mol-L™t-s™ %), and k, is a diffu-
sion-controlled rate constant for coalescence of similar-
sized particles (in L-mol~*-s™*%).

Paine and Kawaguchi did not take into account the
effect of transfer to solvent in their calculation, assuming
negligible chain transfer [6, 7]. This is arguable because
methanol, and to a greater extent ethanol, are known to
have non negligible transfer constants. The usuval relations
- for the rate of dead chain generation (Eq. (2)) and chain
length (Eq. (3)) show that both k; and (CL) are sensitive to
chain transfer (see the Glossary Notation at the end of this
paper). '

_ 2fkg[1] 2fka[IT\'"?
ky = (L +a) + Cssk,[S] (_—kt )

2)

However, one can see that the mean volume diameter of
the particles given by Eq. (1) is actually independent of
chain transfer as well as of the termination mode because
the product (CL)- k, remains unchanged (Eq. (4)).

2 fks [IT\Y?
(CL)-k1=kp[M](fk”) .

4)

t

Converting Eq. (1) from time base to conversion base by
using Eq. (5), one can obtain Eq. (6):

1/2
0= kpt<2f };: [I]> (B<1) (5)
t
43 _ 0386(CL)3 MW, ki ks 0k, ©
*° np Naks ks

Then, we can determine the number of particles at any
conversion (Eq. (8)) by substitution from Eq. (7):

_ 2Npkg [M]fkall] ®
P 0.386(CL)0k; ko k,

Grafting through chain transfer to polymer (model I)

As detailed by Paine [6], the graft available and the graft
required are given by Eq. (9a) and Eq. (10) respectively:

graft available = Cgp [P] 60N, (9a)

69 [M] MWS Qmin

graft required = N, 7 d3,Qpin =
Y dso

(10)

The critical diameter is reached when graft available =
graft required, leading to Eq. (11a):

_ 6 [M] MW, Quin

Aeris = dsg = 11a
' 50 p Csp [P]Na (11a)

Applying Eq. (6) at the critical point in order to determine
the critical conversion (Eq. (12)) and assuming that the
number of particles remains constant after this point (Eq.
(13)), one can predict the final particle size (Eq. (14a)):

Nafky[I]
9 L 3/2 TLPINA d
erie = Ay (O.386(CL) 3MWky ks k, (12
d3;
d3 — crit 13
! Hcrit ( )
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- (2 (QauMT) (1
ERIA Co[P1) \ky
0.386(CL)ky ky k,\1®
27 fka[1]
Moreover, an expression for Q,.;,, which differs a little
from the relation initially suggested by Paine, has been
proposed by Kawaguchi, considering the critical surface

Serit as the surface covered by a random coil consisting in
a stabilizer chain affixed on the surface of a particle [7]:

1 3

(14)

Qmin = Scrit = m (15)
with,
R, = A(0.75 M,)° (162)

where the coefficient 0.75 is to take into account the
random point of grafting along the stabilizer chain [6].

Grafting through copolymerization with a macromonomer
{(model 11)

Assuming that [D]«r;[M] and r,[ D]« [M], and pro-
viding the copolymerization takes place mainly in solution
in the early stages of the polymerization (6« 1), the usual
gquations of copolymerization lead to Eq. (17):

’6D=1—(1—9)1/'1;£

a7
ry
The graft available is then determined by Eq. (9b):
. [D]N,6
graft available = 0, [D] N, = []r—A . (9b)
1

The equality between graft available (Eq. (9b)) and graft
required (Eq. (10)), at the critical point, leads to Eq. (11b):

Finally, one can also predict the final particle size (Eq.
(14b)):

d; = <6 MWS)2/3 <Qmin [M] r1>”2 (i)l“
A [D] K
0.386 (CL) ky ko k)6
( 2rfkall] > '

The radius of gyration of the stabilizing PEO chain being
determined by:

R, = A(M,) .

(14b)

(16b)

Prediction of absolute particle size

The values used for the calculation at T = 55°C are the
following:

Relative to styrene: MW, = 104.15 g/mol, p = 1.05 g/
em®, k,=6.8x107 L/mol/s, k, =286 L/mol/s [15,16];
methyl methacrylate: MW, = 100.12 g/mol, p = 1.19 g/cm?®,
ki =247 % 10" L/mol/s, k, = 734 L/mol/s [15, 16]; AIBN:
f=1,ky=479%10"%s~* [15]; PVP-K30: M,, = 40000g/
mol, 4=53x10"8 b=1032 [17]; MPEG2000: M, =
2344 g/mol, A = 1.6 x 1078, b = 0.585 [18], v, = 1.1 [197;
diffusion: k, = 1 x 10° L/mol/s [6].

Using the above equations, the predictive results con-
cerning the final particle size, the critical particle diameter,
the critical conversion, and the duration of the nucleation
process are presented in Table 3. They can thus be com-
pared to the experimental results.

It can be seen that the models provide predictive data
which are in quite good agreement with the experimental
results in the case of polystyrene but deviate strongly in the
case of poly(methyl methacrylate). Some assumptions. of
the models can be discussed to explain such a deviation.
The models do not take into account the fraction of
stabilizer effectively present at the surface of the particles.
Indeed, the graft stabilizer produced in situ can either

do —de — 6 [MIMW,Qninry (11b) remain soluble in the serum or buried in the particles. The
et 7 130 p[D] N4 efficiency of the graft stabilizer depends on several factors:
Table 3 Comparison between
the predictive models and the MMA/PVP S/PVP S/MPEG2000
experimental results A - -
model I  experiment model I  experiment model IT  experiment

dr (nm) 770 6578* 1208 833° 1703 1352¢

dw/dn <11 1.021 1.014

derie () 54 345 70 92 139 88

Ocrie (%0) 0.034 0.013¢ 0.019 0.126° 0.054 0.028¢

teris (S) 11 4° 18 117 50 26°

a: 75% monomer conversion; b: 88% monomer conversion; ¢: 98% monomer conversion; d:
calculated with Eq. 7; e: calculated with Eq. 5.
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1) the relative molecular weight of the graft: the higher the
molecular weight of the graft, the higher the probability of
adsorption on the particles (note that this factor is greatly
dependent on the termination mode and on the occurrence
of chain transfer to solvent (Eq. (3)); 2) the solubility para-
meter of the serum: the greater the difference of the solubil-
ity between the graft and the serum, the higher the prob-
ability of adsorption on the particle; 3) the compatibility
between the stabilizing polymer and the core polymer: the
lower compatibility between the stabilizing polymer and
the core polymer, the lower the risk of burying the graft
stabilizer; 4) the proximity of the polymerization temper-
ature from the glass transition temperature T, of the poly-
mer particles: the higher the T, of the polymer particles,
the lower the possibility of the stabilizing polymer chains
to reorient on the surface of the particles. In the case of the
polymerization of methyl methacrylate in methanol, the
swelling of the particles by monomer and solvent should
be very limited, so that the T, of the particles could be
higher than the polymerization temperature. Moreover,
the compatibility of PVP with PMMA is thought to be
higher than that with polystyrene. It results that the effi-
ciency of the graft-PVP stabilizer should be low in the
polymerization of methyl methacrylate in methanol. We
have introduced the efficiency of the graft-PMMA stabi-
lizer in the model through a correcting factor f, (Eq. (9'a)):

graft available = f; Csp [P10 Na (9a)

This allows us to match the critical diameter determined
by DLS (d.,;; = 345 nm), leading to f; = 0.15 and to a criti-
cal diameter d_,;, = 359 nm, a critical conversion 0, =
0.59% and a critical time t,; = 183 s. Moreover, as the
recalculated final particle size di = 1987 nm (with £, =
0.15) is much lower than the experimental final particle
Size dr(exp.y = 6578 nm, it can be deduced that a controlled
coalescence occurred even after the critical point probably
due to the progressive burying of the graft-PVP stabilizer.

As a conclusion, the models give only a rough approxi-
mation of the absolute particle size. Moreover, as detailed
by Paine and Kawaguchi et al. [6, 7], the predictive scaling
of particle size for the model 1 leaves some discrepancies
between prediction and experiment while the power law
dependence of the predictive model II on the concentra-
tion of initiator and macromonomer is much more re-
liable. This illustrates the usefulness of macromonomers as
prestabilizers in dispersion polymerization. Indeed, the
mechanism of stabilization can be better-controlled when
macromonomers are used. For the same reason, the use of
well-defined thiol-ended low molecular weight polymers
(ex: PEO chain) as steric stabilizer precursors could be of
increasing interest in this field [20-22].

Conclusion

The main conclusion of this study is that DLS and TEM
measurements are consistent with the basis of the multibin
aggregation model developed by Paine [6]. Stable nuclei
from 80 nm to 400 nm in diameter size were detected. They
were attributed to the formation of primary mature patr-
ticles. The nucleation process was quite rapid and com-
pleted within less than ca. 0.1% monomer conversion.
Thus, the present work contributes to a better understand-
ing of the nucleation process in dispersion polymerization
in polar media. However, the predictive models give only
a very rough approximation of the absolute particle size.
Factors such as the polarity of the reaction medium, the
composition of the graft and the T, of the particles should
be included in a more complex model in order to predict
accurate particle size.

Glossary notation
a coefficient depending on the mode of termination
O<ax<l1

A proportionality constant for the relation R, = 4. M
b exponent relating radius of gyration to molecular
weight

CL  chain length (in monomer units)

Csp  chain transfer constant for transfer to polymerlc
stabilizer (per monomer unit)

Css  chain transfer constant for transfer to solvent

[D] macromonomer concentration (in mol/L)

dso  volume median diameter

d.y  critical diameter, above which same-size particle
coalescence is inhibited

de final particle size

f fraction of initiator fragments initiating polymeriz-
ation

fs factor of efficiency for the graft stabilizer

kq pseudo-zerc-order rate of dead chain generation (in
mol/L/s)

ks diffusion-controlled rate constant for coalescence
of similar-sized particles (in L/mol/s)

kq rate constant for initiator decomposition (in s~ 1)

k, polymerization rate constant (in L/mol/s)

k, termination rate constant (in L/mol/s)

[I1 initiator concentration (in mol/L)

[M] monomer concentration (in mol/L)

M,  molecular weight of stabilizer chains (in g/mol)

MW, molecular weight of monomer (in g/mol)

N, number of Avogadro

Np  number of particles per liter

[P] concentration of polymeric stabilizer (in mol mono-

mer unit/L)
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Qmin

minimum graft coverage required to stabilize par- 6

monomer conversion

ticles against same-size coalescene (in graft/cm?) Op macromonomer conversion
11,7, reactivity ratios in copolymerization of monomer 6; monomer conversion corresponding to d.;

(1) with macromonomer (2) teis time of polymerization corresponding to 0.y
R, radius of gyration of stabilizer chains in solution (in (in s)

cm)
[S]  concentration of alcohol (solvent) (in mol/L) Acknowledgments The authors would like to thank ELF
p density of polymer (in g/cm?) ATOCHEM for their support of this research.
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