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ABSTRACT The dispersion copolymerization of n-butyl methacrylate (BMA) in methanol-water media 
has been investigated. The reactions were carried out in the presence of a series of poly(ethy1ene oxide) 
(PEO) macromonomers (1) (C1-EOn-(CH2),-S), with ap-alkylstyrene (S) end group, with m = 1,4, and 
7 and n = 53 and 110. Nearly monodisperse PBMA latex particles from 90 to 500 nm in diameter are 
obtained. Factors which affect the particle size are the structure and molecular weight of the 
macromonomers, initial BMA, initiator, and macromonomer concentrations, temperature, and the 
composition of the solvent. The particle radius (It) follows the relationship R = [ B M A ] o ~ . ~ ~ * ~ . ~ -  
[ m a ~ m o n o m e r l ~ ~ 0 ~ ~ * o ~ o 3 n ~ 0 ~ 3 0 ~ ~ o z [ i n i t i a t o r ] ~ ~ o ~ 1 ~ ~ o 1 .  The power law exponents are close to those predicted 
from a coagulative nucleation model, particularly the multibin kinetics model for coalescence among 
unstabilized particles developed by Paine [Macromolecules 1990,23, 31091. R is also found to decrease 
with an increase in temperature and also wjth an increase in m (in 1). R, however, also increases with 
an increasing volume fraction of water in the reaction medium. The mechanism for the dispersion 
copolymerization is discussed in detail. 

Introduction 
Over the past several years, we have been interested 

in the process of film formation from latex  dispersion^.^^^ 
In these experiments, we have used poly(n-butyl meth- 
acrylate) (PBMA) microspheres as a model polymer. 
Film formation is thought to be very sensitive to  the 
nature of substances at the surface of the latex.41~ Many 
industrial applications involve latex with a surface rich 
in carboxylic acid  group^.^ Another useful strategy for 
surface modification of polymeric microspheres is to 
prepare them in such a way that water-soluble polymers 
are attached to the surface. For this reason, several 
groups have reported the synthesis and some properties 
of latex particles containing poly(ethy1ene oxide) (PEO) 
chains attached to the particle surface. For example, 
Westby7 and Satgurunathan and ottewil18>9 reported the 
preparation of such particles in a multistage emulsion 
polymerization process in which PEO-methacrylate 
was introduced in the final stage. 

Because of our interest in film formation, we wished 
to prepare PBMA particles containing PEO chains at 
the surface. We followed a strategy originally developed 
by Ito and his co-workers using PEO macromonomers 
containing various substituted styrene groups at one 
end.1° Monodisperse, or nearly monodisperse, polysty- 
rene (PSI particles in size could be prepared by disper- 
sion copolymerization in alcoholic media.ll In order to  
optimize the synthesis to  meet the needs of our film 
formation studies, we undertook a rather detailed 
examination of the dispersion polymerization of n-butyl 
methacrylate (BMA) in methanol-water media. These 
experiments provide an interesting test of a theoretical 
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model of dispersion polymerization recently presented 
by Paine.12 

Brief Review of Dispersion Polymerization 

Dispersion polymerization is defined as a heteroge- 
neous polymerization by which latex particles are 
formed in the presence of a suitable steric stabilizer 
from an initially homogeneous reaction mixture. Under 
favorable circumstances, this polymerization can yield 
in a batch process monodisperse, or nearly monodis- 
perse, latex particles with a relatively large diameter 
(up to  15 pm).13 The solvent selected as the reaction 
medium must be a good solvent for both the monomer 
and the steric stabilizer but a poor solvent or a nonsol- 
vent for the polymer being formed. This restriction on 
the choice of solvent means that these reactions can be 
carried out only with solvents with extremely low or 
high solubility parameters. Historically, nonaqueous 
dispersion (NAD) polymerization was first carried out 
in aliphatic hydrocarbon media. The NAD technique 
was invented by Osmond and co-workers at ICI.14 More 
recently, the technique has been extended to polar 
media, especially alcohols and their mixtures with water 
as the continuous phase.15-17 There is a considerable 
interest in the latter systems, because of the wider 
range of monomers that can be used. 

Three types of polymers have been employed as steric 
stabilizers to prevent the flocculation of growing par- 
t i c l e ~ . ~ ~  Originally, amphiphilic graft polymers were 
generated in situ by reaction of radicals in the system 
with homopolymer precursors. A classic example is the 
use of butyl rubber (poly(isobutylene-co-isoprene)) to 
generate a steric stabilizer during polymerization of 
methyl methacrylate (MMA) in aliphatic hydrocar- 
bons.14J8 We have used poly(2-ethylhexyl methacrylate) 
to generate a steric stabilizer for poly(viny1 acetate) in 
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this way.lg Hydrophilic polymers such as (hydroxy- 
propyl)cellulose,20-22 poly(acry1ic a ~ i d ) , ' ~ ~ ~ ~  and poly(N- 
vinylpyrrolidone)16J7 have been employed for the prepa- 
ration of PS latex particles in alcoholic media. 

A second strategy involves the use of AB and ABA 
block polymers as steric stabilizers. Block copolymers 
used in this way include poly(styrene-b-methyl meth- 
acrylate),24 poly(styrene-b-dimethylsiloxane) (PS-b- 
PDMS),25 and poly(styrene-b-ethylene oxide).26 When 
a selective solvent for the block copolymer is used as 
the continuous phase, these polymers adsorb onto the 
surface of particles formed to  improve their colloidal 
properties. Unless grafting of block copolymers occurs, 
the adsorption can be weak. That may be the reason 
that in such systems broad or bimodal size distributions 
are often observed.26 

The third strategy involves the use of macromono- 
mers. Macromonomers can be prereacted to form graft 
copolymers which are subsequently introduced into the 
dispersion polymerization reaction, or they can be 
allowed to react in situ to form graft copolymers. The 
use of a macromonomer to make a preformed graft 
copolymer was pioneered by ICI. Their approach in- 
volved the use of a poly(l2-hydroxystearic acid) (HSA) 
macromonomer with a methacrylate end g r 0 ~ p . l ~  This 
was polymerized with MMA to  produce a comb-graft 
copolymer which has limited solubility in pure aliphatic 
hydrocarbons but has adequate solubility in hydrocar- 
bon-monomer mixtures. It is particularly effective in 
stabilizing PMMA NAD particles. 

The idea of introducing macromonomers into a po- 
lymerization reaction to generate a steric stabilizer in 
situ is relatively new. It provides a simple and flexible 
method for stabilizing growing particles for a wide 
variety of monomers. These experiments have used 
amphiphilic macromonomers, either for emulsion poly- 
m e r i z a t i ~ n ~ - ~ ~ ~ ~ ~ ~ ~  or for dispersion polymerization.11,28 
One of the most important issues in this methodology 
is the reactivity of the macromonomer in the solvent 
used for the emulsion or dispersion polymerization. 

The experiments reported here use a series of PEO 
macromonomers containing a styrene end group. They 
have the structure 1 indicated below and are referred 
to by the notation R-EO,-C,-S. Here S refers to  the 
styrene end group; m, to the number of CH2 groups; and 
n, to the degree of polymerization of the PEO. Previous 

RO-(CHICHIO).-(CHI), -0 H=CH2 

(1) R-EO,-C,-S 

R= H, CH3, n-C4Hp, C(CH3)3, n-CsH,,, n - C 4 3 ,  

studies of the radical homopolymerization of these 
macromonomers in aqueous media have shown that the 
polymerization proceeds rapidly as a result of organiza- 
tion of these macromonomers in ~ a t e r . ~ ~ - ~ l  In copo- 
lymerization reactions of 1, the apparent reactivity ratio 
of the macromonomers was found to  increase in water 
and alcohol media compared to that in less polar organic 
solvents. The polymerization rate in water also in- 
creased as the alkyl chain length between the PEO and 
the styrene was lengthened, presumably as a result of 
the increased organization of styrene groups.l0 This 
type of self-association may or may not contribute to  
the polymerization reactions we intend to examine. 

In the present study, the dispersion copolymerization 
behavior of n-butyl methacrylate (BMA) with the PEO 
macromonomers 1 in methanol-water media is inves- 
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tigated. The macromonomers used for the present study 
are C1-EOn-Cm-S, where CI indicates a terminal 
methoxy group, m = 1 ,4 ,  or 7, and n = 53 or 110. We 
are interested primarily on how various factors affect 
the size and size distribution of the latex particles 
produced. As variables, we examine the structure and 
molecular weight of macromonomers, the initial BMA, 
initiator, and macromonomer concentrations, tempera- 
ture, and solvent composition. 

The mechanism of dispersion polymerization is still 
poorly understood compared to that of emulsion polym- 
e r i ~ a t i o n . ~ ~  Recently, a major contribution to this field 
has been made by Paine12 in terms of both new experi- 
ments and a useful theoretical model of the dispersion 
polymerization mechanism. His semiquantitative model 
is based on the coagulative nucleation principle. He has 
employed a computer simulation to describe particle 
aggregation among unstabilized particles. While the 
model is attractive in terms of its underlying principles 
and provides a deeper quantitative understanding of the 
particle formation process, experimental results still 
cannot be explained quantitatively in terms of this 
model. In the present paper, we revise this model to 
accommodate the formation of steric stabilizer from 
macromonomers in the reaction. The experimental 
results obtained here are discussed in detail and com- 
pared with the theory. 

Theory 
According to the aggregative and coagulative nucle- 

ation theories33 which all derive originally from the 
homogeneous nucleation theory of Fitch and T ~ a i , ~ ~  the 
most important point in the reaction is the instant at 
which colloidally stabilized particles form. After this 
point, coagulation between similar-sized particles no 
longer occurs, and the number of particles present in 
the reaction is constant. The dispersion copolymeriza- 
tion of BMA with amphiphilic macromonomers 1 is 
considered to proceed as follows: (1) Before polymeri- 
zation, the monomer, macromonomer, and initiator 
dissolve completely into the solvent. (2) Linear oligo- 
mers, polymers, and graft copolymers are all produced 
by polymerization in the continuous phase, accompanied 
by the decomposition of the initiator. The solubility of 
these polymers is a function of their molecular weight 
and the composition of the graft copolymer. Polymers 
with a molecular weight larger than a certain critical 
value precipitate and begin to coagulate to form un- 
stable particles. (3) These particles coagulate on con- 
tact, and the coagulation between them continues until 
sterically stabilized particles form. (4) This point is 
referred to as the critical point, and it occurs when all 
of the polymers contain sufficient PEO chains at the 
surface to provide colloidal stability. 

After this point, particles grow both by diffusive 
capture of oligomers and coagulation of small particles 
(nuclei, precursors) produced in the continuous phase 
and by polymerization within the particle of monomer 
that partitions between the two phases. The total 
particle number remains constant so that the particle 
size is only a function of amount of polymer produced. 
The locus of polymerization is an important consider- 
ation, both for the molecular weight and composition of 
graft copolymers being formed and for that of homopoly- 
mer in the particles. We will not be concerned with the 
molecular weight of polymers formed in this study. Our 
focus will be on particle size and its distribution. 

The particle size is determined at the critical point 
by the amount of polymer produced thus far. In the 
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discussion that follows, we use the term 8 t o  describe 
the fractional conversion of monomer to  polymer (0 I 8 
I 1) and 8 D  to describe the corresponding conversion of 
macromonomer. The weight (WB in g/L) of BMA po- 
lymerized at any point in the reaction is defined as 
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diffision-controlled rate constant for coalescence be- 
tween similar-sized particles (M-l s-l). [I] is the initia- 
tor concentration (moa) ,  and @d is the product of the 
decomposition rate constant (s-l) for the initiator and 
the fraction of initiator fragments initiating polymeri- 
zation. 

From eqs 1 and 8, can be written as 

Here WBO is the weight of BMA in the reactants; R is 
the radius (cm) of particle volume occupied by the 
PBMA. N is the total number of particles per liter, and 

is their density (1.06 g/cm3 for PBMA). 
The surface area per particle is determined by the 

surface area (S) occupied by a PEO chain times the 
number (n) of these chains grafted onto the surface 

nS = 4nR2 (2) 

(3) 

WDO is the weight (in g/L) of macromonomer in the 
reactants. NA is Avogadro’s number, and MD is the 
molecular weight of the macromonomer. From eqs 1-3, 
one can obtain a universal relationship between the 
particle radius of PBMA and the extent of polymeriza- 
tion for sterically stabilized particles: 

~ M D W B O ~  RS = 
eNAWDO8D 

(4) 

At the critical point, sterically stabilized particles are 
formed, and coalescence between similar-sized particles 
is terminated. At this point one has R = Rcrit, S = Scrit, 
8 = and 8 D  = 8D&. Since the particle number N 
remains constant after this point, both R and S, at any 
subsequent conversion, can be described by the expres- 
sions 

where rl is the reactivity ratio in copolymerization of 
BMA (MI) with macromonomer (Mz). At low conversion, 
rl in this system is defined as 

‘1 = ‘crid8D crit 

The 8 D  can be written in terms of rl. 

According to Paine,12 computer simulations using the 
multibin kinetic model for the coalescence between the 
unstable moieties indicate that the particle number (N) 
at the critical point is given by 

where k, is the propagation rate constant (M-l s-l), kt 
is the termination rate constant (M-l s-l), and It2 is the 

Substituting eqs 1 and 9 into eq 5 yields the equations 

In eq 10, one sees that the radius of latex particle follows 
simple scaling relationships with the key parameters 
in the system: [BMAIou3, [macromonomerlo~2, and 
  initiator]^^/^, where [ 10 means initial concentration. 
These equations also predict that the particle size and 
stabilization are determined by the magnitude of rl. In 
addition, one sees in eq 11 that the surface area occupied 
by a PEO chain follows in the case of azeotropic 
copolymerization, 8 = OD. This means that the PEO 
chain conformation for chains grafted onto the latex 
particle will change with grafting density, as will be 
discussed later. 

To proceed, one must estimate 
the S value at the critical point. We begin by making 
two assumptions, first that no PEO becomes buried 
inside the particles as a consequence of macromonomer 
polymerization, and second that no PEO macromonomer 
is adsorbed onto the surface of the particles. The first 
assumption may not necessarily hold in dispersion 
copolymerization, particularly in the case of aggregative 
nucleation. However, it should be noted that eq 10 does 
not change much even if both of these effects are 
considered. These processes should be incorporated into 
the terms rl and Scrit. In this paper, we estimate 
only for the simplest case. 

The value of S is dependent upon the conformation 
of a single PEO chain grafted onto the surface of a latex 
particle. According to the de Gennes “mushroom” 
modePs for a polymer grafted to a surface with which 
it does not interact, the polymer chain occupies a volume 
determined by its mean-squared radius of gyration (S2). 
When the surface becomes crowded with chains, ad- 
ditional energy is needed to deform the polymer mush- 
rooms into brushes. When the particle surfaces are 
covered completely with random coils of the PEO 
polymer, the particles are also sterically stabilized 
against coagulation. 

We define Scfit in terms of a surface covered by 
undeformed polymer coils, calculating the maximum 
surface area occupied by a single PEO chain from its 
dimensions in the continuous phase. In this approxi- 
mation, we treat the PEO chain as a rigid sphere with 

Estimation of 
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Table 1. Molecular Characteristics of Macromonomers 
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2.5 

GPC NMR 
samples nu 10-3Mn MdMn nb P(%) 

Ci-EOfi3-Ci-S 52 2.40 1.07 50 99 
Ci-E053-C4-S 53 2.50 1.06 53 100 
C1-E053-Ci-S 54 2.48 1.06 52 98 
Ci-EOilo-C1-S 110 4.96 1.05 115 96 
Ci-EO110-C4-S 111 5.05 1.04 112 100 
Ci-EOiio-C7-S 114 5.20 1.04 117 97 

a Determined by GPC calibrated with PEO standards. Number 
of EO units per chain, determined by lH-NMR from the ratio of 
peak areas of oxyethylene to w-methoxy protons. e The functional- 
ity of double bonds per molecule (in percent) determined by "- 
NMR from the ratio of peak areas of vinyl to w-methoxy protons. 

random coil dimensions, affixed on the surface of a latex 
particle. In this case, can  be written as36 

S&t = 5/3n(S2) (12) 

Values of (S2), for PEO in methanol  at 25 "C are 
available in the literature and fit the expression37 

($2),1'2 = 0.16M,,0.585 (13) 

In our  system, the two PEO macromonomers have 
degrees of polymerization of ca. 53 a n d  110. These are 
suficient ly  short, so that the polymer dimensions will 
resemble the unperturbed dimensions of the chains. 
This may mitigate two factors that we are unable to take 
into account. The copolymerization reactions were run 
at 70 "C in methanol-water mixtures with BMA. Both 
temperature  and solvent will affect the magnitude of 
(S2) and (S2),fit. In this paper, we use the values in 
methanol at 25 "C. 

Experimental Section 
Materials. The PEO macromonomers (1) were prepared 

by the method reported in previous papers from the Ito group.l0 
In short, C1-EOn-C1-S was prepared under nitrogen by 
reacting the Cl-EO,-OH (Aldrich) with a slight excess of 
sodium hydride followed byp-vinylbenzyl chloride in dry THF 
at room temperature. p-(4-Bromobutyl)styrene and p ( 7 -  
bromohepty1)styrene were prepared by the reactions of (p- 
vinylbenzy1)magnesium chloride, either with 1,3-dibromopro- 
pane or 1,6-dibromohexane in dry ether at 0 "C. C1-EOn- 
C4-S and C1-EOn-C,-S were prepared in dry THF by 
reacting Cl-EO,-OH with a fivefold excess of either p ( 4 -  
bromobuty1)styrene or p-(7-bromoheptyl)styrene in the pres- 
ence of a fivefold excess of sodium hydride at room tempera- 
ture. The reaction solutions were twice poured into dry 
acetone from THF to precipitate salts, which were then 
removed by filtration. The filtrate was recovered by precipita- 
tion into hexane and purified by three reprecipitation cycles 
from THF. Finally, the macromonomers were freeze-dried 
from benzene. The molecular characteristics of the mac- 
romonomers are presented in Table 1. The degrees of polym- 
erization of the PEO chains (n) determined by gel permeation 
chromatography (GPC) are ca. 53 and 110, in agreement with 
results obtained from end group analysis by lH-NMR. The 
functionality cf, of double bonds determined by lH-NMR is also 
satisfactory. 

BMA (Aldrich) was distilled just before use. Spectroscopic 
grade methanol (Caledon Laboratories Ltd.) was used without 
further purification. Water was purified by a Millipore Milli 
Q purification system. a,a'-Azobis(iaobutyronitrile) (AIBN) 
(Polysciences Ltd.) was purified by recrystallization three 
times from ethanol. 
Dispersion Copolymerization. Dispersion copolymeriza- 

tions were carried out with a 50 mL three-neck reactor fitted 
with a condenser and a mechanical stirrer (200 rpm) under 
nitrogen26 The half-moon-type impeller was used. The 

1.5 ' 
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Log[Macromonomer] (M) 
Figure 1. Double-logarithmic plots of latex particle radius 
(R) vs [macromonomer]. [BMAI = 0.744 M, [I] = 13.4 mM, 
and T = 70 "C. The solvent is methanol containing 20 vol % 
water. (0) C1-E053-C1-S, (0) Cl-E053-C4-S, and (0) C1- 
EOm-C7-S. 

solvent composition varied from 5 to 25 vol % water in 
methanol. BMA concentration was varied from 0.32 to 1.0 moll 
L. Initiator concentrations ranged from 3.4 to 108 mmoyL. 
Macromonomer concentrations ranged from 0.85 to 14.2 mmoll 
L. The polymerization temperature range was from 60 to 85 
"C. Under these experimental conditions, the solution before 
polymerization was completely clear. After purging with 
nitrogen for 20 min, the polymerization was commenced by 
immersing the reactor in an  oil bath at the appropriate 
temperature. 

Measurements. GPC measurements were run with an 
HPLC (Jasco, TRIROTOR-111) equipped with an  RI detector 
(Shodex SE-11) and GPC columns (Shodex A-802 and A-803). 
THF was used as the eluent at a flow rate of 1 d m i n  at 40 
"C. Molecular weights were calibrated by using a series of 
standard PEO samples from Tosoh Co., Ltd. 'H-NMR spectra 
(JEOL JNM-GX 270 FT spectrometer) were run on samples 
in CDCl3 with tetramethylsilane as an  internal standard. 
Particle size and size distribution were measured with a 
dynamic light scattering photometer (Brookhaven Instruments 
BI-90 particle sizer) with a k e d  scattering angle of 90" at 20 
"C. The solvent used was methanol (viscosity is 0.597 cP). The 
data analysis was carried out using an algorithm of the inverse 
Laplace transformation method.26 The intensity median di- 
ameter in the BI-90 was used as an  average diameter of the 
particles. As a measure of the size distribution, the GSD 
(geometric standard deviation) was used. In all experiments, 
the GSD values are from 1.1 to 1.2. This means that the size 
distribution is monodisperse or nearly monodisper~e .~~ 

Results and Discussion 

To compare the theory with the dispersion copolym- 
erization behavior, the influence of various factors on 
the latex particle size was examined. All experimental 
results discussed here are from experiments carried out 
to  100% conversion. We used an interesting approach 
to  monitoring the extent of monomer and macromono- 
m e r  conversion by lH-NMR which will be described in 
detail in a future  p u b l i ~ a t i o n . ~ ~  Reactions were run 
using deuterated solvent as the reaction medium. In 
this way we could follow the residual methacrylate a n d  
p-alkylstyrene group concentrations by direct lH-NMR 
measurements on the reaction mixture. We confirmed 
that both conversions are 100% after 6 h of polymeri- 
zation. 

Macromonomer Concentration and Structure. 
Double-logarithmic plots of the radius  of the latex 
particles as a function of macromonomer concentration 
[macromonomer] are shown in Figure 1. With increas- 
ing [macromonomer], the latex size decreases. The 
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Log[Macromonomer] (M) 
Figure 2. Double-logarithmic plots of latex particle radius 
(R)  vs [macromonomer]. The conditions are the same as in 
Figure 1. (0) CI-EOW-C~-S and (0) C1-EO11o-CvS. 

following scaling behavior is obtained, irrespective of 
the choice of macromonomer used 

(14) -0.56f0.02 R = K[macromonomerlo 

The value of the exponent is only slightly larger than 
that (0.50) in eq 10. A range of dependence of particle 
size on stabilizer concentration has been reported for 
NAD polymerization in hydrocarbon and alcohol me- 
dia.l4J7?Z5 The vdues of the exponent vary from -0.30 
to -0.80. 

Another important feature of the reaction shown in 
Figure 1 is the dependence of the h a 1  particle size on 
the structure of the macromonomer. Decreasing the 
length of the alkyl chain separating the styrene group 
from the PEO leads to an increase in the particle size. 
This result can be interpreted in terms of differences 
in rl values. The rl value is determined to be 1.0 f 0.2 
for the CI-EO~~-C~-S rnacr~momer.~~ It is reasonable 
to assume that the apparent reactivity of the mac- 
romonomer (l/rl) in a polar medium increases with the 
length of the alkyl chain.1° Macromonomers with long 
alkyl chains are more liable to adsorb onto those 
portions of the hydrophobic latex particle surface which 
are not sterically stabilized. This would increase both 
the local concentration of macromonomer and the 
particle stability. As a result, the number of sterically 
stabilized particles would increase at the critical point. 
Therefore, the value of rn in the macromonomers of 
structure 1 should be considered to be an important 
parameter for designing reactions to produce a particu- 
lar particle size. 

Molecular Weight of Macromonomer. Figure 2 
presents double-logarithmic plots of particle radius vs 
[macromonomerl for Cl-E053-C7-S and C1-EOllo- 
C7-S. One can see in this figure that the longer the 
PEO chain, the smaller the particle size a t  the same 
macromonomer concentration. This result corresponds 
to  the increase in surface area occupied by a single PEO 
chain. From eqs 10, 12, and 13, the PEO chain-length 
dependence of the particle radius a t  a given mac- 
romonomer concentration (mom) can be written as 

-0.585 R a (ItEo) 

We have only two PEO chain lengths. Also the slope 
changes with PEO chain length, so that we cannot 
estimate exactly the PEO chain-length dependence over 
the entire range of our experiments. At low and high 

0.25 
1.5 1 
-0.75 -0.50 -0.25 0.00 

LogiBMAI (MI 
Figure 3. Double-logarithmic plot of latex particle radius (R) 

T = 70 "C. The solvent is methanol containing 20 vol % water. 

[macromonomer], we obtain R N n-0.31 and R - n-o.28, 
respectively. 

The experimental values of the exponent are signifi- 
cantly smaller than that in eq 15, but this is not so 
surprising. Possible reasons for this difference are 
related to the solvency of the medium for the mac- 
romonomer and to the molecular weight of the PEO 
chain. The PEO macromonomers do not dissolve in 
pure BMA. Since BMA is a nonsolvent for PEO, its 
presence in significant quantities at the beginning of 
the reaction should tend to decrease the PEO chain 
dimensions. The particle number is determined at an 
early stage in the reaction, when the BMA concentration 
is high. For the macromonomer in a poor solvent, the 
value of the exponent should be smaller than that in 
eq 13. In addition, eq 13 does not necessarily hold for 
low molecular weight polymers. In dilute solutions of 
homologous polymers, it is known that stiffness effects 
become important in the low molecular weight region, 
and the scaling exponent between (S2) and molecular 
weight deviates from the asymptotic behavi~r?O>~l 

Paine also reported a smaller value of this exponent 
in a very different system (i.e., 0.27-0.36).17 A molecu- 
lar weight dependence was reported by Dawkins and 
Taylor25 for a series of PS-b-PDMS block copolymers 
used as a steric stabilizer in NAD polymerizations of 
styrene. A double-logarithmic plot of particle diameter 
against the molecular weight of the PDMS gave a power 
law dependence of about -1.8. This exponent, however, 
seems to be too large to be explained only in terms of 
the chain conformation of PDMS in hexane. It should 
be noted here for C ~ - E O ~ ~ O - C ~ - S  that R = [macro- 
m0norner]-~.5~, in better agreement with the theoretical 
value than for the macromonomer with n = 53. 

Initial BMA Monomer Concentration. Initial 
monomer concentration has a major influence on the 
final particle radius. According to  the data in Figure 
3, particle radius increases significantly with increasing 
initial BMA concentration. The scaling relationship 
obtained is 

vs [BMAI. [Ci-E053-C7-S] = 3.66 mM, [I] = 13.4 mM, and 

0.82f0.06 R = HBMAI, (16) 

The value of the exponent in eq 16 is significantly larger 
than that in eq 10. This is also likely to be due to a 
solvency effect. BMA is good solvent for the PBMA 
polymer being formed in the reaction but, as we pointed 
out, a poor solvent for the PEO chain. We can rational- 
ize this kind of solvent effect in terms of the value of 
Scfit in eq 10. With increasing [BMAI, Sc,.it decreases. 
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Figure 4. Double-logarithmic plot of latex particle radius (R) 
vs [I]. [CI-EO~~-C,-S] = 3.66 mM, [BMAI = 0.744 M, and 
T = 70 "C. The solvent is methanol containing 20 vol % water. 

As a consequence, the latex particle size increases with 
a larger exponent than the one predicted from eq 10. 
Another factor is that the polymerized macromonomer 
may not adsorb onto the particle surface, particularly 
if it has low molecular weight in the BMA chain, when 
the BMA content is higher. 

Initiator Concentration. There have been rela- 
tively few publications about the effect of initiator 
concentration on particle size. 16,42,43 Croucher and 
Winnik42,43 reported that the greater the initiator 
concentration, the larger the final particle size in the 
NAD polymerization of MMA. Also, Vanderhoff, El- 
Aasser,16 and Paine17 observed a power law dependence 
of +0.40 in the dispersion polymerization of styrene in 
alcohol. Figure 4 presents our results. In marked 
contrast to previous results, we find that the final 
particle radius slightly decreases with increasing initia- 
tor concentration. We obtain the following scaling 
relationship: 

0.10*0.01 R = K[I],- (17) 

This exponent value is consistent with that predicted 
in eq 10. This may imply a fundamental difference in 
nucleation mechanism between the two systems. This 
needs further study. Here, one can conclude that the 
model describes the present system better than the 
previous systems including chain transfer reaction. 

&Dependence of Latex Particle Radius. Accord- 
ing to eq 10, the particle radius is proportional to the 
fractional conversion of monomer as 8113. Here we 
determined 8 values separately by 'H-NMR. These 
dispersion copolymerization reactions were carried out 
in deuterated solvent.39 We find that R is indeed 
proportional to @I3, which indicates that, above the 
critical point, the particle number remains constant 
throughout the reaction. 

Solvent Composition. Solvent quality is well known 
to play a key role in the final particle size. One 
explanation for the influence of initial monomer con- 
centration on particle size is through its effect on the 
solvency of the medium. In Figure 5 we examine the 
effect of the volume percent water in the reaction 
medium on the radius of the particles produced. Par- 
ticle size increases with increasing amounts of water. 
This is a striking result for  US.^ Water is a good solvent 
for PEO and should increase S,~t. As a consequence, 
latex particle size should decrease with increasing water 
content in the system if the solvency of the medium for 
the steric stabilizer were the dominant factor. In the 
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Figure 5. Plot of latex particle radius (R) vs water concentra- 
tion (~01%). [CI-EO~~-C~-SI = 3.66 mM, [BMAI = 0.744 M, 
[I] = 13.4 mM, and T = 70 "C. 
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Figure 6. Plot of latex particle radius (R)  vs temperature. 

mM. The solvent is methanol containing 20 vol % water. 

limiting case of pure water as the reaction medium, the 
polymerization reaction becomes one of emulsion po- 
lymerization, which affords smaller size particles. 

Ober and Lok15 reported that the final latex radius 
in their system is inversely proportional to the solubility 
parameter of the medium. In contrast, Paine reported 
that the final particle diameter shows a maximum when 
the Hansen polarity and the hydrogen-bonding term in 
the solubility parameter are close to those of the steric 
stabilizer.20 Our results are not necessarily at odds with 
Paine's ideas. The behavior of PEO in water and in 
water-methanol mixtures is rather complex, and this 
complexity is only exacerbated by the presence of 
decreasing amounts of BMA in the medium as the 
reaction proceeds. We conclude that we cannot inter- 
pret these results with the present model. 

Polymerization Temperature. A plot of particle 
size against temperature is shown in Figure 6. One sees 
that particle size increases with decreasing tempera- 
ture. This is also in contrast to the results of Ober and 
Hair.45 They showed that larger particles are obtained 
at higher temperature. The effect of temperature on 
particle size is predicted from the temperature depen- 
dence of the various rate constants in eq 10. 

d l n R  - wi!-wp+Et-Ed 

d(l/kT) 12 

[Ci-E053-C,-S] = 3.66 mM, [BMAI = 0.744 M, and [I] = 13.4 

(18) 

where Ez, E,, Et, and E d  are the activation energies for 
particle coalescence, polymerization, the termination 
step for BMA, and initiator decomposition, respectively. 
Here k is the Boltzmann constant. We have ignored the 
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initial reactant concentrations in the system, viz., R = 

[ i n i t i a t ~ r l o - ~ ~ ~ ~ ~ ~ ~ ~ ~ .  Here n refers to the chain length 
EO, of the PEO chain in the macromonomer. These 
exponents are close in value to those predicted from the 
model and for our system. 
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Figure 7. Schematic representation for the PEO sterically 
stabilized latex particles at the critical point and at 0 = 1.0. 
The picture is drawn by using calculated values in the text. 
The solid lines represent PEO chain. 

temperature dependence of (S2).  For BMA, E ,  = 20.4 
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for AIBN.46 The activation energies for coalescence, 
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x M, and T 
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of predicting particle size in the dispersion polymeri- 
zation reactions, irrespective of the extent of grafting.12 
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packed PEO mushrooms on the particles at the critical 
point. Here we see that further growth in particle size 
is accompanied by a crossover to a polymer brush for 
the PEO at the particle surface. 
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