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ABSTRACT: Evidence of compartmentalization of the catalytic chain transfer agent in seeded emulsion
polymerization of methyl methacrylate (MMA) is shown experimentally. The addition of bis[(difluoro-
boryl)dimethylglyoximato]cobalt(II) (COBF) to seed particles swollen below their maximum saturation
concentration exhibited multimodal molecular weight distributions (MWD) which are attributed to a
statistical distribution of COBFmolecules over the polymer particles. The experimental observations suggest
that there are two limits for catalytic chain transfer in emulsion polymerization: (i) at the earlier stages of the
polymerization where a global COBF concentration governs the MWD and (ii) at the latter stages of the
polymerization where a statistical distribution of COBF molecules governs the MWD. To the best of our
knowledge, these results are the first to suggest evidence of compartmentalization in catalytic chain transfer
mediated emulsion polymerization.

Introduction

Compartmentalization in heterogeneous polymerization syst-
ems refers to two distinctive and opposite effects:1,2 first, a
segregation effect where radicals located in different particles
are unable to react with each other and, second, a confined space
effect where the reaction rate between two radicals in a particle
increases with decreasing particle size. When compared to bulk
polymerization, the high reaction rates and high average molecu-
lar weights in emulsion polymerization are due to the segregation
of radicals. Strong compartmentalization behavior in emulsion
polymerization can result in a scenario where there are only zero
or one radical in a particle, when bimolecular termination is
sufficiently fast. This scenario is also referred to as zero-one
kinetics, in which the entry of a radical into a particle already
containing one radical results in (pseudo)-instantaneous termina-
tion.3,4 Both the rate of polymerization per particle and the
average molecular weight of the polymer formed depend on the
characteristic time of radical entry. In a second scenario, referred
to as pseudobulk kinetics, the average number of radicals per
particle (n) is relatively large, and particles can containmore than
one radical at a time. In this scenario the effects of compartmen-
talization are less pronounced.

Compartmentalization in emulsion polymerization is not re-
stricted to radicals only. In recent years controlled/living radical
polymerization has extended the range of polymer architectures
obtainable from classic free radical polymerization.5-8 Con-
trolled/living radical polymerization techniques such as reversible
addition-fragmentation chain transfer (RAFT), nitroxide-
mediated polymerization (NMP), and atom transfer radical
polymerization (ATRP) include the addition of an agent which
controls the molecular weight of the polymer at the loci
of polymerization, i.e., the polymer particles. Although compart-
mentalization inNMP9-12 andATRP1,13mediated emulsionpoly-
merization refers to the compartmentalization of the controlling

agent, and not to the segregation of radicals as in a conven-
tional emulsion polymerization, it does affect the rate of poly-
merization and livingness of the system9,13 (i.e., the average
molecular weight obtained and the polydispersity index). Com-
partmentalization in catalytic chain transfer (CCT) mediated
emulsion polymerization also affects the average molecular
weight and polydispersity index; however, it differs from com-
partmentalization in controlled/living radical polymerization as
it seems to be determined by mass transfer effects rather than by
particle sizes.

CCT is a versatile method for robust molecular weight
control.14-20 In catalytic chain transfer mediated polymeriza-
tions, the radical activity is transferred from a propagating
radical to a monomer molecule, yielding a dead polymer chain
with a vinyl end-group functionality and a monomeric radical
(Scheme 1). In the first step, the active Co(II) complex
abstracts a hydrogen atom from the propagating polymer
chain, resulting in a dead polymer chain and a Co(III)-H
complex. Subsequently, the hydrogen atom is transferred from
the Co(III)-H complex to a monomer molecule, regenerating
the active Co(II) complex and yielding a monomeric radical
capable of propagation.

Bulk and solution polymerizations are homogeneous reac-
tionswhere the bis[(difluoroboryl)dimethylglyoximato]cobalt(II)
(COBF) concentration in the locus of polymerization is equal to
the overall COBF concentration in the reaction mixture. The
number-average degree of polymerization (DPn) can be predicted
accurately by the Mayo equation21 (eq 1), where DPn,0 is the
number-average degree of polymerization that would obtained in
the absence of chain transfer agent, CT is the chain transfer
constant, and [M] is the monomer concentration.
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Because of the compartmentalized nature of the emulsion
polymerization, the COBF concentration at the loci of the*Corresponding author. E-mail: j.meuldijk@tue.nl.
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polymerization, i.e., the polymerparticles, differs from the overall
COBFconcentration. Catalytic chain transfermediated emulsion
polymerizations with COBF often proceed in a regime where the
ratio of number of COBF molecules and the number of polymer
particles (NCOBF/Np) < 1, depending on the partition coefficient
(mCo) and the phase ratio (β). In ab initio emulsion polymerizat-
ion where the viscosity inside the polymer particles remains
relatively low throughout the course of the polymerization, fast
COBF mass transport between the polymer particles and the
aqueous phase occurs. Monomodal molecular weight distribut-
ions are obtained with an instantaneous number-average degree
of polymerization (DPn,M) that can be predicted by the Mayo
equation incorporating COBF partitioning22 (eq 2).

DPn,m ¼ VM½M�p
CT

1

NCo, 0

mCoβþ1

mCoðβþ1Þ
� �

1þ 1

β

� �
ð2Þ

In this equationVM is the total volume of the organic phase, [M]p
the monomer concentration inside the polymer particles, NCo,0

the absolute amount of COBF in moles, and CT the intrinsic
activity of COBF expressed as the chain transfer constant.

Fast exchange of COBF between the polymer particles
results in a situation where a single COBF molecule is able
to mediate multiple polymer particles, and hence there is an
apparent COBF concentration over the entire organic phase.
The Mayo equation, incorporating COBF partitioning, is
valid in this situation and is able to successfully predict the
instantaneous degree of polymerization.22 However, if the
mobility of the catalytic chain transfer agent is severely
restricted, for instance in interval III of the polymerization
when the viscosity of the polymer particles increases tremen-
dously with conversion, compartmentalization of the catalytic
chain transfer agent might occur, and this could affect the
molecular weight distribution.

In the presented work we report evidence of compartmentaliz-
ation effects in the catalytic chain transfer mediated emulsion
polymerization of methyl methacrylate (MMA) with COBF.
This catalytic chain transfer agent with considerable water
solubility was used to exclude any transport limitations between
the polymer particles and the aqueous phase.

Results and Discussion

ExperimentalResults.The number ofCOBFmolecules per
particle can be calculated if (i) the number of polymer
particles is accurately known and (ii) if there are nomonomer
droplets present during the polymerization. Seeded emulsion
polymerizations where the polymer particles are swollen
below the saturation swelling concentration meet both
requirements. The Vanzo equation can be used to estimate
the amount of monomer required to swell the polymer
particles to 85% of their saturation swelling.23

The partitioning behavior of COBF in a methyl metha-
crylate emulsion polymerization has been described before,
and the instantaneous number-average degree of polymeri-
zation (DPn,M) can be predicted accurately with the Mayo
equation incorporating COBF partitioning (eq 2).22,24 The
partitioning behavior of COBF is expressed in terms of the
partition coefficient mCo = [COBF]M/[COBF]W and the

phase ratio β=VM/VW. The total volume of the organic
phase includes the polymer particles and, as the partition
coefficient is hardly affected by the presence of polymer in
themonomer phase,25 bothmonomer and polymer. The phase
ratio for a seeded emulsion polymerization is given by eq 3,
where Vseed, VW, and VMMA,aq are the volume of seed latex,
water, and MMA dissolved in the aqueous phase, respec-
tively, fp the volume fraction of polymer in the seed latex, and
jMMA the actual swelling of MMA in a polymer particle.

β¼ Vseed fpþVseed fpjMMAþVMMA, aq

Vseedð1-fpÞþVW
ð3Þ

Calculation of the phase ratio requires of the volume of
seed polymer (=Vseed fp), the volume of monomer in the
polymer particles (=Vseed fpjMMA), the volume of water

Scheme 1. Overall Reaction of Catalytic Chain Transfer to Monomer

Figure 1. Average number of bis[(difluoroboryl)dimethylglyoximato
(COBF) molecules per seed polymer particle for different particle
diameters, i.e., 48, 90, 200, and 600 nm. Calculated nCOBF based on
mCo=0.72 dmW

3 dmM
-3 and β based on eq 3 ( 3 3 3 ). Experiments as

reported in this work (b).

Table 1. Latex Properties of the Methyl Methacrylate Emulsions
Prepared by the Seeded Emulsion Polymerization of Methyl Metha-

crylate with Seed Latexes S01-S04 at 70 �C

expa seed

NCOBF/
NMMA

[ppm] nCOBF
b xc

Np

[dmW
-3]

dp(V)
d

[nm] polye

C011 S01 0.0 0.0 1.00 3.3� 1018 68 0.104
C012 S01 1.1 0.05 0.97 3.3� 1018 67 0.086
C013 S01 5.6 0.25 0.61 3.3� 1018 64 0.089
C014 S01 11.2 0.50 0.64 3.3� 1018 71 0.080
C015 S01 22.5 1.00 0.19 3.3� 1018 63 0.076
C021 S02 0.0 0.0 0.92 7.3� 1017 118 0.010
C022 S02 3.5 0.5 0.65 7.3� 1017 105 0.034
C023 S02 7.1 1.0 0.74 7.3� 1017 113 0.031
C024 S02 14.1 2.0 0.46 7.3� 1017 103 0.061
C031 S03 4.0 50 0.90 1.1� 1016 224 0.089
C041 S04 5.4 550 0.86 6.2� 1014 649 0.029

aThe codes of the CCT polymerizations are given by C0Xx, where
X refers to the seed latex used andx to the xth experiment. bThe absolute
number of COBFmolecules was calculated using the phase ratio, which
was a constant in all experiments, β=0.25 dmM

3 dmW
-3 and a partition

coefficient of 0.72 dmw
3 dmM

-3. cFinal conversion obtained from
gravimetrical analysis. dThe volume-average particle diameter. ePoly
is the polydispersity of the particle size distribution as calculated by the
Malvern software.
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(=Vseed (1 - fp) þ VW), and the volume of monomer in the
aqueous phase, given by eq 4.

VMMA, aq ¼
½MMA�sataqMMMA½Vseedð1- fpÞþVW�

FMMA

jMMA

jMMA, sat
expðjMMA, sat -jMMAÞ

( )
ð4Þ

In this equation, [MMA]aq
sat is the saturation solubility of

MMA in the aqueous phase, MMMA the molar mass of a
monomer molecule, FMMA the density ofMMA, andjMMA,sat

the saturation swelling of MMA in a polymer particle. The
phase ratio for all reported experiments was 0.25, corres-
ponding to a solid content of 20%. The number of COBF
molecules per particle can be calculated by using eqs 3 and 4
and a mass balance for COBF and dividing by the absolute
number of polymer particles. The average numbers of COBF
molecules per polymer particle (nCOBF = NCOBF/Np) for
different particle diameters are presented in Figure 1.

Besides the control of the molecular weight distribution,
COBF also affects the course of the emulsion polymeriza-
tion. For small polymer particles, the amount of COBF
required to obtain a high nCOBF is expected to result in low
rates of polymerization as the radical entry rate is severely
decreased and the exit and termination rate increased.25-27

For large polymer particles, the amount of COBF required
to obtain a low nCOBF would result in very high degrees of
polymerization, most likely hardly indistinguishable from
that of the seed latex. As the number of COBFmolecules per
particle strongly depends on the particle size, seed latexes
with different particle sizes are required to cover the full
range of 0.05 e nCOBF e 500. The experimental results of
the compartmentalization experiments are summarized in
Table 1.

A crucial parameter is the number of polymer particles in
the polymerization. The calculations ofNCOBF/Np are based

on the initial particle number, as obtained from the analysis
of the different seed latexes S01 to S04. The poly’s of the
particle size distributions (PSD) after swelling and polymeri-
zation are all below 0.1, which is a good indication for a
monomodal latex. The final particle diameters are within
experimental error of the calculated swollen particle dia-
meters. Both observations indicate that secondary nuclea-
tion, although in principle possible in the case of methyl
methacrylate, was negligible. This in turn implies that the
predetermined NCOBF/Np ratio should hold throughout the
course of the polymerization and that any possible effects
appearing in the molecular weight distribution (MWD) are
most likely ascribed to the changes in the partitioning
behavior and mass transport of COBF.

The evolution of theMWDs for the experimentswith 0.05e
nCOBF e 1 for the 48 nm seed particles (C012-C015) are
presented inFigure 2, inwhich theMWDsare normalizedwith
respect to the amountof seedpolymer in thepolymerization, to
clearly visualize the polymer produced in the second stage. The
additionof a catalytic chain transfer agent in ab initio emulsion
polymerization results in amonomodalMWD.20When added
to a seeded emulsion polymerization, with polymer particles
swollen with monomer below their saturation swelling, inde-
pendent of the NCOBF/Np ratio, multimodal MWDs are
obtained as can be clearly seen from Figure 2. For nCOBF=
0.05, themultimodality of theMWDisnot as apparent as is the
case for nCOBF = 0.25, 0.50, and 1.00, but still a distinct
shoulder at the low molecular weight end of the distribution
can be distinguished. The MWD also seems to broaden on its
high molecular weight end. For nCOBF=0.25, 0.50, and 1.00
the observations are comparable. A distinct set of peaks are
appearing at the lower end of the distribution, whereas hardly
any secondary polymer appears at the high molecular weight
end. As is clearly seen in Figure 2, the multimodal character of
the MWD is already present from the initial stages of the
polymerization and becomes more pronounced at higher
conversions. It is unlikely that themultimodality of theMWDs
is caused by deactivation of the active complex due to impuri-
ties or the pH, as the chosen reaction conditions in this study

Figure 2. Evolution of the molecular weight distribution for themethyl methacrylate seeded emulsion polymerization experiments with seed latex S01
(dp=48 nm, Table 3) at 70 �C. Molecular weight distribution of S01 ( 3 3 3 ); molecular weight distributions of C012-C015 (Table 1) (;). All the
distributions have been scaled to the amount of seed polymer.
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should minimize COBF deactivation.24 Moreover, deactivat-
ion would result in a gradual change in the MWD, yielding a
virtually monomodal MWD with a very large polydispersity
index, rather than a set of discrete distributions as shown
here. Therefore, it was concluded that these multimodal dis-
tributions originate from the presence of different polymer
populations.

It is clear that the results shown in Figure 2 do not
correspond to a situation in which an overall COBF con-
centration is sufficient to describe the produced MWDs. If
this were the case, then a monomodal MWD would be
expected for the second-stage polymer. For nCOBF=0.05.
0.25, 0.50, and 1.00 aDPn of 404, 81, 40, and 20, respectively,
was expected based on eq 2, but it is evident that this is not
observed experimentally. Moreover, when the obtained
MWDs from the experiments with different nCOBF are
compared, it is evident that the location of the peaks
observable in themultimodalMWDoverlay. In otherwords,
independent of the nCOBF and thus the total amount of
COBF in the polymerization, approximately the same set
of polymer populations is formed. This is counterintuitive as
an increase in the amount of COBF is expected to result in a
decrease of the overall average molecular weight obtained.
The relative proportions of the individual contributions to
the multimodal MWD are changing according to the nCOBF

(see Figure 2). At higher nCOBFmore lowermolecular weight
polymer is produced. These qualititative observations seem
to point in a direction inwhich there are comparable reaction
environments for the polymerizations with various nCOBF,
generating similar polymer populations. Comparable trends
are observed for the molecular weight distributions for the
experiments with 0.50 e nCOBF e 2 for the 90 nm seed
particles (C022-C024) which are presented in Figure 3.

The average degrees of polymerization of the individual
contributions to the multimodal MWD were estimated
from the maxima in the first derivative of w(log M) with
respect to log M (i.e., d(w(log M))/d(log M))), as shown in

Figure 4 for the experiments C012-C015 (48 nm seed
particles) and C022-C024 (90 nm seed particles). The
degrees of polymerization obtained from the derivative
MWD plot are presented in Table 2. For the individual
MWDs that make up the multimodal MWDs, the average
degrees of polymerization approximately correspond to

Figure 3. Evolution of the molecular weight distribution for themethyl methacrylate seeded emulsion polymerization experiments with seed latex S02
(dp=90 nm, Table 3) at 70 �C. Molecular weight distribution of S02 ( 3 3 3 ), molecular weight distributions of C022-C024 (Table 1) (;). All the
distributions have been scaled to the amount of seed polymer.

Figure 4. Plot of the differentiated molecular weight distributions
(d(w(log M))/d(log M)) of the molecular weight distributions for the
methyl methacrylate seeded emulsion polymerizations as reported in
Figures 2 and 3. (A) The differentiated molecular weight distributions
for experiments C012-C015 (Table 1) and (B) the differentiated
molecular weight distributions for experiments C022-C024 (Table 1).
The arrows indicate the position of the inflection points of the
cumulative MWD.
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DPn∼ 1200, 400, and 150. It is noted that the observed
degrees of polymerization within the multimodalMWDs of
the 48 and 90 nm particles are very similar, which suggests
that there are identical reaction environments independent
of the NCOBF/Np ratio and apparently independent of
the particle size. The latter observation is counterintuitive
as for a given number of COBF molecules per particle a
lower DPn is expected in a 48 nm particle than in a 90 nm
particle.

Using the obtained values forDPn, it should be possible to
fit the multimodal MWD with the individual contributions
of the individual reaction environments. One possible method
to fit free radical MWDs is the Flory-Schulz distribution28

(FSD) (eq 5).29

nðiÞ ¼ d½Di�
dt

Fnð1-SÞSi-1þði-1Þð1-FnÞð1-S Þ2Si-2

ð5Þ
where [Di] is the concentration of dead polymer chains with
chain length i, formed by either termination or chain trans-
fer, Fn the number fraction of chains formed by disproport-

ionation and transfer, and S the probability of propagation
(see eq 6).

DPn ¼ 1

1-S
and Fn ¼ ktr½X�þ2ktd½R�

ktr½X�þ2ktd½R�þktc½R� ð6Þ

In eq 6, kp, ktd, ktc, and ktr are the rate coefficients of
propagation, termination by disproportionation, termination
by combination, and transfer, respectively, and [M] and [R]
are the monomer and radical concentration, respectively.
The FSD can be converted into a MWD, where f is a scaling
factor which is proportionated to the amount of polymer
(see eq 7).

wðlog iÞ ¼ f
i
2nðiÞ ð7Þ

For COBF-mediated polymerizations, bimolecular termi-
nation is negligible when compared to chain transfer and
consequently Fn is∼1. The value of S is determined based on
the DPn as obtained from the differentiatedMWDplots (see
Table 2). The FSD fits of the final MWDs of C014 and C023
are presented in Figures 5 and 6, respectively. Three para-
meters can be adjusted to fit the multimodal MWDwith the
FSD: (i) Fn, (ii) the average degree of polymerization of the
MWD, and (iii) a scaling factor to scale for the amount of
polymer. As can be seen in Figures 5 and 6, a good fit of the
multimodal MWD can be achieved with the contribution of
four individual distributions as determined from the deriva-
tive of the MWD plot. The used average degrees of polym-
erization are reported in Table 2.

The evolution of the MWDs for the experiments with
NCOBF/NP=50 andNCOBF/NP=550 for the 200 and 600 nm
particles, respectively (C031 and C041), are presented in
Figure 7. The 200 nm seed latex has been prepared in a
two-step process, where in semibatch emulsion polymerizat-
iona seed latexwasgrown to thedesiredparticle sizeof 200nm.

Table 2. Degrees of Polymerization Obtained from Differentiated
Molecular Weight Distributions for theMethyl Methacrylate Seeded
Emulsion Polymerization Experiments C012-C015 (Table 1) and
C022-C024 (Table 1) with Seed Latex S01 and S02 (Table 3)

DPn(0)
a DPn(1) DPn(2) DPn(3)

C012 7310 1250 497 187
C013 7460 1040 393 167
C014 8240 1030 322 163
C015 7460 1080 454 123
C022 5500 1250 393 145
C023 7310 1120 343 159
C024 8080 1170 473 160

aDPn(0) is predominantly the contribution of the seed polymer.

Figure 5. Final molecular weight distributions for the methyl metha-
crylate seeded emulsion polymerization experimentC014 (Table 1), dp=
48 nm, nCOBF = 0.50 (x = 0.79). Experimental molecular weight
distribution of C014 (Table 1) (;). Flory fit of the experimentally
obtained molecular weight distribution ( 3 3 3 ): (A) overall distribution,
(B) individual contributions. Used parameters: Fn=1; DPn(0)=6500,
DPn(1)=1030,DPn(2)=322,andDPn(3)=163; f0=1.3�10-6, f1=1.9�10-6,
f2=7�10-6, and f3=7�10-6.

Figure 6. Final molecular weight distributions for the methyl metha-
crylate seeded emulsion polymerization experimentC023 (Table 1), dp=
90 nm, nCOBF = 1.00 (x = 0.84). Experimental molecular weight
distribution of C023 (Table 1) (;). Flory fit of the experimentally
obtained molecular weight distribution ( 3 3 3 ): (A) overall distribution,
(B) individual contributions. Used parameters: Fn=1; DPn(0)=3200,
DPn(1)=1120,DPn(2)=343, andDPn(3)=159; f0=0.5� 10-6, f1=0.25�
10-6, f2=1.3�10-6, and f3=1.2�10-6.
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This two-step process is represented in the bimodality of the
MWD of S03. The 600 nm seed latex has been prepared in

emulsifier-free emulsion polymerization, which resulted in a
very broad MWD for this seed latex.

As can be seen fromFigure 7, in the evolution of theMWD
of the experiment with nCOBF=50 a large lower molecular
weight peak is appearing.However, on closer inspection, two
distinct shoulders on the low molecular weight end of this
secondary peak can be observed (see Figure 8A). In the
evolution of the MWD with nCOBF=550 from the initial
stages of the polymerization a number of distinct peaks are
observed, which is illustrated in Figure 8B. Apparently even
at these high numbers of COBF molecules per polymer
particle, still different reaction environments are present
within the polymerization system, resulting in multimodal
molecular weight distributions.

Since we can determine the position of the different
MWDs within the multimodal MWD by means of the
differentiated plot of the MWD, we can apply the FSD to
fit the experimental MWDs (see Figures 9 and 10). Compar-
able to the experiments with the 48 and 90 nm seed particles a
good fit of the experimentalMWDs can be obtained from the
FSD. In the case of the 200 nm particles (C031, Figure 7A),
the MWD of the seed latex was bimodal. This is represented
in the FSD fit with two distributions at DPn=5500 and 692.
The lower molecular weight part of the MWD of the seed
latex is not represented in the differentiated MWD plot as it
is completely covered by theMWD of the secondary formed
polymer. The secondary MWDs are dominated by the dis-
tribution atDPn=1500. The remaining two distributions are
represented as shoulders in themultimodalMWDand found
atDPn=275 and 98. Comparable trends are observed for the
600 nm particles (C041, Figure 7B). The secondary MWDs
are dominated by the distribution at DPn=1120, although
the remaining distributions are more distinct than is the case
in the 200 nm distribution (see Figure 8B).

Figure 7. Evolution of themolecular weight distribution for themethyl
methacrylate seeded emulsion polymerization experiments with seed
latex S03 and S04 (Table 3) at 70 �C.Molecular weight distributions of
C031 and C041 (Table 1) (;). All the distributions have been scaled to
the amount of seed polymer.

Figure 8. Plot of the differentiated molecular weight distributions
(d(w(log M))/d(log M)) of the molecular weight distributions for the
methyl methacrylate seeded emulsion polymerizations as reported in
Figure 7. (A) The differentiated molecular weight distributions for
experiments C031 (Table 1) and (B) the differentiated molecular weight
distributions for experiments C041 (Table 1.) The arrows indicate the
position of the inflection points of the cumulative MWD.

Figure 9. Final molecular weight distributions for the methyl metha-
crylate seeded emulsion polymerization experimentC031 (Table 1), dp=
200 nm, nCOBF = 50 (x = 0.90). Experimental molecular weight
distribution of C031 (Table 1) (;). Flory fit of the experimentally
obtained molecular weight distribution ( 3 3 3 ): (A) overall distribution,
(B) individual contributions. Used parameters: Fn=1; DPn(0)=5500,
DPn(0)=1500, DPn(1)=692, DPn(2)=275, andDPn(3)=98; f0=0.14�
10-6, f0=0.36 � 10-6, f1=1.6 � 10-6, f2=1.3 � 10-6, and f3=1.5 �
10-6.
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Evaluation of the Experimental Results.As is clear from the
results presented in the previous section, the MWDs
in seeded emulsion polymerization experiments cannot be
described adequately by using a global COBF concentration.
For proper molecular weight control a COBF molecule has
to be able to enter and exit a polymer particle fast enough to
prevent the formation of high molecular weight polymer.
This implies that a COBF molecule has to enter a polymer
particle at a time scale that has to be smaller than that of two
consecutive radical entry events. In other words, in a COBF-
mediated emulsion polymerization it is the entry frequency
of COBF molecules that governs the MWD. If the entry
frequency of a COBFmolecule becomes lower than that of a
radical, theMWD is governed by the entry of radicals. If the
mobility of COBF is strongly reduced, as might happen for
high viscosities of the polymer particles, exchange of COBF
between the particles might occur very slowly or even not at
all. In the latter scenario the catalytic chain transfer agent
might become compartmentalized as entry and exit events
are sparsely occurring. The average number of COBF mol-
ecules per particle (=NCOBF/Np), which is governed by the
polymerization recipe, can be considered as a nCOBF in these
compartmentalized systems. At a certain moment in time a
polymer particle can experience a discrete number of COBF
molecules, i.e., nCOBF=0, 1, 2, 3, etc. This also implies that at
a certain instant in time there are polymer particles present
with different numbers of COBF molecules. This results in
the formation of a multimodal MWD where each set
of polymer particles polymerizing under identical conditions
(i.e., nCOBF=0, 1, 2, 3, ...) has an individual contribution to
the cumulative MWD. Note that even though the COBF
molecules are compartmentalized, entry and exit events of
COBF molecules might occur. This would imply that multi-
modal MWDs can be found in every single polymer particle
as the number of COBF molecules in a single particle could

be changing, however slowly, during the course of the
polymerization.

TheDPn of a polymer particle with nCOBFmolecules can
be calculated since a number of compartmentalized COBF
molecules can be considered as a concentration within the
volume of the polymer particle. This COBF concentration
can subsequently be related to a DPn using the Mayo
equation. On the basis of the experimentally obtained
degrees of polymerization from the FSD fits presented in
Figures 5, 6, 9, and 10, a number of COBF molecules per
particle can be calculated. The results of these calculations
are collected in Figure 11.

Since the area underneath a MWD measured by size
exclusion chromatography (SEC) corresponds to a certain
mass of polymer, the modeled FSD can be used to determine
an equivalent for the amount of polymer corresponding to
each individual MWD. The experimentally obtained DPn of
the dominant MWD (i.e., the MWD containing most poly-
mer) can be plotted as a function of nCOBF (see the closed
symbols in Figure 11). The experimentally obtained DPn of
each individual MWD represented in the derivative of the
multimodal MWDs can related to a concentration of COBF
in a particle and consequently in a number of COBF
molecules per particle (see the open symbols in Figure 11).

If we accept the notion of a statistical distribution of
COBF molecules over the polymer particles, the dominant

Figure 10. Final molecular weight distributions for the methyl metha-
crylate seeded emulsion polymerization experimentC041 (Table 1), dp=
600 nm, nCOBF = 550 (x = 0.87). Experimental molecular weight
distribution of C041 (Table 1) (;). Flory fit of the experimentally
obtained molecular weight distribution ( 3 3 3 ): (A) overall distribution,
(B) individual contributions. Used parameters: Fn=1; DPn(0)=3200,
DPn(1)=1120, DPn(2)=343, and DPn(3)=159; f0=0.18 � 10-6, f1=
0.7 � 10-6, f2=1 � 10-6, and f3=2 � 10-6.

Figure 11. Average degree of polymerization as predicted by the
Mayo equation as a function of the absolute number of bis
[(difluoroboryl)dimethylglyoximato (COBF) molecules per seed poly-
mer particle. Calculated DPn for n COBF molecules in particles with a
radius of 48, 90, 200, and 600nm ( 3 3 3 ). Open symbols:DPn,exp (Table 2)
and the corresponding number of COBF molecules (nCOBF) Closed
symbols: DPn,exp of the dominant MWD (Table 2) and the average
number of COBF molecules per particle (nCOBF). Experimental
observations as reported in Table 4: (O) C012-C015; (0)
C022-C024; (4) C031, and (]) C041.

Table 3. Properties of the Prepared Poly(methyl methacrylate) Seed
Latexes

PSD MWD

x dp(V)
c [nm] Np [dmW

-3] polyd Mn [g mol-1] PDI

S01 0.96 48 3.3� 1018 0.069 7.7� 105 2.8
S02 0.92 90 7.3� 1017 0.002 3.0� 105 2.3
S03a 0.98 204 1.1� 1016 0.029 2.8� 105 3.7
S04b 0.82 619 6.2� 1014 0.093 6.0� 104 6.9

aBimodal molecular weight distribution with a main distribution at
1.7 � 106 g mol-1 and a secondary distribution at 1.5 � 105 g mol-1.
b Strong tail toward the low molecular weight end of the distribution.
cThe volume-average particle diameter. dPoly is the polydispersity of
the particle size distribution as calculated by the Malvern software.
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MWD should originate from the most frequently occurring
nCOBF. Deviation from the statistical average nCOBF results
in the formation of secondary MWDs which are lower in
intensity. For nCOBF e 0.5 the DPn of the dominant MWD
proves to correspond to the MWD with the highest DPn in
the multimodalMWD. If we assume that theMWDwith the
highest DPn in the FSD corresponds to nCOBF = 0, then
independent of the nCOBF the majority of the polymer
particleswill not experience aCOBFmolecule over thewhole
course of the polymerization. The other MWDs in the FSD
consequently correspond to nCOBF=1, 2, ..., which are less
likely to occur at such low nCOBF. For nCOBF g 1.0 the
dominant MWD could correspond to nCOBF=1, where the
remaining MWDs correspond to nCOBF=0, 2, 3, ..., which
are lower in intensity.

For higher nCOBF the conditions inside the polymer part-
icles should approach pseudobulk conditions, which should
result in a monomodal MWDs as the entry and exit of a
single COBF molecule is expected to hardly affect the total
COBF concentration inside a polymer particle and will
consequently hardly affect the DPn. However, the observed
multimodal MWDs suggest that there are different reaction
environments even at such high nCOBF. At nCOBF=50 and
550 the DPn of the dominant MWD corresponds to the
calculatedDPn based on a nCOBF=50 and 550 and theDPn of
the remaining MWDs would then originate from particles
containing significantly higher nCOBF.

The multimodal MWDs could not be explained by either
the Mayo or a modified Mayo equation for emulsion po-
lymerization, which assume a global concentration of COBF
molecules over all the polymer particles (nCOBF), i.e., negli-
gible resistance to mass transport of COBF. It was postu-
lated that these multimodal MWDs might originate from a
statistical distribution of COBF molecules over the particles
(nCOBF). Polymer particles growing in the presence of 0, 1,
2, ..., n COBF molecules will exhibit MWDs of different
average molecular weights, depending on the absolute num-
ber of COBF molecules inside the particle. At high instanta-
neous conversion inside the polymer particles, resistance
against COBF exchange could be sufficiently high to result
in compartmentalization of the catalytic chain transfer
agent.

These observations point in the direction of two limits for
catalytic chain transfer in emulsion polymerization. First, at
relatively low viscosity of the particles, the particle phase can
be regarded as a continuous phase with respect to catalytic
chain transfer. MonomodalMWDs are produced with a DPn
which can be predicted by themodifiedMayo equation (eq 8).

DPn
-1� ½COBF�p�nCOBF ð8Þ

Second, at relatively high viscosity of the particles, where a
statistical distribution of COBF molecules over the polymer

particles is present. The catalytic chain transfer agent be-
comes compartmentalized (eq 9).

DPn
-1� ½COBF�p�nCOBF ¼ 0, 1, 2, 3, ::: ð9Þ

To the best of the authors knowledge, these results are the
first to suggest evidence of compartmentalization in catalytic
chain transfer mediated emulsion polymerization.

Conclusion

The results of this work show that in catalytic chain transfer
mediated emulsion polymerization a discrete distribution of
COBF molecules over the polymer particles can exist, which in
turn is evidence for compartmentalization behavior of the catal-
ytic chain transfer agent.Catalytic chain transfer seeded emulsion
polymerization, with the seed particles swollen to 85% of their
maximum saturation swelling, resulted in the formation of multi-
modalMWDs. The number-average degree of polymerization of
the individualMWDof the second-stage polymer, as determined
from the differentiated MWDs, proved to be qualitatively ident-
ical for different nCOBF for a certain seed particle size. The
amount of polymer contributing to each individual MWD
proved to vary with nCOBF. For large seed particles (i.e., 200
and 600 nm) comparable observations were made. These experi-
mental observations suggest that there are comparable reaction
environments within the polymerization systems, independent of
nCOBF, that result in the formation of the multimodal MWDs.
The obtained multimodal MWDs could be modeled successfully
using a Flory-Schulz approach. In catalytic chain transfer
mediated emulsion polymerization two limits seem to exist: one
at relatively low particle viscosity where theMWD is governed by
a global COBF concentration (nCOBF) and one at relatively high
particle viscosity where the MWD is governed by a discrete
COBF distribution over the polymer particles (nCOBF).

Experimental Section

Materials. The bis(methanol) complex of COBF was pre-
pared as described previously.27,30 For all experiments, a single
batch of catalyst was used. The intrinsic activity of the catalyst
was determined bymeasuring the chain transfer constant in bulk
polymerization of methyl methacrylate at 60 �C: CT=30 � 103.
Methyl methacrylate (Aldrich, 99%) was purified by passing it
over a column of activated basic alumina (Aldrich). Sodium
bicarbonate (SBC) (Fluka, >99%), sodium dodecyl sulfate
(SDS) (Fluka, 99%), potassium persulfate (KPS) (Aldrich,
>98%), and 2,20-azobis[N-(2-carboxylethyl)-2-methylpropion-
amide] hydrate (VA-057,Wako) were used as received. Distilled
deionized water was used throughout this work. Seed latexes
were prepared in a 1.2 dm3 Mettler Toledo RC1e reaction
calorimeter equipped with an anchor impellor, calibration
heater, Tr sensor, and sample loop. The reactor was operated
in isothermal mode.

Table 4. Experimental Conditions for the Seeded Emulsion Polymerizations of Methyl Methacrylate at 70 �C in the Presence and Absence of
Bis[(difluoroboryl)dimethylglyoximato (COBF) Catalytic Chain Transfer Agent

seed seed [g] MMA [mol] water [mL] SDS [mmol] SBC [mmol] COBF [10-4 mmol]

C011 S01 24.0 0.060 20.0 0.30 0.19 0.00
C012 S01 24.0 0.060 20.0 0.30 0.19 0.7
C013 S01 24.0 0.060 20.0 0.30 0.19 3.4
C014 S01 24.0 0.060 20.0 0.30 0.19 6.8
C015 S01 24.0 0.060 20.0 0.30 0.19 13.6
C021 S02 35.4 0.062 11.0 0.31 0.09 0.0
C022 S02 35.4 0.062 11.0 0.31 0.09 2.2
C023 S02 35.4 0.062 11.0 0.31 0.09 4.4
C024 S02 35.4 0.062 11.0 0.31 0.09 8.8
C031 S03 29.0 0.069 23.0 0.35 0.19 2.8
C041 S04 40.0 0.048 0.0 0.28 0.19 2.7
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Seed Latex Preparation. Seed latex S01 was prepared by
dissolving 11.0 g of SDS (3.8 � 10-2 mol) and 0.74 g of SBC
(7.0� 10-3mol) in 710mL (7.1mol) of distilled deionizedwater.
The aqueous solution was charged into the reactor, and 240 g
(2.4 mol) of MMA was added subsequently. The resulting
emulsion was purged with nitrogen for 1 h, while the reactor
was heated to the desired reaction temperature of 70 �C. The
initiator solution, prepared by dissolving 0.58 g (2.2� 10-3 mol)
of KPS in 10 mL (0.10 mol) of distilled deionized water, was
injected into the reactor, and the polymerization was allowed to
proceed for 1 h. After 1 h of polymerization the reactor
temperature was raised to 90 �C to enhance the initiator
decomposition. The final emulsion was left stirring for another
5 h, after which less than 0.5% of the initiator should remain.
Finally, the seed latex was dialyzed against distilled deionized
water for 2 weeks, changing the water twice a day.

Seed latex S02 was prepared by dissolving 0.61 g of SDS
(2.1 � 10-3 mol) and 0.52 g of SBC (4.9 � 10-3 mol) in 510 mL
(5.1 mol) of distilled deionized water. The aqueous solution was
charged into the reactor, and 84.5 g (0.84 mol) of MMA was
added subsequently. The resulting emulsion was purged with
nitrogen for 1 h, while the reactor was heated to the desired
reaction temperature of 70 �C. The initiator solution, prepared
by dissolving 0.44 g (2.2� 10-3 mol) ofKPS in 10mL (0.10mol)
of distilled deionized water, was injected into the reactor, and
the polymerization was allowed to proceed for 1 h. After 1 h of
polymerization the reactor temperature was raised to 90 �C to
enhance the initiator decomposition. The final emulsion was left
stirring for another 5 h, after which less than 0.5% of the
initiator should remain. Finally, the seed latex was dialyzed
against distilled deionized water for 2 weeks, changing the water
twice a day.

Seed latex S03 was prepared by dissolving 0.64 g of SDS
(2.2 � 10-3 mol) and 0.53 g of SBC (5.0 � 10-3 mol) in 530 mL
(5.3 mol) of distilled deionized water. The aqueous solution was
charged into the reactor, and 187 g (1.87 mol) of MMA was
added subsequently. The resulting emulsion was purged with
nitrogen for 1 h, while the reactor was heated to the desired
reaction temperature of 70 �C. The initiator solution, prepared
by dissolving 0.38 g (1.4� 10-3 mol) ofKPS in 10mL (0.10mol)
of distilled deionized water, was added pseudo-instantaneously
to the reactor, and the polymerization was allowed to proceed
for 1 h. After 1 h of polymerization the reactor temperature was
raised to 90 �C to enhance the initiator decomposition. The final
emulsion was left stirring for another 5 h, after which less than
0.5% of the initiator should remain. Subsequently, 100 g of the
prepared seed latex (complete conversion and a volume average
particle diameter of 130 nm) was further grown in a consecutive
step to the desired particle size of 200 nm. SDS (1.24 g, 4.3 �
10-3mol) andMMA (42.6 g, 0.42mol) were dissolved in 500mL
(0.50 mol) of distilled deionized water charged into the reactor.
After swelling overnight at a temperature of 15 �C, heating to the
desired reaction temperature of 70 �C and purging for 1 h, KPS
(0.25 g, 9.2� 10-4 mol), dissolved in 10mL (0.1 mol) of distilled
deionized water, was injected into the reactor. A monomer side
feed of 0.278 gmin-1 (2.8� 10-3 mol min-1)MMAwas used to
reach a final particle size of 200 nm. After 3 h of polymerization
the reactor temperature was raised to 90 �C to enhance the
initiator decomposition. Finally, the seed latex was dialyzed
against distilled deionized water for 2 weeks, changing the water
twice a day.

Seed latex S04 was prepared by dissolving charging 590 mL
(5.0 mol) of distilled deionized water and 65 g (0.65 mol) of
MMA into the reactor. The resulting emulsion was purged with
nitrogen for 1 h, while the reactor was heated to the desired
reaction temperature of 70 �C. The initiator solution, prepared
by dissolving 0.32 g (1.2� 10-3 mol) ofKPS in 10mL (0.10mol)
of distilled deionized water, was injected into the reactor, and
the polymerization was allowed to proceed for 1 h. After 1 h of
polymerization the reactor temperature was raised to 90 �C to

enhance the initiator decomposition. The final emulsion was left
stirring for another 5 h, after which less than 0.5% of the
initiator should remain. Finally, the seed latex was dialyzed
against distilled deionized water for 2 weeks, changing the water
twice a day. The properties of the dialyzed latex are reported in
Table 3.

Seeded Emulsion Polymerization. The seeded emulsion poly-
merizations were all carried out in batch, at 70 �C under a
nitrogen atmosphere. In a typical recipe (Table 4, experiment
C012), 0.086g (3.0� 10-4mol) ofSDSand0.020g (1.9� 10-4mol)
of SBC were dissolved in 20 mL (0.20 mol) of distilled deionized
water and charged into a three-necked round-bottom flask. 24 g
of seed latex S01 and 6.0 g (6.0� 10-2mol) ofMMAwere added
subsequently, and the latex was left stirring overnight to allow
sufficient swelling of the polymer particles withmonomer. After
swelling, the latex was purged with nitrogen for 1 h and heated
to the reaction temperature of 70 �C. A stock solution of 4 mg
(9.5� 10-3 mmol) of COBF in 14.6 g (0.146 mol) of MMAwas
prepared prior to the experiments according to the following
procedure: An accurate amount of COBF was placed inside a
Schlenk tube and deoxygenated by a repeated vacuum-nitro-
gen cycle. MMA was deoxygenated by purging with nitrogen
prior to use and subsequently added to the COBF catalyst. The
required amount of the stock solution (0.11 mL) was added to
the swollen seed latex. The same stock solution was used
throughout a series of experiments (i.e., C012-C015). The
initiator, VA-057 (0.030 g, 9.3 � 10-2 mmol), was dissolved in
a minimal amount of distilled deionized water (typically 1 mL),
purged with nitrogen, and injected into the round-bottom flask.
Samples were withdrawn periodically for further analysis. The
recipes for the seeded emulsion polymerizations are collected in
Table 4.

Molecular Weight Analysis. Size exclusion chromatography
(SEC) was performed using a Waters 2690 separation module
and a model 410 differential refractometer. A set of five Waters
Styragel HR columns (HR5.0, HR4.0, HR3.0, HR1.0, HR0.5)
were used in series at 40 �C. Tetrahydrofuran (THF) (Aldrich,
99%)was used as the eluent at a flow rate of 1mLmin-1, and the
system was calibrated using narrow molecular weight polystyr-
ene standards ranging from 374 to 1.1 � 106 g mol-1.
Mark-Houwink parameters used for the polystyrene stan-
dards: K=1.14�10-4 dL g-1, a=0.716 and for poly(methyl
methacrylate): K=9.44 � 10-5 dL g-1, a=0.719.

Particle Size Analysis. Particle size distributions were measured
onaMalvernZetasizerNano.All latexesweredilutedwithdistilled
deionized water prior to the measurement. For each measurement
the obtained particle size distribution datawas averaged over three
individual runs.
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