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ABSTRACT: We present the first population balance calculations which encompass the complete
molecular weight distribution (MWD) to discuss the implications of both radical and catalytic chain
transfer agent (CCTA) compartmentalization in a catalytic chain transfer (CCT) mediated emulsion
polymerization system. Compartmentalization effects are attributed to reduced frequencies of entry and
exit of the CCTA (bis[(difluoroboryl)dimethylglyoximato]cobalt(II) or COBF). Two limiting scenarios
were identified. In instances of fast CCTA entry and exit, monomodalMWDs are obtained governed by a
global CCTA concentration. In instances of slow entry and exit, bimodal MWDs are obtained; one peak
can be attributed to the generation of a bimolecular termination product produced in polymer particles
devoid of CCTA, while a transfer-derived peak can be attributed to polymer particles containing one or
more CCTA molecules. We present theoretical evidence that experimentally observed multimodal
MWDs (Macromolecules 2009, 42, 7332-7341) originate from a reduced mobility of the CCTA and
that when viscosity is high in the polymer particles, compartmentalization of the CCTA becomes
important.

Introduction

In comparison to bulk polymerization, high rates of poly-
merization and high molecular weights in emulsion polymeriza-
tion originate from compartmentalization effects, which include
radical segregation and the confined space effect. Bimolecular
termination between two radicals located in two separate
particles cannot occur (radical segregation). Additionally, rates
of reaction, including termination between two radicals, increase
with decreasing particle size (confined space effect). However,
compartmentalization in emulsion polymerization is not res-
tricted to radicals only. In controlled/living radical polymeriza-
tion (CLRP), such as nitroxidemediated polymerization (NMP)
and atom transfer radical polymerization (ATRP), mediating
agents are added to achieve control over the molecular weight
distribution (MWD).1,2 Compartmentalization of these control-
ling agents3-6 affects the rate, livingness, and control of the poly-
merization. Recently, experimental evidence of compartmenta-
lization was also reported for catalytic chain transfer (CCT) in
emulsion.7

CCT is a controlled, but not living, free radical technique that
allows control over the average molecular weight of the polymer
formed. In CCT-mediated free radical polymerizations a low-
spin Co(II) complex is added which transfers the radical activity
of a propagating chain to a monomer molecule, resulting in the
formation of an unsaturated dead polymer chain and a mono-
meric radical capable of propagation.8,9

Evidence of compartmentalizationwas observed experimentally
in seeded emulsion polymerization of methyl methacrylate
(MMA).7 Polymerization of the second stage monomer in the
presence of bis[(difluoroboryl)dimethylglyoximato]cobalt(II)
(COBF) in PMMA seed particles, swollen below the maximum
saturation concentration, exhibitedmultimodalMWDs (Figure 1).
ThemultimodalMWDswere observed independently of the size of
the swollen PMMA particles and the average number of CCTA
molecules per particle (nCCTA). The observed multimodal MWDs
were attributed to compartmentalization of the CCTA as a
consequence of the reduced mobility at the high instantaneous
conversion of the polymer particles.7

CCT-mediated emulsion polymerizations typically proceed in
a regime where the polymer particles outnumber the CCTA
molecules; consequently CCTA mass transport has to be suffi-
ciently fast to ensure that multiple polymer particles can be
mediated by a single CCTA molecule.10-15 In other words,
proper control of the MWD can only be achieved if the resis-
tances toward CCTA mass transport (i.e., entry, exit, and
transport through the aqueous phase) are negligible. In such
systems, theMWD is governed by a global CCTA concentration
where every particle polymerizes in the presence of an average
number of CCTA molecules (nCCTA).

7 This results in similar
polymerization conditions in all the polymer particles, excellent
control and a monomodal MWD. Conversely, when the resis-
tance to CCTA mass transport is high, for instance when the
increased viscosity of the polymer particles reduces the frequen-
cies of entry and exit of the CCTA molecules, the polymeriza-
tion proceeds inside the polymer particles containing discrete
numbers of CCTA molecules (nCCTA = 0, 1, 2, etc.).7 Con-
sequently, during the polymerization, several different reaction
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environments simultaneously exist, corresponding to polymer
particleswith nCCTA=0, 1, 2 etc.Under these specific conditions,
a broador evenmultimodalMWDisobtainedwith contributions
from CCT in the presence of varying numbers of CCTA mole-
cules and from bimolecular termination in the absence of a
CCTA molecule (Figure 1).

We report on a theoretical investigation of the effects of
compartmentalization of the CCTA on the MWD in CCT-
mediated seeded emulsion polymerization. To the best of our
knowledge, this is the first model describing CCT-mediated
polymerization in a dispersed phase using a population balance
approach, considering both the segregation of radicals andCCTA
molecules inside the polymer particles. Using the concept of
distinguished particle distributions,16,17 the effects of the particle
size, the overall concentration ofCCTA, the rate of chain transfer,
and the rate of entry and exit of the CCTAmolecules on the chain
length distribution (CLD) are investigated.While also interesting,
discussions concerning the kinetics of these CCT-emulsion sys-
tems is beyond of the scope of this work, where a focus on the
compartmentalization events and their effects on the CLD can
be viewed in isolation and related to previous experimental
studies.7,10,15

Theoretical Background

Model Assumptions. The effects of compartmentalization
on the molecular weight distribution (MWD) in CCT-
mediated seeded MMA emulsion polymerization are described
mathematically. The model equations were formulated with
the following assumptions:

• The simulations were conducted up to low conversion,
i.e., 30% based on the amount of second stage mono-
mer added.

• The frequencies for radical entry and exit are set to a
predetermined value and considered to be constant
over the course the polymerization.

• The volumes of the swollen seed polymer particles
remain constant over the course of the reaction and
only the concentration of monomer decreases.

• The aqueous phase kinetics are neglected in themodel,
with the exception of entry and exit of “short” radicals
(Rshort).

• A “short” radical can undergo entry and exit from a
polymer particle and ceases to be “short” following a
single propagation step inside the particle.

• All rate coefficients used in the simulations are chain
length independent.

• Decomposition of the CCTAs in the aqueous
phase is neglected. The simulations are conducted
for a short duration of time to low conversions
(30%), over which catalyst deactivation is not
significant.8,18

• Cobalt-carbon bonding has been neglected.19

• The presence of a H-Co(III) complex is neglected in
this system, as it assumed that the transfer tomonomer
from the Co(III) complex is very fast (and therefore
not rate determining).8,9

• Dead polymer chains with terminal double bonds,
originating from catalytic chain transfer and termina-
tion by disproportionation, do not participate in
further polymerization.

In the model, aqueous phase kinetics are neglected with
the exception of entry and desorption of the radical species
Rshort. We will elaborate on this assumption. The kinetic
events in the aqueous phase of an emulsion polymerization
(i.e., initiation, propagation, termination and chain transfer)
have been captured in a simplified model as presented by
Maxwell et al.20 In this model a hydrophilic primary radical,
derived from initiator decomposition, has to propagate to a
certain length (referred to as the z-meric length) in order to
achieve sufficient surface activity to enter a polymer particle.
However, prior to entry, chain stoppage may occur by
termination or chain transfer in the aqueous phase. In the
presence of a CCTA, particle initiation proceeds predomi-
nantly by monomeric radicals originating from the CCT
process9 and desorption of monomeric radicals from the
polymer particles. Because there is a lack of mechanistic
understanding of the aqueous phase kinetics in the presence
of a CCTA, the aqueous phase kinetics are neglected in the
model and the entry frequency was set to a predetermined
and constant value.

Because all kinetic events in the aqueous phase are neg-
lected, entry and exit are set to proceed through an average
radical species, referred to as Rshort. In the model, radicals
generated by initiator decomposition in the aqueous phase
are converted to Rshort radicals upon entry. An Rshort radical
ceases to be “short” following one propagation step in the
particle phase. Following a catalytic chain transfer event, the
produced monomeric radical is also considered in the model
as Rshort. These radicals can desorb from the polymer
particle to the aqueous phase. This results in a situation
where anRshort radical has an effective chain length of 1. The
use of an Rshort species is expected to have only minor
influence on the CLD, as the propagating oligomers in the
aqueous phase only reach a maximum chain length of 5 (in
the case ofMMA),21 which is significantly less than the chain
lengths obtained in the polymer particles.

Kinetic Scheme.The kinetic scheme used for themodeling
of the CCT-mediated emulsion polymerization systems is
based on classical free radical polymerization (FRP) ki-
netics. Fundamental steps occurring within the polymer
particles include propagation, bimolecular termination by
disproportionation, which is the dominant termination
mechanism forMMApolymerization,22 and chain transfer
to monomer. These reactions are summarized, along with
their corresponding reaction frequencies, in the Support-
ing Information.

For emulsionpolymerization, theFRPkinetic schemehas to
be extended to include radical entry from the water phase and
radical desorption from the polymer particles (eqs 1 and 2).23

As mentioned previously, both entry and desorption proceed
via the average radical species Rshort.

Figure 1. Example of the multimodal MWDs obtained in the seeded
emulsion polymerization of methyl methacrylate in the presence of
COBF.7 The solid lines represent the MWD at the end of the poly-
merization, the dotted lines represent the MWD of the seed polymer.
Experimental conditions:T=70 �C, solid content= 20%, 48 nm seed
particles, swollen withMMA to a radius of 65 nm. The average number
of CCTAmolecules per polymer particle (nCCTA): (a) nCCTA = 0.5; (b)
nCCTA=1.0.Reprinted from ref 7.Copyright 2009AmericanChemical
Society.



Article Macromolecules, Vol. 43, No. 13, 2010 5649

Radical entry:

R•
w f

F
R•

short F ð1Þ
Radical desorption:

R•
short f

kdM
R•

w fdes ¼ kdM ð2Þ
InCCT-mediated polymerizations, the radical activity of a

propagating chain is transferred to a monomer molecule
resulting in the formation of a dead polymer chain with an
unsaturated chain-end (eq 3a,b). In the first step, the active
Co(II) complex abstracts a hydrogen atom from the propa-
gating polymer chain, resulting in a dead polymer chain and
a Co(III)-H (eq 3a). Subsequently, the hydrogen atom is
transferred from the Co(III)-H to a monomer molecule,
regenerating the active Co(II) complex and a yielding a
monomeric radical (Rshort in the model) capable of propaga-
tion (eq 3b). The hydrogen abstraction by the Co(II) catalyst
(eq 3a) is assumed to be the rate-determining step,24 hence
the chain transfer frequency ( ftrans) is given by rate of the
hydrogen abstraction step. In CCT-mediated polymeriza-
tions, chain transfer is the dominant chain stoppage event
and theMWD is governed by the chain transfer to monomer
reaction. In many emulsion polymerization conditions, the
CCTA has to be able to mediate multiple polymer particles,
therefore entry and exit of the cobalt catalyst are included in
the kinetic scheme (eqs 4 and 5). A balance of the Co(III)-H
species is not included because it is a transient product and is
assumed not to undergo entry and exit from the particles, as
it is quickly reformed into Co(II) (eq 3a,b).8,9

Catalytic chain transfer:

R•
j þCoðIIÞ fktrans Pd

j þHCoðIIIÞ
HCoðIIIÞþM f

fast
R•

short þCoðIIÞ
ftrans ¼ ktrans=NAVp

ð3a,bÞ
Co(II) entry:

Cw f
fcin

C fcin ð4Þ
Co(II) desorption:

C f
fcout

Cw fcout ð5Þ

The values of the kinetic parameters used in this mod-
eling study are collected in Table 1. The simulations were
in part designed to encompass the experimental observa-
tions of Smeets et al.,7 where the CCTA used was COBF

(bis[(difluoroboryl)dimethylglyoximato]cobalt(II)withmethyl
methacrylate polymerized at 70 �C. The initial concentration
of monomer inside the particles was calculated from the
experimental data following the swelling of the 45 nm seed
particles to a diameter of 65 nm. Note that the simulated
MWDs shown in the remainder of this paper do not include
the contribution of the seed polymer.

The characteristic time (λ) for a given reaction or mass
transport event is the average time it takes for that reaction
or event to occur. The characteristic lifetime of a radical
present inside a particle devoid of a CCTA (no transfer
reactions) (λrad,0) will be the time between two successive
radical entries (from the aqueous phase) into the particle plus
the time required for themutual termination of these radicals
(eq 6). However, transfer reactions are frequent when a
CCTA is present inside the particle; although this does
not consume the radical through termination, it creates a
short radical which is susceptible to desorption. The char-
acteristic lifetime of a radical existing in particles containing
nCCTA (denoted c as a subscript) CCTA molecules (λrad,c) is
expressed by eq 7.

λrad, 0 ¼ 1

F
þ 1

kt=NAVp
ð6Þ

λrad, c ¼ 1

ftransðnCCTAÞ
fdes þ kp½M�

fdes

� �
ð7Þ

The characteristic time for a catalytic chain transfer reac-
tion to occur and create a dead chain inside a particle
containing one or more CCTA molecule is

λtrans, c ¼ 1

ftransðnCCTAÞ ð8Þ

The characteristic time that aCCTAmolecule resides inside
a polymer particle is important for the evolution of the
molecular weight distribution. In the absence of a CCTA,
bimolecular termination by disproportionation is dominant,
whereas in the presence of a CCTA, chain transfer is the
dominant chain stopping event. The characteristic time in
which the particle is devoid of a CCTA (λCo,0), and bimole-
cular termination reactions dominate, is given by the recipro-
cal entry frequency for a CCTA molecule (eq 9). Assuming a
constant frequency of CCTA exit (fcout), the frequency of
CCTA entry will be greater for systems possessing more
CCTAs/particle, resulting in a shorter characteristic time for
CCTA entry.

λCo, 0 ¼ 1

fcin
ð9Þ

Table 1. Values of the Kinetic Parameters Used in the Simulations of MMA CCT-Mediated Seeded Emulsion Polymerization

constant description unit value reference

kp propagation L 3mol-1
3 s
-1 1.0 � 103 25, 48

kt termination L 3mol-1
3 s
-1 2.0 � 107-2.0 � 1012 26, 47

kfm transfer to monomer L 3mol-1
3 s
-1 10-2 27

ktrans catalytic chain transfer L 3mol-1
3 s
-1 1.5 � 107 15, 28, 29

fdes radical desorption s-1 1.4 � 104, 8.5 � 103, 5.3 � 103 see Supporting Information, 45, 46
F radical entry s-1 1, 0.1
M0 initial monomer conc. L 3mol-1 5.86
dp particle diameter nm 65, 82, 103
nCCTA average CCTA/particle - 0.05-5.0
fcin entry of CCTA s-1 10-4-103

fcout exit of CCTA s-1 10-4-103
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These characteristic times will be used in the following
sections to illustrate the modeling results.

Development of Population Balances. Modeling the effect
of radical segregation on the chain length distribution (CLD)
based on the concept of distinguished particle distributions
has been investigated by Butte et al.16,17 Equations were
solved using the discretization method proposed by Kumar
and Ramkrishna.30-32 The concept of distinguished particle
distributions was first introduced by Lichti et al.,33 where the
distribution of singly distinguished particles, Si,t,t0, gives the
probability of finding a radical chainwhich began growing at
a given time t, and is still growing at time t’ in a particle
possessing i radicals. Butte et al. reported a simplified
approach to determine the probability of having a radical
chain of length j inside a particle possessing i radicals, which
allows for reactions other than termination to be the chain-
stopping event.17 The singly distinguished particle distribu-
tion, Ss,i,j, can be extended to account for the number of
radicals that are “short” (subscript s) inside a particle:
radicals created by entry or transfer reactions and that are
also able to undergo radical desorption. Similarly, the dou-
bly distinguished particle distribution,Ds,i,j,k, gives the prob-
ability of having a particle possessing i radical chains, s of
which are short, and with at least two radical chains of
lengths j and k respectively.

The generalized population balance equations used to
simulate the CCT-mediated seeded emulsion polymerization
of MMA are listed below (eqs 10-14).

Modified Smith-Ewart equation:

dNs, i, c

dt
¼ - ½FþðsÞfdes þ fcin þðcÞfcout þðsÞfp þði- sÞffm

þðcÞði- sÞftrans þði- sÞði- s- 1Þft
þ 2ði- sÞðsÞft þðsÞðs- 1Þft�Ns, i, c þ FNs- 1, i- 1, c

þ ½ði- sþ 1Þffm þðcÞði- sþ 1Þftrans�Ns- 1, i, c

þ fcinNs, i, c- 1 þðcþ 1ÞfcoutNs, i, cþ 1

þðsþ 1ÞfdesNsþ 1, iþ 1, c

þði- sþ 2Þði- sþ 1ÞftNs, iþ 2, c

þ 2ði- sþ 1Þðsþ 1ÞftNsþ 1, iþ 2, c

þðsþ 2Þðsþ 1ÞftNsþ 2, iþ 2, c þ fpðsþ 1ÞNsþ 1, i, c

ð10Þ
Singly distinguished particles:

dSs, i, j, c

dt
¼ - ½FþðsÞfdes þ fp þ fcin þðcÞfcout þðsÞfp

þði- sÞffm þðcÞði- sÞftrans þði- sÞði- s- 1Þft
þ 2ði- sÞðsÞft þðsÞðs- 1Þft�Ss, i, j, c

þ FSs- 1, i- 1, j, c þ ½ði- sÞffm
þðcÞði- sÞftrans�Ss- 1, i, j, c þ fpSs, i, j- 1, c

þ fcinSs, i, j, c- 1 þðcþ 1ÞfcoutSs, i, j, cþ 1

þðsþ 1ÞfdesSsþ 1, iþ 1, j, c

þ 2ði- sþ 1Þði- sÞftSs, iþ 2, j, c

þði- sÞðsþ 1ÞftSsþ 1, iþ 2, j, c

þðsþ 2Þðsþ 1ÞftSsþ 2, iþ 2, j, c

þðsþ 1ÞfpSsþ 1, i, j, c þ σ
j¼ 1

ðsþ 1ÞfpNsþ 1, i, c

ð11Þ

Dead chains:
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2
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ð12Þ

Average number of radicals per particle:

n ¼
XImax

i¼ 0

XImax

s¼ 0

Xcmax

c¼ 0

ðiÞNs, i, c ð13Þ

Average number of CCTA molecules per particle:

nCCTA ¼
XImax

i¼ 0

XImax

s¼ 0

Xcmax

c¼ 0

ðcÞNs, i, c ð14Þ

In considering distinguished particle distributions, expres-
sions for the doubly distinguished particles are often required
to calculate the contributionof terminationbycombination to
the chain length distribution.17 Since it is assumed that the
majority of chain-stoppage in this system occurs either by
catalytic chain transfer (in the presence of a CCTA) or
termination by disproportionation22 (in the absence of a
CCTA), the double distinguished distribution was not in-
cluded to simplify the simulation.

Development of the Numerical Solution. The simulations
were conducted for small polymer particles (dp<100 nm).
Although the assumption of a zero-one system may have
been appropriate (i.e., termination occurs instantaneously
when a radical enters a particle already containing a propa-
gating radical), a zero-one-two system was chosen to allow
instances where more than one radical was present inside a
particle. The generalized form of these equations for the
zero-one-two system is available in the Supporting Infor-
mation. The Kumar and Ramkrishna method of numerical
discretization described by Butte et al.16,17 was also employed
here to reduce the 106 points of integration down to 100. The
grid independence of the solution was tested by running the
simulations with 500, 200, and 100 points of integration of the
CLD, and no loss of resolution of the solution was observed.
Themaximumnumber ofCCTAper particle (Cmax) was set at
20 and the maximum number of radicals per particle (Imax)
was set at 2; throughout the simulations the boundary condi-
tions were observed to ensure the system did not approach
these. This system of differential equations was solved in
Fortran by numerical integration with the solver DLSODI
(backward Euler method) with a step size of 1 s.

Results and Discussion

In this work, two limiting cases of compartmentalization
effects in CCT-based emulsion are investigated: (i) when the
global concentration of CCTA (nCCTA) dictates the chain length
distribution, as inminiemulsion polymerization and (ii) when the
discrete numbers of CCTA molecules (nCCTA) per particle influ-
ences the CLD, as is expected in a seeded emulsion based system.7

The model will first be validated by simulating miniemulsion like
conditions, in the absence of mass transfer limitations, then the
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remaining simulations will discuss a seeded emulsion system,
when transport of the CCTA between particles is limited.

Validation of the Model. In CCT-mediated miniemulsion
polymerization,goodcontrolover theMWDcanbeachieved10,15

by adding low quantities of CCTA to the polymerization.
Typically, monomodal MWDs are obtained with a polydisper-
sity index (PDI) of approximately 2. It has been shown that the
instantaneous DPn can be described with a modified Mayo
Equation based on a global CCTA concentration (i.e., a non-
compartmentalized situation). A rewritten form of the modified
MayoEquation is presented belowbased on the average number
of CCTA per particle in the system (eq 15).

1

DPinst
¼ 1

kpM

F
þ kpM

kt=NAVp

þ kfm

kp
þ kapptransðnCCTAÞ=NAVp

kp½M�

ð15Þ
The derivedmodelwas validated by simulating theCLD in

a CCT-mediated miniemulsion polymerization system. This
is a well-defined system as at low conversion, the miniemul-
sion particles (or droplets) pose little resistance to CCTA
entry and exit due to the low internal viscosity of the system.
Mathematically this is simulated by maintaining an extre-
mely high and constant frequency of CCTA exit from the
particles, fcout = 1012 s-1. The frequency of entry of CCTA
is thus simultaneously high as it is determined by fcin =
nCCTA fcout. Simulations were conducted with various
amounts of CCTA, nCCTA = 0.25, 0.5, 1.0, and 2.0. The
instantaneous DPn and PDI at the start of the polymeriza-
tion were estimated from the resulting CLDs (Figure 2). In
Table 2, it is shown that these DPns match well with the
calculated DPns from the modified Mayo equation (eq 15),
and furthermore that the PDIs of the simulations are close to
2, as estimated from the Flory-Schulz most probable dis-
tribution in transfer dominated systems.22 This type of
system is considered “uncompartmentalized” with respect
to the CCTA, and each particle experiences approximately
the same average concentration or number (nCCTA) through-
out the course of the polymerization.

From the results presented in Figure 2 and Table 2, it can
be concluded that the derived model is capable of predicting

the instantaneousDPn and thePDIwhen there is low resistance
tomass transport of theCCTA.Moreover, the results illustrate
that the kinetic events in CCT-mediated emulsion polymeriza-
tion are captured to an extent that a reliable output in terms of
the CLD is obtained. This allows us to apply this model with
confidence to simulate CLDs in a polymerization at high
instantaneous conversion. The effect of apparent chain transfer
activity, size of the polymer particles, the amount of CCTA,
and the resistance toward mass transport on the CLD will be
discussed in detail in the following sections.

Effect of the Apparent Rate Coefficient of Catalytic Chain
Transfer. The compartmentalization effects on the CLD for
65 nm particles in a seeded, CCT-mediated polymerization
system were investigated with different apparent chain
transfer rate coefficients, ktrans

app . The rate coefficient of cata-
lytic chain transfer (ktrans) is an intrinsic property of a
CCTA, governed by the type of monomer and solvent used
in the polymerization. For CCTA, typically ktrans values on
the order of 107 L 3mol-1

3 s
-1 aremeasured experimentally in

MMA bulk polymerization.9 However, in MMA emulsion
polymerizations typically lower values are reported when
compared to bulk polymerization as a consequence of the
coordination of hydroxyl groups to the axial ligand positions
of the complex.15,28,29 Previously, it was shown that at high
instantaneous conversion of the polymer particles (i.e., at
high viscosity) the value of the chain transfer constant (CT=
ktrans/kp) appeared to decrease with increasing viscosity.34

Although there is no hard evidence that the chain transfer
reaction is diffusion limited, there are very strong indications
that this may be the case. Heuts and co-workers reported a
relationship between the reaction rate and the microscopic
viscosity (or monomeric friction coefficient).35,36 Although
the bulk viscositymight increase several orders of magnitude
with increasing polymer fractions, the diffusion coefficient of
small molecules (such as the CCTA), remains approximately
constant. However, for higher polymer fractions the diffu-
sion coefficient will start to decrease strongly,37-41 and,
consequently, so will the value of the chain transfer constant.
Compartmentalization in CCT-mediated emulsion poly-
merizationwas suggested tooriginate froma reducedmobility
of theCCTAdue to the high viscosity of the polymer particles.
In the current simulations, the instantaneous conversion is
0.80 and higher, therefore it is not unlikely that, besides
compartmentalization, the observed value of the chain trans-
fer coefficient for COBF is lower than the expected value of
1.5 � 107 L 3mol-1

3 s
-1 15,28,29 as determined in MMA mini-

emulsion polymerization. The effects of the compartmentali-
zation ofCOBF and a lower apparent rate coefficient of chain
transfer (ktrans

app ) on the CLD are shown in Figure 3.
In the simulations, similar to the experiments (Figure 1),7

the average number ofCCTAmolecules per polymer particle
(nCCTA) has been simulated at 0.5 and 1.0. Mathematically
this is done by changing the initial fraction of particles
containing a CCTA molecule and the frequency of CCTA
entry, fcin (= nCCTA fcout), while maintaining a constant fcout
of 10-3 s-1. For clarity in interpreting the results, termina-
tion is considered to be nearly instantaneous upon the entry
of a second radical into the particle. (This eliminates the
creation of a disproportionation product that can obscure

Figure 2. w(log DP) plot of instantaneous CLD of CCT-mediated
miniemulsion-like systems with a low mass transfer barrier to CCTA
entry and exit. Simulations conducted assuming65nmparticles, [M]0=
9.4 mol 3L

-1, ktrans = 1.5 � 107 L 3mol-1
3 s
-1, kt = 2.0 � 107

L 3mol-1
3 s
-1, F = 1 s-1 and fcout = 1012 s-1 at different nCCTA.

Table 2. Simulated and Predicted Instantaneous DPn and PDI for a
CCT-Mediated Miniemulsion-Like System

nCCTA DPn (model) PDI (model) DPn (Mayo)

0.25 218 2.24 212
0.50 113 2.21 107
1.0 58 2.17 54
2.0 30 2.10 27
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the chains created through chain transfer when they occur at
a similar chain length.) Simulations at different kts are shown
in the Supporting Information to demonstrate that CLDs
still display contributions from termination and CCT, how-
ever, depending on the value of kt, the disproportionation
product will partially obscure the CLD. This assumption is
employed in all the following simulations.

It can be seen from Figure 3a-c that the chain length of the
polymer produced by catalytic chain transfer increases with
diminishing ktrans

app . Because the transfer-derived product is rela-
tively shortandpresent in lowconcentrations, it is onlyvisibleon
thew(DP) plot at nCCTA= 0.5 (Figure 3a) and not at all on the
w(logDP) plot (not shown),where there is agreater emphasison
the highermolecularweight chains. Thew(DP) plot displays the
weight fraction of polymer present at each chain length, such
that

R¥
0 wðDPÞ dDP ¼ 1:Thew(logDP) plot is the differential

logMWD and is often used in comparison with GPC traces, in
which the molecular weight of polymers eluting from the
columnsdecreases approximately exponentiallywith the elution
volume. This distribution can be obtained from the w(DP)
distribution through wðlog DPÞ ¼ DP=log10 e wðDPÞ. The
w(log DP) plot also maintains the normalized distribution such
that

R ¥
0 wðlog DPÞ dðlog DP ¼ 1Þ (see ref 42). However, since

the lowmolecularweightpolymerpopulation ispresent in larger
concentrations for nCCTA = 1, both the w(DP) and w(log DP)
plots are presented for those simulations (Figure 3b,c).

Using the published value of ktrans in emulsion polymer-
ization, ktrans = 1.5 � 107 L 3mol-1

3 s
-1 (Table 1), the

resulting CLD is bimodal for nCCTA = 0.5 (Figure 3a). This

indicates that one peak is originating from polymer created
mainly through bimolecular termination in the absence of
CCTA (although other chain stopping events may also
contribute, including uncatalyzed chain transfer to mono-
mer) with a DP= 5210. The DPs reported in this discussion
correspond to the peak values of thew(DP) distribution. The
DP of this polymer population corresponds with the ex-
pected DP based on a zero-one system (DP= kp[M]/F). The
secondary peak at DP= 24 originates from polymer chains
formed by catalytic chain transfer. The chain length of the
transfer-dominated polymer is extremely short, indicating
that chain transfer occurs quickly following the entry of a
radical into a particle containing a CCTA, or after the entry
of a CCTA into a particle containing a propagating radical
(λtrans,1 = 0.058 s). The characteristic lifetime of a radical
inside a particle containing a single CCTA molecule is
λrad,1 = 0.0075 s, which is significantly less than that of the
characteristic residence time of a CCTA molecule residing
there, λCo,1 = 1000 s. Therefore, numerous radical entries,
and subsequent transfer reactions, will occur during the
residence time of a single CCTA inside that particle, resulting
in polymer with a relatively low DP (Figure 3a). A similar
situation can be observed for the system containing nCCTA=
1.0, and a similar values for ktrans

app (Figures 3b,c); the bimo-
lecular termination peak and the transfer-dominated peak
are present at the same degrees of polymerization (DP =
5160 and 22 respectively) aswas the case for the systemwith a
nCCTA = 0.5. Because a larger fraction of polymer particles
will contain 1 or more CCTAmolecules at any given point in

Figure 3. SimulatedCLD for 65 nmparticles with varying ktrans
app at 30% conversion, assuming fcout=10-4 s-1 and F=1 s-1. (a)w(DP) plot, nCCTA=

0.5; (b) w(DP) plot, nCCTA = 1; (c) w(log DP) plot, nCCTA = 1. The presence of seed polymer is not accounted for in the simulations.



Article Macromolecules, Vol. 43, No. 13, 2010 5653

time in the nCCTA = 1 system, the amount of transfer-
dominated polymer is greater when compared to the system
with nCCTA = 0.5. This explains why the bimodal distribu-
tion is also visible on the w(log DP) plot. Polymer chains of
this short length (DP=23) would be rarely visible on aGPC
trace because they are present in low concentrations com-
pared to the longer chains and may also be obscured by the
disproportionation product in systems not exhibiting zero-
one behavior.

Lowering the rate coefficient of chain transfer by an order
ofmagnitude (ktrans

app = 1.5� 106 L 3mol-1
3 s
-1) also results in

a bimodal CLD for nCCTA = 0.5. The bimolecular termina-
tion peak remains at approximately the same DP = 5030,
but the transfer-dominated peak shifts to a higherDP of 258,
which is clearly visible on the w(log DP) plot, and likely also
on a GPC trace. Similarly, the bimolecular termination peak
and the transfer-dominated peak occur at similar DP for
both the system nCCTA = 1 and 0.5.

Simulations with an even lower rate coefficient of catalytic
chain transfer (ktrans

app = 5.0 � 105 L 3mol-1
3 s
-1), result in an

identicalDP for the bimolecular termination peak, and shifts
the DP of the transfer-derived population to a higher value
(Figures 3a-c). This example illustrates that the two polymer
populations may start to overlap when the rate of catalytic
chain transfer reaches a certain value. In this scenario, the
characteristic times for transfer (λtrans,1) and for bimolecular
termination in a particle without of a CCTAmolecule (λrad,0)
are in the same order of magnitude (∼1 s).

The chain length of the transfer-derived product obtained
in our simulations with ktrans

app = 1.5 � 106 L 3mol-1
3 s
-1 is

easily distinguishable on both the w(DP) and w(log DP)
plots. Therefore, this value for ktrans

app was used primarily
throughout the remainder of the simulations. The conditions
chosen for the simulations were based on the experimental
system as reported by Smeets et al.7 The DP range of the
experimentally observed multimodal MWDs (Figure 1) cor-
respond to the simulation with a ktrans

app value of 1.5 � 106

L 3mol-1
3 s
-1. This result supports the ideology that the

chain transfer reaction is diffusion controlled and that the
chain transfer activity is decreasing at higher polymer frac-
tions in the polymer particles.

Particle Size and the Confined Space Effect.An important
characteristic of compartmentalization in emulsion poly-
merization is the confined space effect. This refers to the
increase in the reaction rate as the volume of the polymer
particle decreases. The effect of the confined space effect on
the CLD is shown in simulations of polymerizations with 65,
82, and 103 nm polymer particles (Figure 4). The global
COBF concentrations were kept constant for all the poly-
merizations, which corresponds to the values nCCTA = 0.25,
0.5, and 1.0 for the 65, 82, and 103 nm particles, respectively.
The frequency of radical entry remained constant for all the
simulations at F=1 s-1, which does not represent a constant
global concentration of initiator. The frequency of radical
exit, fdes, was adjusted for particle size (please see the
Supporting Information). As with the simulations presented
above, bimolecular termination is considered instantaneous
upon the entry of a second radical into a particle.

In the simulations presented in Figure 4, the COBF
concentration was kept constant with respect to the mono-
mer concentration. From theMayo equation (in the absence
of compartmentalization effects) it is expected that the
instantaneous DPn (DPn

inst) of the chain transfer dominated
CLD should be 92 (at 30% conversion, eq 15 used in its
classical form). In Figure 4 it can be concluded that there is a
clear shift in DP as a function of the particle size. Moreover,
the ratio of polymer originating from chain transfer and

from bimolecular termination increases as the particle size
increases. In these simulations, both the radicals and CCTA
molecules are considered compartmentalized species. As
such, the rates of reaction involving radicals and the CCTA
molecules are subjected to changes based on the volume of
the particle, i.e. the confined space effect. The effect of
particle volume on the rate of chain transfer dictates that
the rate of chain transfer is 4 times faster in a 65 nm particle
when compared to an 82 nmparticle and 16 times fasterwhen
compared to a 103 nm particle (eq 16). Therefore, it is
expected that the chain length of the transfer-dominated
product will reflect the effects of compartmentalization
(Figure 4).

Rtrans ¼ k
app
transðnCCTAÞ
ðNAVpÞ2

mol 3L
-1
3 s

-1 ð16Þ

The transfer-dominated peak in the 65 nm particle is
extremely small (DP = 30), which corresponds to the very
short characteristic time for chain transfer,λtrans,1=0.00577 s.
In the 82 nm particles, the rate of transfer is sufficiently fast to
clearly observe separate bimolecular termination and transfer-
dominated peaks. The transfer-dominated peak has a DP of
61, indicating that more propagation steps occurred prior to a
chain transfer event, as the characteristic time of a transfer
reaction is longer, i.e., λtrans,1= 0.0116 s. The 103 nm particles
experienced a higher characteristic time for chain transfer
(λtrans,1 = 0.0230 s), and the transfer-derived peak is still
distinguishable, although it begins to overlap with the lower
end of the bimolecular termination peak.

The characteristic time for chain transfer decreases with
decreasing particle size. Therefore, the probability of chain
transfer is higher in smaller polymer particles, which ulti-
mately results in a somewhat lower DP for the 65 nm
particles when compared to the 82 and 103 nm particles,
respectively. The ratio of polymer originating from chain
transfer and bimolecular termination increases with increas-
ing particle size as a consequence of the changes in nCCTA
(which is particle size dependent). Even though the global

Figure 4. w(DP) plot for the simulated CLD at different particle sizes
at 30%conversion, assuming ktrans

app =1.5� 107 L 3mol1 3 s
-1 and fcout=

10-3 s-1. The total concentration of CCTA in the system was kept
constant, resulting innCCTA=0.25 (65nmparticles), nCCTA=0.5 (82nm
particles), and nCCTA=1.0 (103 nmparticles). The frequency of radical
entry into the particles remained at F = 1 s-1 for all simulations. The
vertical lines are added to guide the eye to the peak degrees of
polymerization.
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concentration of CCTA remained constant with respect to
monomer (which is particle size independent), the average
number of CCTA molecules per particle increases with
diminishing particle size. The probability that a polymer
chain is terminated by CCT increases with the particle size,
which results in an increase of the fraction of polymer
terminated by CCT.

Changes in the Average Number of CCTA Molecules per
Particle. Varying nCCTA illustrates a situation where the
concentration of CCTA in the system is changing at a
constant particle concentration. In bulk and solution po-
lymerization this results in changes in the DP of the formed
polymer, which is described by the Mayo equation.43 In
CCT-mediated emulsion polymerization, this relationship
also holds.10-13,44 However, when the viscosity is high inside
the particles, compartmentalization of the CCTA can occur
which results in a discrete distribution of CCTA molecules
over the population of polymer particles.7 Consequently,
independent of nCCTA, multimodal MWDs were obtained
experimentally where the individual contributions to the
multimodal MWD are believed to correspond to polymer
particles containing 0, 1, 2, etc. CCTAmolecules.Moreover,
polymer populations formed in the presence of 0, 1, 2, etc.
CCTA molecules proved to have a DP independent of the
total amount of CCTA in the system.7 Conditions similar to
this can be simulated by changing nCCTAwhile maintaining a
fixed fcout, which is representative of a systemwith significant
mass transfer barriers to CCTA entry and exit from the
particles (Figure 5).

In these simulations, bimodal distributions are observed,
independent of nCCTA. Only the relative amounts of transfer-
derived and bimolecular termination-derived products
change (Figure 5). The latter result originates from the fact
that the characteristic time of a CCTAmolecule residing in a
polymer particle (λCo,c) increases with increasing CCTA
concentration. For the reported simulations, the characteris-
tic time of a polymer particle without a CCTA molecule
(λCo,0), which is dependent on the global CCTA concentra-
tion, is longer than the characteristic time of a radical existing
inside those particles (λrad,0 = 1 s) even at nCCTA = 5. This
results in a situation where several bimolecular termination
events occur prior to the entry of a CCTA molecule. Conse-
quently a bimolecular termination-derived peak is observed
for each system at DP ≈ 5100, regardless of the amount of
CCTA. The most extreme case presented here, with nCCTA=
5, still shows a bimolecular termination peak, although its
concentration is significantly lower than for the other simula-
tions with lower nCCTA (Figure 5a). In this case, the char-

acteristic time of a particle devoid of a CCTA molecule is
λCo,0 = 200 s, which is still significantly longer than the
residence time of a radical in a polymer particle, λrad,0 =
1 s.Whereas this explains why highMWpolymer is formed in
the nCCTA= 5 system, it must be noted that instances of
particles devoid of CCTA are extremely rare, owing to the
very small concentration of such products. The concentration
of dead polymer created by bimolecular termination is the
highest in particles possessing nCCTA=0.05, as the character-
istic time that such a particle remains devoid of a CCTA
molecule is λCo,0 = 2 � 104 s, which allows for a significant
numberofbimolecular termination events prior to the entry of
a CCTA molecule. Note that due to computational limita-
tions it was not possible to investigate a pseudobulk case
where nCCTA was significantly higher than 5.

A striking observation is that the molecular weight peak
for the transfer-dominated population in simulations with
nCCTA = 0.25 and 0.5, and to a lesser resolution for nCCTA
0.05, are all located at DP ≈ 310 (Figure 5b), further
confirming that the evidence of compartmentalization ob-
served experimentally by Smeets et al.7 can be attributed to
a discrete distribution of CCTA molecules over the polymer
particles. The relative amounts of the polymer populations,
however, do vary with nCCTA. In these systems the particles
experience either 0 or 1 CCTA molecule per particle. Note
that instances where a polymer particle possesses 2 or more
CCTAmolecules are rare, although they cannot be excluded.
This result reinforces the hypothesis that the MWD of the
polymer product is not dependent on the absolute concen-
tration of CCTA in the system, but instead on the discrete
number of CCTA molecules compartmentalized inside each
paticle over the course of the polymerization.

When the amount of CCTA is further increased, i.e., nCCTA
>1.0, the peak of the transfer-dominated polymer popula-
tion is shifted to lower chain lengths. At these conditions,
the likelihood of polymer particles containing more than 1
CCTA molecule is greatly enlarged. This would result in a
multimodal CLD, where the individual contributions ori-
ginate from polymer particles containing 0, 1, 2, 3, etc.
CCTA molecules. The simulation shows that the width of
the CLD increases with increasing CCTA concentration
(Figure 5a). Notice that the transfer-dominated peak for
nCCTA = 5 encompasses a large range of the low molecular
weight end of the w (log DP) plot, extending toward a lower
DP, when compared to the distributions obtained with
nCCTA e 0.50. The CLDs originating from polymer parti-
cles experiencing different number of CCTA molecules per
particle are close in DP, especially on a logarithmic scale,

Figure 5. Simulated CLDs of 65 nmparticles with varying nCCTA at 30% conversion, assuming ktrans
app = 1.5� 106 L 3mol-1

3 s
-1, F=1 s-1 and fcout=

10-4 s-1. (a) w(log DP) plot; (b) w(DP) plot with nCCTA e 0.50.
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and this explains why a broad CLD is observed in the
simulations, rather than a distinct multimodal CLD.

Changing the Diffusional Resistance to CCTA Entry and
Exit from the Particles. The rates of CCTA entry and
desorption are governed by the resistance against mass
transport of the catalyst. As the reaction proceeds and
monomer is consumed, the viscosity of the polymer particle
increases, reducing the rate of diffusion. In this model, the
effects of diffusion limitations can be simulated by changing
the frequencies of entry and exit of CCTA molecules from
the polymer particles, fcin and fcout respectively (Figure 6).

There are two limiting cases. First, when the frequencies
of CCTA entry and exit are both low, i.e., fcin and fcout <
0.1 s-1, the simulations mimic a scenario where the viscosity
of the polymer particles is high and consequently significant
resistance against CCTA mass transport can be expected, as
shown experimentally in seeded emulsion polymerization.7

Second, when the frequencies of CCTA entry and exit are
both high, i.e., fcin and fcout g 10 s-1, this mimics a scenario
where the viscosity of the polymer particles is low and
consequently mass transport limitations are negligible, as is
often seen at low conversion in ab initio emulsion and
miniemulsion polymerization.10,14,15 The changes in fcout
(and the respective fcin) reflect viscosity effects on the CLD.

In the simulations for nCCTA = 2, both bimolecular
termination-dominated (DP = 5000) and transfer-domi-
nated (DP = 139) peaks are obtained at identical DP for
fcout between 10-4 and 0.01 s-1. This indicates that the
characteristic time of a particle devoid of CCTA molecules
(50 s e λCo,0 e 5 � 103 s) is greater than the characteristic

time of a radical inside similar particles (λrad,0 = 1 s),
allowing many instances of bimolecular termination prior
to the entry of a CCTA. In the same system, fcout between
0.1 and 1 s-1 represents a transitional region where the
characteristic time of a particle devoid of CCTA (0.5 s e
λCo,0 e 5 s) is of the same order of magnitude of the
characteristic radical lifetime inside such particles (λrad,0 =
1 s). Consequently some polymer is created through bimo-
lecular termination, but also a significant portion of the
population in the bimolecular termination-dominated peak
is formed by polymer chains which begin propagating in a
polymer particle devoid of CCTA and are terminated upon
the entry of a CCTA molecule. This explains why the
transfer-dominated peak is present at the same DP as for
systems with higher diffusional resistances, but the bimole-
cular termination-dominated distribution is shifted to a
lower DP. This transitional zone behavior is also present in
the nCCTA = 0.5, where the characteristic times for particle
devoid of CCTA are 2 and 0.2 s for fcout = 0.1 and 1 s-1

respectively.
A monomodal peak is observed for fcout g10 s-1 for the

systemwith nCCTA=2 andwith fcoutg103 s-1 for the system
with nCCTA = 0.5 (Figure 6a,c). At these conditions, the
resistance toward CCTA diffusion is negligible and each
particle experiences polymerization in the presence of at least
1 CCTA molecule during the lifetime of each radical inside
the particle. Consequently all dead polymer chains are
produced through chain transfer, and the expected DPn

can be calculated by the modified Mayo equation (eq 15),
as was illustrated in themodel validation section.18 Therefore,

Figure 6. Simulated CLDs with different diffusion resistances (fcout and fcin) to CCTA entry and exit from the particles at 30% conversion, assuming
65 nm particles, F = 1 s-1 and ktrans

app = 1.5 � 106 L 3mol-1
3 s
-1. (a) w(DP) plot for nCCTA = 2; (b) w(log DP) plot with nCCTA = 2; (c) w(DP) plot

with nCCTA = 0.5; (d) w(log DP) plot with nCCTA = 0.5.
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the simulatedmonomodal peakwith a high fcout and nCCTA=
2 corresponds to the same DP as the transfer-dominated
peaks with nCCTA = 2 in the simulations with significant
diffusional resistances to CCTA transport between particles.

Comparison of Simulations with Experimental Results

Many of the simulated CLDs in this work reflect the effects of
CCTA compartmentalization. It was shown that the frequencies
of CCTA entry and exit are primarily responsible for governing
the compartmentalization of the CCTA and hence the multi-
modality of the CLD. The presence of the bimodal CLD can be
attributed to bimolecular termination and chain transfer in
polymer particles in the absence or presence of a CCTA.
Furthermore, it was illustrated that an increase of the overall
CCTAconcentration did not affect theDPof transfer-dominated
molecular weight peak when nCCTA> 1. These results are in
agreement with the experimental observations made before7 in
seeded emulsion polymerization under comparable polymeriza-
tion conditions.

Experimentally, the bimolecular termination-dominated peak
corresponds to a DP of approximately 1050, which is much
shorter than that described by the simulations. The chain length
of the population created by bimolecular termination is influ-
enced greatly by the choice of the frequency of radical entry in the
particle (F). For the simulations, a much lower frequency of
radical entry was chosen (1 and 0.1 s-1) to allow a clearer
separation between the bimolecular termination and the transfer-
dominated peaks on the CLD. The transfer-dominated polymer
population obtained by simulation is similar to that reported in
the experimental studies.

To further confirm that the peaks on the simulated CLDswith
different nCCTA can be directly related to presence or absence of a
CCTA, the expected DP of the produced polymer in polymer
particles containing nCCTA = 1, 2, etc. CCTA molecules can be
calculated from a modified form of the Mayo equation (eq 15)
where nCCTA is substituted for nCCTA. The calculated instanta-
neousDPn for thedifferent amounts ofCCTA(nCCTA=0, 1and2)
at an instantaneous conversion of 30%and the peakDP from the
w(DP) and n(DP) (number-average) distributions of a systems of
nCCTA= 0.25 and 0.5 with fcout = 10-4 s-1 and F = 0.1 s-1 are
compared in Table 3. It is clear that the peak DPs are dependent
upon the number of CCTA in each particle rather than the
average number of CCTA in the system.

Although the experimental results suggest that distinct peaks
may be visible for transfer-dominated products with nCCTA of 1, 2
or more, distinct peaks were not observed in the simulations.
However, simulations with a higher average nCCTA demonstrate
much broader transfer-dominated peaks that center on lower
DPs. We have to conclude that our current model is able to
account for transfer productswithwidely varying peakmolecular
weights, but is unable to individually resolve individual distribu-
tions from one another.

As discussed in the model validation section, a miniemulsion
system, where monomer droplets are transformed in situ into

polymer particles over the course of the reaction, is an excellent
system to evaluate the absence of significantmass transfer effects.
Early in the reaction, when the instantaneous conversion, and
thus the internal viscosity are quite low, CCTA is assumed to
partition freely between the water and monomer phases. Experi-
mentally, CCT-mediated miniemulsions at these conditions yield
monomodal MWDs and the molecular weight of the formed
product can be predicted by themodifiedMayo equation (eq 15).
Ourmodel predicts that monomodal CLDswithDP correspond-
ing to the predicted values by themodifiedMayoEquation can be
obtained (Figure 2). Not only do the DP values match the Mayo
Equation, but the PDIs are close to 2, which is predicted
theoretically from the Schulz-Flory most probable distribution
(Table 2).

Although thismodel may not be able to pick up every intricacy
of CCT-mediated emulsion polymerization over a range of
conversions and reaction conditions, it does suggest, along with
experimental evidence, that the mass transfer limitations on the
entry and exit of CCTA, which may be controlled by the
instantaneous conversion and, as a consequence, the internal
viscosity of the particles, can greatly affect the CLD.Multimodal
CLDsare obtainedwhen the contributions of discrete numbers of
CCTA (nCCTA = 1, 2, etc.) in each particle, along with slow
transfer of these CCTAs between the particles, are accounted for.
The contribution of each of these peaks can be attributed to a
discrete distribution of CCTA molecules over the polymer
particles. However, even when CCTA compartmentalization is
accounted for, but the transfer of CCTAs between the particles is
sufficiently fast, monomodal CLDs are obtained, with aDPn that
can be predicted by the Mayo equation (eq 15).

Conclusions

Wehave presented the first simulations which demonstrate the
effect of segregation of both the propagating radical and a
mediating species on the chain length distribution in emulsion
polymerization, specifically for catalytic chain transfer. The
multimodal MWD observed experimentally in seeded emulsion
polymerization can be represented by our simulations and con-
firm that the diffusional resistance against CCTA transfer be-
tween particles limits the ability of the CCTA to effectively
mediate numerous polymer particles, which results inmultimodal
CLDs. In instances of fast CCTA diffusion, the expected degree
of polymerization can be predicted by the Mayo equation using
the average concentration of CCTA per particle in the system,
which is confirmed by the model. However, when the diffusional
resistances are significant, the individual contributions to the
CLD can be attributed to the compartmentalization of CCTA in
the particles, whereby the peaks at different DPs are due to
polymerization in the presence of zero or more CCTAmolecules
inside each particle over the course of the polymerization. The
main parameter governing the compartmentalization effects is
the entry and exit of the CCTA,which is related to the viscosity of
the polymer particles.
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Nomenclature

C concentration of CCTA in the polymer phase
[mol 3L

-1]
Cw concentration of CCTA in the aqueous phase

[mol 3L
-1]

Table 3. Instantaneous DPn Calculated with the Modified Mayo
Equation (Eq 15) and Instantaneous Peak DP from Simulations at
30% Conversion in Particles 65 nm Containing Different nCCTA,
Assuming ktrans

app = 1.5 � 106 L 3mol-1

3 s
-1, G = 0.1 s-1, fcout =

10-4 s-1, and nCCTA = 0.25 and 0.5

nCCTA nCCTA

DPn

(Mayo equation)
peak DP
n(M) plot

peak DP
w(M) plot

0.25 0 29 088 30 500 30 500
1 235 238 250
0.25 (nCCTA) 917

0.5 0 29 088 30 400 30 400
1 235 231 232
0.5 (nCCTA) 466
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CCTA catalytic chain transfer agent
COBF bis[(difluoroboryl)dimethylglyoximato]cobalt(II)
DP degree of polymerization
DPn number-average degree of polymerization
DPn

inst number-average degree of polymerization
dp particle diameter [nm]
fcin frequency of CCTA entry into a particle [s-1]
fcout frequency of CCTA exit from a particle [s-1]
fdes frequency of desorption of short radicals from the

particle [s-1]
ffm frequency of uncatalyzed transfer tomonomer [s-1]
fp frequency of propagation [s-1]
ft frequency of termination (by disproportionation)

[s-1]
ftrans frequency of catalytic chain transfer [s-1]
kdm rate constant for radical desorption [s-1]
kfm rate constant of uncatalyzed transfer to monomer

[L 3mol-1
3 s
-1]

kp rate constant of propagation [L 3mol-1
3 s
-1]

kt rate constant of termination by disproportionation
[L 3mol-1

3 s
-1]

ktrans
app apparent rate constant of catalytic transfer to

monomer [L 3mol-1
3 s
-1]

M concentration of monomer inside the particles
[mol 3L

-1]
M0 initial concentration of monomer inside the parti-

cles [mol 3L
-1]

n average number of radicals per particle
nCCTA average number of CCTA (in this case COBF)

molecules per particle
nCCTA number of CCTA molecules in a distinct particle
NA Avogadro’s number [mol-1]
Ns,i,c fraction of particle with s short radicals, i propagat-

ing radicals, and c CCTA molecules
Rj

3 concentration of radicals of chain length j
[mol 3L

-1]
Rshort

• concentration of short (monomeric) radicals
[mol 3L

-1]
Rw

• concentration of radicals in the aqueous phase
[mol 3L

-1]
Rtrans rate of catalytic transfer to monomer [L 3mol-1

3 s
-1]

Ss,i,j,c fraction of particle with s short radicals, i propagat-
ing radicals, one of which with a chain length of j,
and c CCTA molecules

Pj total concentration of dead polymer with a degree of
polymerization of j [mol 3L

-1]
Pk

d concentration of dead polymer chains of length k
with an unsaturation [mol 3L

-1]
Pshort concentration of dead polymer chains formed from

short radical termination [mol 3L
-1]

Vp volume of a particle [L]
w(DP) differential weight chain length distribution
w(log DP)

differential logarithmic chain length distribution
F frequency of (short) radical entry into a particle [s-1]
λCo,0 Characteristic time of a particle remaining devoid of

a CCTA, with nCOBF = 0 [s]
λrad,c Characteristic time of a radical existing inside a

particle, with nCOBF = c [s]
λtrans,c Characteristic time of a CCT reaction on an active

radical in a particle with nCOBF = c [s]
δ Kronecker index

Subscripts

c number of CCTA molecules inside the particle
Cmax maximum number of CCTA molecules per particle

i total number radicals in the particle (short and
propagating)

Imax maximum number of radicals present in a particle
j chain length of one distinguished propagating radi-

cal in the particle
s number of short radicals in the particle

Supporting Information Available: Text giving the kinetic
scheme for free radical polymerization, the generalized form of
the distinguished particle distributions and the derivation of the
frequency of radical desorption from the particles and figures
showing w(DP) plots. This material is available free of charge
via the Internet at http://pubs.acs.org.
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