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ABSTRACT: Effects of diffusion control in a compartmentalized atom transfer radical polymerization
(ATRP) system have been investigated by modeling and simulations employing modified Smith-Ewart
equations in connection with conversion-dependent rate coefficients for the system styrene/polystyrene-Cl/
CuCl/4,40-di(5-nonyl)-2,20-bipyridine (dNbpy) at 75 �C. The effects of conversion-dependent rate coefficients
for deactivation (kdeact) and termination (kt) were investigated in detail for the particle diameter 30 nm, i.e., a
strongly compartmentalized system. The decrease in kdeact at high conversion results in an increase in the
number of monomer units added per activation-deactivation cycle, thereby causing slight loss of control
relative to when kdeact remains constant. The conversion dependence of kt results in a minor increase in
livingness at high conversion relative towhen kt remains constant. The individual compartmentalized rates of
deactivation and termination have been analyzed in detail based on the particle distributions Ni

j, where Ni
j is

the number of particles containing i propagating radicals and j deactivator species.

Introduction

Controlled/living radical polymerization (CLRP)1 is now a
well-established area of research, and recent years have seen a
gradual shift from mainly fundamental research on CLRP in
homogeneous systems toward implementation in various dis-
persed systems2-5 as well as a range of other more specific
synthetic applications of CLRP.6,7 Polymerization in dispersed
systems can be considerably more complex than the homogene-
ous counterparts due to various features such as phase transfer
events, interface effects, and compartmentalization, which can
significantly alter the progression of the polymerization.

Compartmentalization refers to the physical isolation of reac-
tants in discrete confined spaces, i.e., the monomer droplets or
polymer particles. There are two separate effects of compartmen-
talization: the segregation effect and the confined space effect.2,8

The segregation effect refers to how two species in different
particles are unable to react, whereas the confined space effect
refers to the rate of reaction between two species being higher in a
small particle than in a large particle. CLRP systems that operate
based on the persistent radical effect,9 e.g., nitroxide-mediated
radical polymerization (NMP)1,10 and atom transfer radical
polymerization (ATRP),1,11,12 may experience both the confined
space effect on deactivation (increase in deactivation rate) and the
segregation effect on termination (decrease in termination rate);
i.e., both propagating radicals and deactivator species may be
compartmentalized. In systems that rely on degenerative transfer,
e.g., reversible addition-fragmentation chain transfer (RAFT)
polymerization,13,14 termination can be affected by compartmen-
talization,15,16 but the activation-deactivation process is not
because the concentration of dormant chains (e.g., RAFT end
groups) is normally too high. In NMP8,17-20 and ATRP,21,22

compartmentalization can thus potentially be exploited to imp-
rove control and livingness at the cost of a lower polymerization

rate (Rp), whereas in RAFT, the livingness can be improved with
an accompanying increase in Rp. However, if the deactivator is
sufficiently water-soluble in NMP23,24 and ATRP,25 there will be
no confined space effect on deactivation.

The most convincing experimental evidence of compartmen-
talization in ATRP so far has been reported by Simms and
Cunningham,26,27 who found that very high molecular weights
(Mn = 989 900, Mw/Mn = 1.25) were obtained in the redox-
initiated reverse ATRP of n-butyl methacrylate in miniemulsion.
Such high molecular weights cannot be attained with good
control (low Mw/Mn) based on current understanding of ATRP
in the absence of compartmentalization effects. Experimental
data consistent with compartmentalization effects in miniemul-
sion NMP have been obtained by Cunningham and co-workers
for 2,2,6,6-tetramethylpiperidine-N-oxyl (TEMPO)-mediated
miniemulsion polymerization of styrene (St)28 as well as by
Okubo and Zetterlund in microemulsion NMP of St using
TEMPO29 and N-tert-butyl-N-[1-diethylphosphono-(2,2-dimethyl-
propyl)] nitroxide (SG1).30

In the case of ATRP in bulk, termination is diffusion-
controlled from zero conversion onward,31-33 and depending on
the specific system and conditions, it is likely that propagation34,35

and deactivation35,36 come under diffusion control at intermedi-
ate/high conversion. The ATRP activation reaction is not likely
to be significantly influenced by reactant diffusion due to the low
value of the chemical reaction rate coefficient.1 It has recently
been reported that effects of diffusion control areweak in the case
of TEMPO-mediated polymerization of St.37

To date, the effects of compartmentalization to high
conversion in ATRP (and NMP) have not been investigated.
In this work, this deficiency is redressed by use of modeling
and simulations based on previously employed modified
Smith-Ewart equations21,22 in connection with conversion-
dependent rate coefficients for the ATRP system St/polystyrene-
Cl/CuCl/4,40-di(5-nonyl)-2,20-bipyridine (dNbpy) at 75 �C in
bulk.
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Model Development

Bulk. Bulk ATRP was modeled based on eqs 1-5:12,38

d½M�
dt

¼ -kp½P•�½M� ð1Þ

d½PCl�
dt

¼ kdeact½P•�½CuCl2�-kact½PCl�½CuCl� ð2Þ

d½CuCl�
dt

¼ kdeact½P•�½CuCl2�- kact½PCl�½CuCl� ð3Þ

d½CuCl2�
dt

¼ kact½PCl�½CuCl�-kdeact½P•�½CuCl2� ð4Þ

d½P•�
dt

¼ kact½PCl�½CuCl� þ ki, th½M�3 - kdeact½P•�½CuCl2�

-2kt½P•�2 ð5Þ
where M, PCl, and P• are monomer, alkyl chloride, and
propagating radical, respectively, and kp, kact, kdeact, ki,th,
and kt are rate coefficients for propagation, activation,
deactivation, thermal (spontaneous) initiation of St,39,40

and termination, respectively. The values of the rate coeffi-
cients employed in the simulations are listed in Table 1. The
“2” corresponding to the fact that each thermal initiation
event of St generates two radicals is included in the value of
ki,th. The number of monomer units added per activation-
deactivation cycle (N) was computed via eq 6:

N ¼ kp½P•�½M�
kdeact½P•�½CuCl2� ¼ kp½M�

kdeact½CuCl2� ð6Þ

The equations were implemented and solved using the soft-
ware VisSim (version 6.0A11, Visual Solutions Inc.).

Compartmentalization. Compartmentalization in ATRP
was modeled using the previously published approach based
on a modified Smith-Ewart equation41 that accounts for
compartmentalization of both P• and CuCl2:

21,22

dN
j
i

dt
¼ NAvpkact½PCl�½CuCl�ðNj-1

i-1 -Nj
i Þ

þ 0:5ki, th½M�3NAvpfNj
i-2 -N

j
ig

þ kt

NAvp
fði þ 2Þði þ 1ÞNj

i þ 2 - ðiÞði- 1ÞNj
ig

þ kdeact

NAvp
fði þ 1Þðj þ 1ÞNjþ 1

iþ 1 - ðiÞðjÞNj
ig ð7Þ

where Ni
j is the number of particles containing i P• and

j CuCl2, vp is the particle volume, and NA is Avogadro’s

number. The average numbers of P• (nP•) and CuCl2 (nCuCl2)
per particle are

nP• ¼ 1

Np

X

i

X

j

iN
j
i ð8Þ

nCuCl2 ¼ 1

Np

X

i

X

j

jNj
i ð9Þ

where Np =
P

i

P
jNi

j (the total number of particles). The
overall concentrations of P• and CuCl2 in the organic phase
are

½P•� ¼ nP•

NAvp
ð10Þ

½CuCl2� ¼ nCuCl2
NAvp

ð11Þ

The propagation step is not affected by compartmentalization
(because eachparticle contains averyhighnumberofmonomer
units, i.e., no confined space effect17), and therefore eqs 1 and
10 can be used to compute the monomer conversion. This also
applies to the activation reaction betweenPCl andCuCl;both
reactants are present in high concentration. The concentrations
of PCl and CuCl are thus given by

d½PCl�
dt

¼ d½CuCl�
dt

¼ kdeact

ðNAvpÞ2Np

X

i

X

j

ijN
j
i -kact½PCl�½CuCl� ð12Þ

The number of monomer units added per activation-
deactivation cycle (N) was computed via eq 13:

N ¼ kp½M�½P•�
kdeact

ðNAvpÞ2Np

X

i

X

j

ijNj
i

ð13Þ

The equationswere implemented and solved using the software
VisSim employing numerical integration (backward Euler in-
tegration algorithm42) with a step size of 1 s. In all simulations
(including bulk), the initial concentrations were [PCl]0 =
[CuCl]0=0.0181M and [M]=8.7M. Themodel corresponds
to an ideal miniemulsion polymerization, initially comprising
monomer droplets that are subsequently converted to polymer
particles. The number ofmonomer droplets (polymer particles)
remains constant; i.e., there is no secondary nucleation, Ost-
wald ripening,43 or coagulation. It has been assumed that phase
transfer events such as exit and subsequent entry of deactivator
and small radicals generated by chain transfer to monomer do
not occur to make the phenomenon of compartmentalization
more tractable.However, it cannotbe excluded that suchevents
may in fact to some extent influence a real system.2,25

Diffusion-Controlled Reactions. The concept of diffusion
control is perhaps best illustrated via eq 14, derived from the
so-called encounter-pair model:44

1

k
¼ 1

kchem
þ 1

kdiff
ð14Þ

where k denotes the overall rate coefficient for a bimolecular
reaction, and kchem and kdiff are the corresponding rate

Table 1. Rate Coefficients Employed in the Simulations

St/CuCl/dNbpy/75 �C

kact (s
-1) 1.66 � 10-3 a

kdeact (M
-1 s-1) conversion-dependent or 4.3 � 106 b

kp (M
-1 s-1) 566c

kt (M
-1 s-1) conversion-dependent or 1.22 � 108 d

ki,th (M
-2 s-1) 1.12 � 10-12 e

aBased on kact(1-phenylethyl chloride/dNbpy)=5.6� 10-5 at 35 �C
and kact(1-phenylethyl chloride/dHbpy/toluene) = 0.018 at 110 �C
(dHbpy =4,40-diheptyl-2,20-bipyridine), giving Eact = 75.5 kJ mol-1

and Aact=3.56 � 108 s-1.38 b kdeact for phenylethyl radical and CuCl2/
dNbpy in acetonitrile.38 cReference 46. dReference 52 (based on termi-
nation rate=2kt[P

•]2). eReference 39 (basedon radical generation rate=
ki,th[St]

3).
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coefficients for the chemical and diffusive steps, respectively.
Equation 14 is derived by assuming that the overall reaction
time is the sum of the diffusive step and the chemical reaction
step. The more rapid the chemical step, the more likely is a
reaction to come under diffusion control as the viscosity
increases when the polymerization proceeds.

In the present study of the ATRP system St/polystyrene-
Cl/CuCl/dNbpy at 75 �C in bulk, simulations were carried
out to 80% St conversion. The value of kp has been experi-
mentally determined as a function of conversion in the
conventional bulk polymerization of styrene at 70 �C,34,45
revealing that kp remains approximately constant to 80%
conversion. Therefore, the IUPAC benchmark low conver-
sion kp value

46 of 566 M-1 s-1 was employed at all conver-
sions. The dependence of kt on both conversion and
propagating radical chain length47 (the propagating radical
chain length increases with conversion in CLRP) was cap-
tured by employing experimental data for the RAFT poly-
merization of styrene in bulk at 80 �C (Figure 1).48 Inherent
in this approach is that the value of kt for spontaneously
generated radicals from styrene will be somewhat under-
estimated (because at nonzero conversions, kt of the experi-
mental data in Figure 1 corresponds to higher molecular
weights than the spontaneously generated radicals as gover-
ned by the evolution of Mn with conversion in CLRP).

The conversion dependence of kdeact was modeled
(experimental conversion dependence not available) using,
as a starting point, the experimental data reported by Faldi
et al.49 for the diffusion coefficient of methyl methacrylate
(DMMA) in a MMA/PMMA matrix at various polymer
contents at 50 �C. The value of kdiff is given by the Smolu-
chowski equation:

kdiff ¼ 4πNAσDCuðIIÞ ð15Þ
The diffusion coefficient in eq 15 is strictly speaking the
mutual diffusion coefficient, i.e., the sum of the respective
self-diffusion coefficients ofCu(II) (CuCl2) andP

•.However,
the diffusion coefficient of the Cu(II) complex is much larger
than that of a propagating macroradical, and the use of
DCu(II) in eq 15 is thus an excellent approximation. The
parameter σ is the collision radius, taken to be equal to the
Lennard-Jones diameter of St at 6.0 � 10-10 m.50 Values of
DCu(II) at 75 �C were obtained from the data reported by
Faldi et al.49 at 50 �C by assuming an activation energy of
DCu(II) of 3257 J mol-1 49(independent of conversion). The
Cu(II) complex CuCl2/2dNbpy is considerably bulkier than

MMA, and one would therefore expect DCu(II) <DMMA.
Reyniers et al.51 found by free volume theory that D for the
Cu(II) complex CuBr2/N,N,N0,N0,N00-pentamethyldiethyl-
enetriamine (PMDETA) is 21 times lower than DMMA in
MMA monomer at 25 �C. It was therefore assumed that
DCu(II)/DMMA(Faldi et al.) = 1/21 at all conversions in the
present study. The resulting DCu(II) vs conversion (Figure 2)
was subsequently fitted with an empirical function and
used in conjunction with eq 14 and kdeact,chem (kchem)=4.3 �
106 M-1 s-1 22 to compute kdeact (k in eq 14) as a function of
conversion (Figure 3).

Results and Discussion

Diffusion Control in Bulk. Before considering the com-
partmentalized case, it is instructive to examine the effects of
diffusion-controlled termination and deactivation in the
ATRP system St/polystyrene-Cl/CuCl/dNbpy at 75 �C in
bulk. Simulations were carried out based on eqs 1-6 using
the conversion-dependent kt (Figure 1) and kdeact (Figure 3)
(caseA) aswell as, for comparison,usingkt=1.2� 108M-1 s-152

and kdeact=4.3 � 106 M-1 s-1 (case B).22

The initial polymerization rate (Rp) is lower for case A
(i.e., the propagating radical concentration is lower) due to
the initially high value of kt (Figure 4a). However, at inter-
mediate to high conversion levels, Rp is higher for case A
than case B due to the decreases in both kt and kdeact with

Figure 1. Thick line: experimentally obtained kt vs conversion for
RAFTpolymerizationof styrene in bulk at 80 �CwithMn,th (100%con-
version)=44000 g mol-1.48 Thin line: kt=1.2 � 108 M-1 s-1.

Figure 2. Estimated diffusion coefficient of the Cu(II) complex CuCl2/
2dNbpy in bulk St as a function of St conversion at 75 �C. See text for
details.

Figure 3. Thick line: estimated deactivation rate coefficient for the
ATRP system CuCl2/2dNbpy/St/75 �C as a function of St conversion
(see text for details). Thin line: kdeact = 4.3 � 106 M-1 s-1.
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increasing conversion. These trends are also reflected in the
propagating radical (Figure 4b) and deactivator (Cu(II))
concentrations (Figure 4c). The Cu(II) concentration is
higher for case A at low to intermediate conversion due to
the higher termination rate (termination “releases” Cu(II) by
consumption of propagating radicals). The decrease in
[Cu(II)] over much of the conversion range in case A is
caused by the continuous reduction in kt in combinationwith
generation of new radicals via spontaneous initiation of St.
The increase in [Cu(II)] at high conversion in case A is due to
the decrease in kdeact. In case A,Rp is close to constant over a
very wide conversion range because the gradual decrease in
monomer concentration is offset by the increase in propa-
gating radical concentration due to the decreases in both
kt and kdeact.

The livingness is evaluated in terms of the ratio
[PCl]/[PCl]0. It is noted that this definition of livingness
includes the contribution toward [PCl] of the radicals from
spontaneous initiation of styrene that ultimately result in PCl
species. In case A, the gradual increase in [PCl]/[PCl]0 over
the intermediate conversion range is caused by radicals
generated by spontaneous initiation of St that result
in formation of new PCl species in combination with the

gradual decrease in kt (Figure 5a). The decrease in [PCl]/
[PCl]0 at high conversion is caused by increased termination
due to the decrease in kdeact. For case B, the livingness
initially decreases and then remains close to constant as a
result of the increase in deactivator concentration with
increasing conversion (the persistent radical effect9).

The degree of control over the MWD (value of Mw/Mn)
can be assessed via examination of the number of propaga-
tion events per activation-deactivation cycle for an indivi-
dual chain (N).8 In ideal CLRP, that is, in the absence of
termination, transfer, and other side reactions, Mw/Mn

decreases with an increasing number of activation-deactiva-
tion cycles as polymer chains grow.38 Thus, for a givenMW,
Mw/Mn decreases with decreasing N. In case A, there is a
slight initial decrease, after which N remains close to con-
stant over most of the conversion range, with a gentle
increase at high conversion (Figure 5b). In case B,N initially
decreases sharply, followed by a more gradual continuous
decrease. These results are readily explained based on the
changes in [M], [Cu(II)], and kdeact with conversion in accor-
dance with eq 6.

From the above results it is thus apparent that the conver-
sion dependences of kt and kdeact exert significant influences
on the present ATRP system in bulk.

Diffusion Control in Compartmentalized System. Figure 6
shows simulated conversion-time data to high conversion
for St/polystyrene-Cl/CuCl/dNbpy in a dispersed system for
various particle diameters and in bulk at 75 �C using the
models with conversion-dependent kt and kdeact. Overall, the
behavior is qualitatively the same as previously reported in
bothATRP21,22 andNMP8,17-19 at low conversion; i.e.,Rp is
lower than in bulk for sufficiently small particles but higher
than in bulk for a certain particle size range. This general
behavior has been explained in detail in previous reports and
will not be repeated here.8,17-19,21,22

Figure 4. Simulated conversion-time (a), concentration of propagat-
ing radicals (b), and Cu(II) (c) for the ATRP system St/polystyrene-Cl/
CuCl/dNbpy in bulk at 75 �C. Thick lines: case A, conversion-depen-
dent kt and kdeact (see text). Thin lines: case B, kt = 1.2 � 108 M-1 s-1

and kdeact = 4.3 � 106 M-1 s-1.

Figure 5. Simulated fractional livingness (a; expressed as [PCl] relative
to its initial value) and number of monomer units added per activa-
tion-deactivation cycle (b;N) for the ATRP system St/polystyrene-Cl/
CuCl/dNbpy in bulk at 75 �C.Thick lines: conversion-dependent kt and
kdeact (case A; see text). Thin lines: kt = 1.2� 108M-1 s-1 and kdeact =
4.3 � 106 M-1 s-1 (case B).
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We next turn our attention to the specific effects of con-
version dependence of kt and kdeact in the dispersed system
with d=30 nm. Simulations were carried out using the con-
version-dependent kt and kdeact (case A) as well as, for com-
parison, using kt= 1.2 � 108 M-1 s-1 52 and kdeact= 4.3 �
106 M-1 s-1 (case B). Unlike the situation in bulk (Figure 4a),
the conversion-time profiles were unaffected by the conver-
sion dependences of kt and kdeact until ∼60% conversion
(Figure 7a). Beyond 60%conversion,Rp(caseA)>Rp(caseB).
For conversions <60%, kdeact remains relatively constant
(Figure 3), whereas kt decreases gradually with increasing
conversion from the outset of the polymerization. It can thus
be concluded that the decrease in kdeact is the main factor
causing the increase in Rp (and nP•) beyond 60% conversion
and that kt does not exert a significant influence (discussed
further below). To confirm this, simulations were carried out
with kt = 106 M-1 s-1, revealing only a negligible diffe-
rence in Rp at low conversion compared to when kt=1.2 �
108M-1 s-1 (both simulationswithkdeact=4.3� 106M-1 s-1).

Consistent with the above, the values of nP• (Figure 7b)
and nCuCl2 (Figure 7c) are virtually identical for case A and
case B up to ∼50-60% conversion. At high conversion, nP•

increases for case A relative to case B due to the decrease
in kdeact in case A. However, at high conversion, nCuCl2(case B)
>nCuCl2(case A), despite kdeact(case B)>kdeact(case A). The
main (by far) contribution toward nCuCl2 comes from parti-
cles of the type N0

2, i.e., particles of the type N2
2 where a

termination event has occurred. It follows that the reduction
in kt at high conversion in caseA iswhat causes nCuCl2(case B)
> nCuCl2(case A). The values of nP• are of the order of 10-5,
whereas nCuCl2 does not increase beyond 0.25. In other
words, the majority of particles contain no propagating
radicals and no deactivator species at any given time (N0

0).
The livingness is slightly higher for case A than case B at

high conversion (Figure 8a) as a result of the lower value of
kt in that conversion range for case A. The decrease in kdeact
at high conversion in case A results in an increase in N, i.e.,
in this conversion range control(case B) > control(case A)
(Figure 8b).

Particle Distribution (Ni
j). In order to further analyze the

inner workings of the compartmentalized system, it is in-
structive to examine the number fractions of the various
particle types. Recall thatNi

j denotes the number of particles
containing i P• and j CuCl2. Figure 9 shows plots of N0

0, N0
2,

N1
1, and N2

2 vs conversion for d = 30 nm with conver-
sion-dependent kt and kdeact (case A) in the absence of

spontaneous initiation. Spontaneous initiation was excluded
from the simulations in Figure 9 to further simplify the
situation, in particular with regards to the effects of com-
partmentalization on termination (discussed in detail later).

The particle type present in the highest number is by
far N0

0, followed by N0
2. The value of N0

0 decreases gradually
with conversion (but always makes up in excess of 90%
of the particles,) as termination in particles N2

2 results in a
gradual increase in N0

2. The particle types present in the
highest number of relevance to deactivation (i.e., particles
in which deactivation occurs) are N1

1 and N1
3 (N1

1 . N1
3 by

∼2 orders of magnitude). The particle types present in the
highest number of relevance to termination (i.e., particles
in which termination occurs) are N2

2 and N2
4 (N2

2 . N2
4 by

∼2 orders of magnitude). The significance of the particle
distribution Ni

j will be discussed further below in relation
to the compartmentalized rates of deactivation and ter-
mination.

Compartmentalization Effects on Deactivation and
Termination. The separate effects of compartmentaliza-
tion on deactivation and termination were analyzed by
comparison of the “compartmentalized rates” (Rc) with the

Figure 6. Simulated conversion-time data for the ATRP system St/
polystyrene-Cl/CuCl/dNbpy in a dispersed system with particle dia-
meters as indicated (nm) and in bulk (broken line) at 75 �Cusingmodels
with conversion-dependent kt and kdeact (case A; see text).

Figure 7. Simulated conversion-time (a), average number of propa-
gating radicals per particle (b), and average number of Cu(II) per
particle (c) for St/polystyrene-Cl/CuCl/dNbpy in a dispersed system
with d=30nmat 75 �C.Thick lines: conversion-dependentkt andkdeact
(case A; see text). Thin lines: kt = 1.2� 108M-1 s-1 and kdeact= 4.3�
106 M-1 s-1 (case B).
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corresponding “noncompartmentalized rates” (Rnc) based on
eqs 16-19:8

Rc
deact ¼ kdeact

ðNAvpÞ2
1

Np

X

i

X

j

ijN
j
i ð16Þ

Rc
t ¼ 2kt

ðNAvpÞ2
1

Np

X

i

X

j

iði- 1ÞNj
i ð17Þ

Rnc
deact ¼ kdeact½P•�½CuCl2� ð18Þ

Rnc
t ¼ 2kt½P•�2 ð19Þ

using [P•] and [CuCl2] from eqs 10 and 11, respectively. The
value of Rnc is the rate that would be observed if all
compartmentalization effects were “removed” instanta-
neously (i.e., if all particles were instantaneously combined
to form a continuous organic phase). Thus, the noncom-
partmentalized system is not a real bulk system, but a hypo-
thetical bulk system where the concentrations of P• and
CuBr2 correspond to the overall instantaneous organic phase
concentrations in a compartmentalized system.

Figure 10a showsRdeact
c /Rdeact

nc as a function of conversion.
The values of Rdeact

c /Rdeact
nc decrease with increasing conver-

sion, but Rdeact
c /Rdeact

nc >1 throughout the conversion range
investigated. The higher deactivation rate in the compart-
mentalized system is due to the confined space effect, where-
by [CuCl2] is higher in a particle containing CuCl2 than in
the corresponding bulk system; i.e., some particles do not
contain any CuCl2 (nCuCl2 < 1).17,19,22 The magnitude of the

confined space effect decreases dramatically with increasing
conversion as a consequence of nCuCl2 increasing with con-
version (Figure 7c). The effects of the conversion depend-
ences of kt and kdeact on Rdeact

c /Rdeact
nc are however negligible,

consistent with the fairly minor difference in nCuCl2 between
cases A and B (Figure 7c).

To further probe the effects of compartmentalization on
deactivation, the individual values of Rdeact

c and Rdeact
nc were

examined for case A in the absence of spontaneous initiation
for d = 30 nm. Figure 11 shows the compartmentalized
(Figure 11a) and noncompartmentalized (Figure 11b) deac-
tivation rates vs conversion. Rdeact

c remains constant to high
conversion despite the significant changes in kdeact, nP•, and
nCuCl2 with conversion. Deactivation can occur in the parti-
cles N1

1, N1
3, N2

2, and N2
4 (as well as in particles of higher i

and j), but N1
1 . N1

3, N2
2, and N2

4, and consequently Rdeact
c is

determined by deactivation in particles of type N1
1. A deac-

tivation event in a particle of type N1
1 is the result of two

events that occur in series: activation to generate a particle of
the typeN1

1 followed by rapid deactivation. The former is the
rate-determining step, which is why the decrease in kdeact at
high conversion is not affecting Rdeact

c , which remains con-
stant. Rdeact

nc (Figure 11b) can be explained in a trivial
fashion;it increases with increasing conversion as a result
of the conversion dependences of kdeact, nP•, and nCuCl2.

Figure 8. Simulated fractional livingness (a; expressed as [PCl] relative
to its initial value) and number of monomer units added per activa-
tion-deactivation cycle (b; N) for St/polystyrene-Cl/CuCl/dNbpy in a
dispersed system with d = 30 nm at 75 �C. Thick lines: conversion-
dependentkt andkdeact (caseA; see text).Thin lines:kt=1.2� 108M-1 s-1

and kdeact = 4.3 � 106 M-1 s-1 (case B).

Figure 9. Simulated fractions of particles Ni
j (the number fraction of

particles with i P• and j CuCl2) as functions of conversion for St/poly-
styrene-Cl/CuCl/dNbpy in a dispersed systemwith d=30 nm at 75 �C.
Conversion-dependent kt and kdeact (case A; see text) and ki,th = 0.
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.Figure 10b shows the values of Rt
c/Rt

nc for termination.
Both case A and case B reveal a gradual decrease in Rt

c/Rt
nc

with increasing conversion (except for the initial increase in
case A;explained below). Spontaneous initiation of St39,40

generates radicals in pairs, and the rate of geminate termina-
tion of these radicals increases with decreasing particle size
due to the confined space effect. In the model, the overall
termination rate is the sum of all radical-radical coupling
reactions (except deactivation), and for sufficiently small
particles, the increase in geminate termination rate of spon-
taneously generated radicals outweighs the reduction in
termination by segregation of radicals generated from acti-
vation of PCl. This explains whyRt

c>Rt
nc at low conversion.

The rate of spontaneous initiation is proportional to [St]3,
and thus it decreases strongly with increasing conversion. It
follows that the contribution of geminate termination to-
ward the overall termination rate decreases with increasing
conversion, and therefore Rt

c/Rt
nc decreases with increasing

conversion. To illustrate this point, simulations were re-
peated for case A without spontaneous initiation, revealing
how Rt

c/Rt
nc<1 throughout the conversion range investiga-

ted. As conversion increases, Rt
c/Rt

nc (with spontaneous
initiation) approaches Rt

c/Rt
nc (without spontaneous initi-

ation), and at 80% conversion, the values are very similar,
illustrating the diminishing effect of spontaneous initiation
at high conversion (Figure 10b).

Figure 12 shows Rt
c (Figure 12a) and Rt

nc (Figure 12b) vs
conversion for case A for d = 30 nm in the absence of
spontaneous initiation. The value of Rt

c remains approxi-
mately constant to ∼60% conversion, beyond which it
increases significantly. The decrease in kt with conversion
(Figure 1) only has a very small effect on Rt

c as evidenced by
simulations with kt=1.2� 108M-1 s-1 yielding very similar

Rt
c values throughout the conversion range (Figure 12a).

Among the particle types in Figure 9, only N2
2 contributes

toward Rt
c (because these particles contain two propagating

Figure 10. Ratios of simulated “compartmentalized” and “noncom-
partmentalized” deactivation (a) and termination (b; full lines: ki,th =
1.12 � 10-12 M-2 s-1; dotted line: ki,th = 0) rates as functions of con-
version for St/polystyrene-Cl/CuCl/dNbpy in a dispersed system with
d = 30 nm at 75 �C. Thick lines: conversion-dependent kt and kdeact
(case A; see text). Thin lines: kt = 1.2� 108M-1 s-1 and kdeact = 4.3�
106M-1 s-1 (case B). The two lines are superimposed in (a). The broken
line in (b) indicates Rt

c = Rt
nc.

Figure 11. Simulated “compartmentalized” (a) and “noncompartmen-
talized” (b) deactivation rates as functions of conversion for St/poly-
styrene-Cl/CuCl/dNbpy in a dispersed systemwith d=30 nm at 75 �C.
Conversion-dependent kt and kdeact (case A; see text) and ki,th = 0.

Figure 12. Simulated “compartmentalized” (a) and “noncompartmen-
talized” (b) termination rates as functions of conversion for St/poly-
styrene-Cl/CuCl/dNbpy in a dispersed system with d=30 nm at 75 �C.
Full lines: conversion-dependent kt and kdeact (case A; see text) and
ki,th = 0. Broken line in (a): kt = 1.2 � 108 M-1 s-1 (conversion-
dependent kdeact). Dotted line in (a): kdeact = 4.3 � 106 M-1 s-1

(conversion-dependent kt).
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radicals that can terminate), and the conversion profile of
N2

2 closely correlates with the conversion profile of Rt
c. The

reason that the value of kt only has a marginal effect is that
Rt
c is largely determined by the value ofN2

2, which is dictated
by kact, kdeact, and kt. Particles of type N2

2 are mainly
generated by an activation event occurring in a particle of
type N1

1, which are in turn generated by activation in N0
0. In

particles N1
1, deactivation is much more likely than an

activation event. For d=30 nm, the activation time is given
by (NAvpkact[PCl])

-1=3.91 s; i.e., an activation event occurs
every 3.91 s in any given particle. The time taken for
deactivation to occur in a particle N1

1 is given by NAνp/kdeact
=0.001 97 s; i.e., the probability of activation occurring in a
givenN1

1 particle is only 0.05%.This explains the influence of
kdeact on generation of N2

2 and thus on Rt
c. Termination

competes with deactivation in particles of typeN2
2, consistent

with the fact that simulations with a constant value of kdeact=
4.3�106 M-1 s-1 (as opposed to kdeact decreasing at high
conversion) does not result in the increase in Rt

c at high
conversion (Figure 12a). The decrease in kdeact at high
conversion results in an increase in particles N1

1 and N2
2 and

thus also an increase in Rt
c. The value of kdeact therefore

affects Rt
c not only via competition of deactivation with

termination in particles N2
2 but also by affecting the value

of N1
1.

The deactivation rate obviously influences the termina-
tion rate also in the noncompartmentalized system, but
in this case the situation is much simpler. A reduction in
Rdeact
nc results in an increase in [P•] and consequently an

increase in Rt
nc. The values of Rt

nc displayed in Figure 12b
can thus be readily explained based on the conversion
dependences of kt and nP• ([P•]=nP•/NAνp). The sharp initial
decrease corresponds to the decrease in kt and explains the
initial increase in Rt

c/Rt
nc in Figure 10b for case A. The

increase in Rt
nc at high conversion is less significant than

forRt
c because the decrease in kdeact is more strongly counter-

acted by the decrease in kt.

Conclusions

Compartmentalization effects to high conversion have been
investigated in the ATRP system styrene/polystyrene-Cl/CuCl/
4,40-di(5-nonyl)-2,20-bipyridine (dNbpy) at 75 �C by use of
modeling and simulations employing modified Smith-Ewart
equations in connection with conversion-dependent rate coeffi-
cients.

The behavior is qualitatively the same as previously reported in
ATRP and NMP at low conversion; i.e.,Rp is lower than in bulk
for sufficiently small particles but higher than in bulk for a certain
particle size range. The region with lower Rp than in bulk is
associatedwithbetter control (lowerMw/Mn), whereas the higher
Rp region is associated with poorer control than in bulk. The
livingness is improved relative to bulk in both regions. Segrega-
tion of propagating radicals causes improved livingness, whereas
the confined space effect on deactivation results in better control.

The effects of conversion-dependent kdeact and kt were inves-
tigated in detail for d=30nm.For this particular system, the vast
majority of particles contain no propagating radicals and no
deactivator species (CuCl2), and hence most activation events
generate particles of the type N1

1. The conversion dependence of
kt results in a slight increase in livingness at high conversion
relative towhen kt remains constant. The decrease inkdeact at high
conversion results in an increase in the number ofmonomer units
added per activation-deactivation cycle, thus giving a slight loss
of control relative to when kdeact remains constant.

Despite significant changes in kdeact, nP•, and nCuCl2 with
conversion, the compartmentalized overall deactivation rate

(Rdeact
c ) remains constant to high conversion, which may seem

to contradict the preceding sentence. However, for example, if a
dormant chain is in the active state twice during a given time
period, then Rdeact

c (considering this chain only) is unaltered by a
change in the length of time the chain is in the active state (which
is dictated bykdeact); i.e., it is possible to have different numbers of
monomer units added per activation-deactivation cycle for the
same Rdeact

c . The origin of the constancy of Rdeact
c is that

deactivation is a result of two events in series: activation to
generate a particle of the typeN1

1 followed by rapid deactivation,
the former of which is the rate-determining step. The situation is
similar with regards to termination;the value of kt only has a
minor effect on the compartmentalized termination rate (Rt

c)
because Rt

c is strongly influenced by the number of particles of
typeN2

2 (where termination predominantly occurs), which in turn
is dictated to a large extent by kact and kdeact.

The results presented are, from a quantitative viewpoint,
specific to the system/conditions investigated. However, in a
qualitative sense, the findings are expected to apply to ATRP
in dispersed systems in general, although itmust be borne inmind
that the conversion dependences of kdeact and kt may vary
significantly between systems. The present results further illus-
trate how particle size can potentially be exploited to improve
both control and livingness in ATRP in dispersed systems.
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