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ABSTRACT: Compartmentalization in atom transfer radical polymerization (ATRP) in an aqueous
dispersed phase system has been investigated theoretically to understand the effects of particle size on the
rate of polymerization and the degree of control on the livingness and polydispersity index (PDI) for the
system n-butyl methacrylate/CuBr/EHATREN. The simulations indicate that there exists a defined range of
particle sizes where the rate of polymerization is higher than that of a bulk system and where PDI and
frequency of termination remain below that of bulk polymerization. For this highly active catalyst system, the
livingness of the chains is a function only of the particle size and is independent of the rate of reaction.
Furthermore, simulations conducted with very low catalyst concentrations suggest that the rate of
polymerization is dependent on the absolute amount of catalyst in the system rather than the steady-state
Cu(l)/Cu(Il) ratio that applies for bulk polymerization. At low catalyst concentrations, the rate of
polymerization decreases, and the PDI increases with diminishing catalyst concentration, whereas the chain

livingness is improved.

Introduction

Controlled/living polymerization has emerged as a powerful
method for creating polymers with tailored molecular architec-
tures under mild reaction conditions. However, this technology
has not yet found widespread adoption for industrial production.
One of the limitations is the difficulty associated with performing
these polymerizations in aqueous dispersed systems such as
emulsion or miniemulsion. Whereas dispersed phase polymeri-
zation is possible, the complexities of performing heterogeneous
living polymerization are not yet fully understood."

Recent experimental advances in ATRP miniemulsion poly-
merization have begun to make this polymerization technique
more amenable to large-scale polymerization, especially AGET
(activators generated by electron transfer) ATRP,*~? in which
a reducing agent converts the less air-sensitive Cu(II) into Cu(I)
in situ to begin the reaction. AGET ATRP also lends itself to
lower catalyst concentrations. Simms and Cunningham have
shown that reverse ATRP with the ligand EHA(TREN can be
performed in miniemulsion using a cationic surfactant,'® which
increases the stability of the emulsion system and allows higher
temperature polymerization, and have also achieved very high
molecular weight polymers with a fast reaction rate in a similar
system.

In bulk or solution ATRP, the steady-state rate of polymer-
ization is controlled by the concentration of alkyl halide, [P—X],
and the ratio of Cu(I)/Cu(Il) in the system, when termination
reactions are considered to be negligible (eq 1). In this work, we
discuss the first implications of low catalyst concentrations in
aqueous dispersed phase polymerization. In bulk or solution
polymerization, the basis for low catalyst ATRP is that the Cu(I)/
Cu(II) ratio, rather than the absolute concentrations of either
species, is rate determining. Therefore, low catalyst concentration
ATRP systems, like ARGET (activators regenerated by electron
transfer) and ICAR (Initiators for continuous activator regeneration),
maintain a constant, high Cu(I)/Cu(Il) ratio by regenerating
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Cu(I) from Cu(II) created through termination reactions either
through the addition of a reducing agent or new radical genera-
tion respectively.'?

k‘dC[
kdeact

[Cu(D)]
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Conventional free radical emulsion polymerization exhibits a
phenomenon called radical compartmentalization, whereby the
propagating radicals present in different particles are unable to
terminate mutually, thereby causing an increasing overall rate of
reaction with diminishing particle size. In living/controlled poly-
merization, compartmentalization affects both the rate of termi-
nation and the rate of deactivation by the physical isolation of
radicals and deactivating species inside separate particles; this
was first observed through simulations for living polymerization
controlled by reversible termination, namely, nitroxide-mediated
polymerization (NMP)13’14 and later for ATRP." Compartment-
alization has since been demonstrated experimentally in mini-
emulsion for both chemistries'®!” with the observed rate of
polymerization decreasing with decreasing particle size. In
NMP, these compartmentalization effects appear to be depen-
dent on the nitroxide type; whereas rate decreases were observed
in miniemulsion using TEMPO,'® with the higher activity and
more hydrophilic nitroxide, SG1, compartmentalization effects
have been found to reduce the rate of polymerization only to a
small extent in microemulsion'® and not at all in emulsion
polymerization.'” This was attributed to the SG1’s slower deac-
tivation rate and higher rate of exit from the particles into the
aqueous phase. Mathematically, Charleux®® has described NMP
compartmentalization without the segregation of the nitroxide
SGI. The lack of compartmentalization effects observed experi-
mentally in these systems can be explained if the nitroxide is able
to diffuse easily through the aqueous phase so fluctuations of the
nitroxide concentration in each particle are negligible.

The compartmentalization effects of enhanced deactiva-
tion and radical segregation were first discussed by Zetterlund
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and Okubo'* in simulations of TEMPO-mediated styrene
polymerization. The confined space effect leads to an increase
in the rates of deactivation and termination inside the particle
(compared to bulk polymerization) because the two molecules
involved in the reactions are physically confined to a small
reaction volume. Because of the confined space effect in ATRP,
the rate of deactivation can mathematically be shown to be
dependent on the volume of the particle as'

Ryeact = kdeact ZZZ (2)

where N;; is the fraction of particles containing i propagating
radicals and j Cu(II) deactivator molecules, kqeqc is the rate
constant for deactivation, N, is Avogadro’s number, and V/, is
the volume of the particle. Using a population balance approach
these studies by Zetterlund and Okubo'* for NMP and by
Kagawa et al.' for ATRP show that in the absence of new chain
generation, the rate of polymerization first increases (because of
radical segregation) and then diminishes (because of enhanced
deactwatlon) Wlth decreasing particle sizes.

Tobita®'~** conducted Monte Carlo simulations to investigate
compartmentalization effects in NMP. Whereas his results are
consistent with the conclusions of Butte et al."* and Zetterlund
and Okubo,'* he also suggests that fluctuations in the number of
deactivator molecules in the particles can lead to instances of
higher radical concentrations and result in an increase in rate.*?
Zetterlund and Okubo attributed the same rate acceleration to
radical segregation.'*

Simulations of ATRP in dlspersed systems have only been
conducted for the ligand dNbpy,'>>* which is a lower activity
ligand and requires high catalyst concentrations and polymeri-
zation temperatures. Whereas dNbpy is soluble in monomer, the
catalyst in the Cu(II) form does have a small but finite water
solubility, which is known to be detrimental to maintaining
control in ATRP miniemulsion polymerizations. Simulations
examining the effect of Cu partitioning between the monomer
and aqueous phases in a dNbpy ATRP system have been under-
taken by Kagawa et al.>* in the absence of compartmentalization
effects. They concluded that the loss of deactivator, Cu(II), to the
aqueous phase increased both the rate of polymerization and the
polydispersity index (PDI). No previous published research has
involved simulations using an active and highly hydrophobic ligand
to study ATRP compartmentalization effects. We have simulated
an ATRP system with the catalyst CuBr/EHA(TREN.'*-!!17:26.27
This catalyst/ligand is a more suitable choice for examining
compartmentalization, especially considering that compartmen-
talization effects have been observed experimentally with this
catalyst system.'” Compared with low activity ligand dNbpy,
EHA(TREN has negligible water solubility and a significantly
higher K, allowing polymerizations to be conducted at lower
temperatures and w1th reduced catalyst concentrations. Whereas
prev1ous simulations® with dNbpy were limited to 1% conver-
sion, we were able to run simulations with the high activity CuBr/
EHAGTREN catalyst up to 10% conversion.

Presented here is the first theoretical investigation of ATRP
compartmentalization with a highly active catalyst/ligand system
(CuBr/EHA4TREN) and with low catalyst concentrations. We
focus, in particular, on the PDI and livingness of the growing
chains. There is a defined range of particle sizes where the rate of
polymerization can be enhanced above that of bulk polymeriza-
tion while maintaining excellent control, with an expected PDI
and degree of termination below that of bulk polymerization.
The implications of our findings to the possibility of using very
low catalyst concentrations in ATRP-dispersed systems are
discussed. These simulations differ significantly from previous
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ATRP simulations'>* in the selection of a high-activity catalyst/
ligand system and in-depth examination of the effect of particle
size on the PDI and the livingness of the system.

Model Development

Compartmentalized Model. The modified Smith—Ewart
equations developed by Kagawa et al.'> for ATRP were
adapted and expanded to also track the moments of dormant
and dead chains in the system, similar to the approach of
Butte et al.'* for NMP.

Both the propagating radicals and the deactivator, Cu(II),
were considered to be compartmentalized species, as the
contribution of individual molecules on the rates of reactions
were accounted for, and these rates scale with the volume of
the particle. The activating species, Cu(I), was considered to
be uncompartmentalized because it is present in sufficient
concentration in all particles that the fluctuations on a
molecular basis inside individual particles will not be enough
to significantly alter the rate.

The modified Smith-Ewart equations, including the com-
partmentalization of both radicals and Cu(II) are

L = Np Vit ICUDI(Ni-1-1 =Ny
g (2 DN =01, )
Kdeact . . N
DG DN~ OO ()

N, ;is the fraction of particles with iradicals and j free CuBrz/
EHA(TREN molecules, N Al 1s Avogadro’s number, V,, is the
volume of a particle, and u® is the zeroth order moment of
the distribution of dormant chains (see below). The average
number of radicals, Cu(II) and Cu(I) molecules per particle
can be calculated by

n = Z Z(i)Nf,j (4)
Tcu(1) Z Z(J (5)

ficy(ny = NaVp[Cu(1)] (6)

Using the above averages directly makes it difficult to
compare the rates of polymerization and concentrations of
activating/deactivating species in particles of different sizes
and systems with different concentrations of catalyst and
initiator. Instead, the approach developed by Simms and
Cunningham17 is used where 7ipa;, 1s defined as the average
number of radicals per polymer chain in the system and
Ticu(Inchain, Similarly, is the average number of deactivating
species per polymer chain. This method gives an absolute
variation of polymerization rate on a chain-by-chain basis in
the absence of other effects including that of catalyst and
initiator concentration and also the number of particles in
the system.

_ n
Rehain = )
NaVouty
_ Acy(n
nCu(II)chain - % (8)
NA Vp,uo



2774  Macromolecules, Vol. 43, No. 6, 2010

To estimate the degree of polymerization (DP,,), the distri-
bution of singly distinguished particles, S; ;,, is introduced,
where S; ;,, is the fraction of particles containing 7 radicals,
J Cu(Il) molecules, and with a chain of length m.

dSi,j, m

= NaVikaaCatl) (18,1

[P =XINi 1,1 =10y, m)
+ kdead ((l)(]+ 1)Si+1 i+ 1,m _(l)(])Sl / m)
NA Vp . sJ 5 - 2]
+kp[M](Si,jm-1=Si,j,m)

ke o N
A Vp((l)(l+ DSt s 2jm =) (i =1)Sijm)  (9)

The PDI was estimated for the dormant chains only, as active
chains were present in only extremely small concentrations.
Likewise, dead chains will account for only a small fraction
of total chains if the system is assumed to be highly living.
The infinite set of equations (eq 9) is transformed into a finite
set of equatlons by the method of moments, such that /1(")
the k™ moment of growing chains present in each type of
particle state, with 7 radicals and j Cu(II) molecules (eq 10).
Therefore, the zeroth order moment, /lgf}), is simply the
overall number of active chains inside the particles of state

ij(eq 11).

l(k]) = Z mkS,-,v,-’ m (10)
m

A0 = ()N (11)

The mass balances for the uncompartmentalized species,
such as monomer (eq 12), the zeroth through second mo-
ments of the dormant chains (eq 13), the concentration of
activator, [Cu(I)] (eq 14), and the zeroth moment of the dead
chains (eq 15) were also calculated.

diM] _ kp[M]

n 12
dr NAV " ( )

kdelct 222([ (13)

= —kaet[Cu(I)]u ® 4

st Cu( )}ﬂ(O) (14)

dC kedct
[Clllt( __Kd 2;20

d¢” k; L0
=—— (i—1)A; ) (15)
dt (NA Vp)Z;Z "/

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. The
differential equations were closed with a maximum of 6
radicals (i) and 75 Cu(II) molecules (j) per particle, well in
excess of the ranges where compartmentalization effects are
expected. Throughout all simulations, these boundary con-
ditions were checked to ensure that these boundaries were
not approached. Simulations investigating the livingness of
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the chains at 90% conversion were run with a maximum of 6
radicals and 200 Cu(IT) molecules.

Bulk Polymerization Model. A bulk polymerization model
was developed to estimate an 7y, equivalent, Tohain, and
PDI to compare directly with the dispersed phase polymer-
ization system by applying the method of moments to the
active chains of length m and the dormant chains of length m
in a bulk polymerization system (eqs 16—19).

d[Pone]

& = kact[Pm — X][Cu(1)] —kdeact[Pme][Cu(Il)] —2k,
m—1

- [Pno][Prn—n] + ky [M][Py, 1] —kp [M][Pye] (16)
T = 31l Cullh)] —haa Cull” (17

AP0 X P =X)Cal1)] + Kl P Cu(1D)
(18)

E[Pm']

Mohain = e (19)

Nehain Z [ Pm _ X]

m

Choice of Polymerization System. Compartmentalization
in ATRP miniemulsion has been shown in a reverse ATRP
system with n-butyl methacrylate (BMA) and using CuBr»/
EHA(TREN.'"” Because compartmentalization effects on
the rate of polymerization and the degree of control are
similar regardless of the initiation system (forward ATRP,
reverse ATRP, or AGET ATRP), asystem of forward ATRP
with BMA was chosen for these simulations for ease of
calculation. (Also note that the use of a forward ATRP
system is a simplification on an ARGET system, where all
CuBr, is reduced to CuBr in situ at the beginning of the
polymerization, independent of the generation of dormant
chains). The ligand EHA(TREN complexed to Cu(l) or
Cu(IT) demonstrates excellent monomer solubility and ex-
treme hydrophobicity, and thus it is unlikely to partition to
any appreciable degree into the aqueous phase, and phase
transfer events can be neglected from the model with con-
fidence. Other ligand systems used in miniemulsion, includ-
ing BPMODA and dNbpy, possess some water solubility,
especially for the CuBr,/ligand species.

The rate coefficients of activation/deactivation for CuBr/
EHAGTREN have not been estimated in the literature, but
approximate calculations from the apparent Katrp along
with the published estimates for the structurally similar
CuBr/BAGTREN with EBiBr initiator (a 3° alkyl halide
radical initiator with a structure similar to a BMA radical)
were used in these simulations.?® These calculated values are
appropriate, best available estimates for the rate constants of
CuBr/EHA(TREN with BMA.

The simulations were conducted up to 10% conversion to
minimize any conversion dependence on the rate coefficients.
Chain length dependences of these constants were not taken
into consideration. These simulations were conducted for
varying particle sizes with a targeted degree of polymerization
(at 100% conversion) between 100 and 5000 monomer units
and with chain-to-catalyst ratios of 10:1, 2:1, and 1:1. The
values of the parameters used are listed in Table 1.
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Table 1. Values of the Parameters Used in Simulations

parameter value
[Mlo 6.29 mol-L™!
kucl 2.05 L-molfl ‘571 28
kdeuct 3.9 x 107 L‘Il’lOli1 '571 28
kp 1.24 x 10° L-mol~!-s7' %
k, 1.03 x 10" L-mol'+s™"' %
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Figure 1. Effect of particle size on the reaction rate, as represented by
Tichain (@) and PDI (A) at 10% conversion for the system with a targeted
degree of polymerization of 500 and a 10:1 ratio of chains to Cu(I) at
the start of the reaction. The solid lines represent the bulk equivalent
ohain and PDI.

Results and Discussion

Rate of Polymerization and the Degree of Control. Figure 1
shows the average number of radicals per chain (which is
directly proportional to the rate of polymerization) and the
PDI at 10% conversion over a range of particle sizes for the
BMA/CuBr/EHATREN system simulated at 70 °C for a
targeted degree of polymerization (DP,) of 500 and an
initiator/Cu(I) ratio of 10:1 (one Cu molecule mediates ten
chains). The rate of polymerization increases with increasing
particle size to a maximum and levels out to the rate in an
equivalent bulk system. This type of correlation is expected
based on previous ATRP simulations,'>? but the relation-
ship of PDI with particle size has not yet been discussed
because previous models were unable to estimate this. The
PDI also increases, goes through a maximum, and subse-
quently levels out to the same PDI as an equivalent bulk
system with increasing particle size, but the maximum occurs
at an offset with respect to the maximum of the rate of
polymerization. In the system presented here (Figure 1), the
time required to reach 10% conversion at 45 nm is 15 times
faster than that for the particle size of 20 nm. Similarly, in a
system with a target DP,, of 5000 and a chain/catalyst ratio
of 10:1, the time to reach 10% conversion in a 120 nm
particle is four times as fast as a particle of 60 nm (in the
enhanced deactivation region) while also being 1.3 times
faster than a 240 nm particle (in the approach to bulk
region).

In an effort to aid the comparison of these living/
controlled dispersed phase polymerization systems to the
better known conventional systems, 7, not just 7zcp,in, Was also
evaluated. Whereas in conventional systems (for the simplified
case of termination as the main chain stopping event),
7 remains ~0.5 regardless of the particle size. The situation
is much more complicated in controlled polymerization
because 7 is dependent not only on the size of the particles
but also the total concentration of chains in the system. This
difference arises because deactivation, not termination, be-
comes the dominant chain stopping effect. Over a range of
particle sizes (keeping a constant targeted degree of poly-
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Figure 2. Effect of particle size on the reaction rate, as represented by
Tichain (@) and Cu(I)/Cu(II) (O) at 10% conversion for the system with a
targeted degree of polymerization of 500 and a 10:1 ratio of chains to
Cu(I) at the start of the reaction. The solid lines represent the bulk
equivalent 7, and Cu(I)/Cu(Il).

merization), 77 increases with increasing particle size (or with
adecrease in the total number of particles). For the simulations
discussed in Figures 1 and 2, the absolute 72 is much lower than
in conventional systems and varies between 10~ and 10~® over
the range of particle sizes discussed.

The rate of polymerization (as indicated by 7ighain) and PDI
change dramatically with particle size and can be considered
to be three different regions, as explained below.

Region I: Enhanced Deactivation. At very small particle
sizes, the rate of reaction and the PDI are significantly lower
than bulk and decrease with diminishing particle size. This
can be attributed to the effect of enhanced deactivation
described by Kagawa et al.'® In this regime, the concentra-
tion of radicals in the system is proportional to the volume
of the particle (or [Pe] is proportional to ¢°), and termina-
tion is negligible. The slope of the log—log plot (Figures 1
and 2) of 7igpain versus particle size is linear with a slope of 3.
In qualitative terms, this means that following a single
activation, the concentration of deactivator in the system
is greater (based on 7ic,an/NaVp) in smaller particles,
causing the chain to deactivate more quickly. In terms of
reaction rate, this leads to a slower polymerization, assum-
ing that activation occurs at a consistent rate regardless of
the particle size. This is always the case, regardless of the
particle size region, for nitroxide-mediated polymerization,
where activation is controlled by a thermal process; it is also
the case in region I for ATRP when the activator Cu(I) is
considered to be uncompartmentalized and termination is
negligible, and thus the Cu(I) local concentration is not
affected by the change of a single molecule from Cu(I) to
Cu(II). In this region, the PDI of the living chains is also
lower because fewer units are added per activation cycle
with diminishing particle size, and more cycles are required
to reach the same conversion. This will be discussed later in
further detail.

Region I1: Acceleration Window. The increase in the rate of
reaction above that predicted in an equivalent bulk system
was described by Kagawa et al.'” in terms of radical segrega-
tion (because radicals in different particles are unable to
mutually terminate) and in NMP by Tobita®? as the fluctua-
tion effect, where the local concentration of deactivator in
the particles changes with every activation/deactivation
reaction. Our results indicate that the acceleration window
observed in an ATRP system can be attributed to the
nonestablishment of a Cu(I)/Cu(II) steady state ratio, as is
observed in bulk polymerization (eq 1), owing to fewer
instances of termination early in the polymerization, which
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is the result of both enhanced deactivation and radical
segregation. Kagawa et al."> reported that with moderate
particle sizes, lower numbers of deactivator molecules in
the particles reduced the degree of control by increasing the
number of units added per activation. However, in our
simulations, the effect of a lower number of deactivating
molecules can also be seen as an increase in the frequency of
activation events by the presence of a larger concentration of
activator and an overall faster rate of polymerization.

Figures 2 shows the Cu(I)/Cu(II) ratio and the variation in
the average number of radicals per chain with particle size for
the same system with a target DP,, of 500 and an initiator/
Cu(]) ratio of 10:1. The steady-state Cu(I)/Cu(II) equilibri-
um ratio, which is a characteristic of bulk and solution
ATRP, is not achieved in the acceleration window because
very little termination occurs in the particles (because of the
enhanced deactivation allowing fewer active radicals as well
as radical compartmentalization preventing the mutual ter-
mination of radicals present in different particles). There-
fore, at small particle sizes, the system will always possess a
concentration of activator, Cu(I), which is larger than in bulk
systems. This leads to more frequent activation cycles than in
bulk polymerization, increasing the 7igpai,. Whereas Cu(II)
compartmentalization serves as the major compartmentali-
zation effect in these systems, lowering 7i¢p,in With diminish-
ing particle sizes, the secondary and contrary effect of more
frequent activation cycles, owing to lower termination and
leading to an increase in 7zcp,i, With diminishing particle sizes
(described above), is also at play. Without the secondary
enhanced activation effect, the 71.,,;, and PDI trends with
particle size would overlap; it is this secondary effect arising
from the minimization of termination and the increase in the
absolute concentration of Cu(I) inside the particles that
allows a region of particle sizes where the rate of reaction
can be above that in an equivalent bulk system while still
maintaining a PDI below that in bulk.

Region II1: Approach to a Bulk System. At larger particle
sizes, the anticipated 7i.pa;, approaches that of a bulk poly-
merization (Figure 1) because more radicals are present
at any time, with consequently less influence of enhanced
deactivation and increased termination. The Cu(I)/Cu(II)
ratio approaches that of the bulk system (Figure 2).

Regions for the PDI. According to the method developed
by Goto and Fukuda®' for bulk systems, the PDI of the living
chains is influenced by both the number of units added per
activation as well as the number of activation cycles to reach
a given conversion.

propagation
deactivation

_ kMIP
Kdeact [Cu(11)][Pe]

>_(D)Ni,;

M7,

XZ_I ;(i)(j)Ni,j

k —
deact ( Na Vp ) )

_ kp[M]NA Vpﬁ
Kdeact ; ;(l) (/.)N"avl'

no. units =

o< d® (20)

The multiple influences of compartmentalization on the PDI
in the dispersed phase can be broken down into several
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different effects. As previously discussed, the number of
units added per activation is influenced by enhanced deacti-
vation in smaller particle sizes. The number of units added is
a function of the ratio of the rate of propagation with respect
to the rate of deactivation and can be transformed to a
proportionality (eq 20) with respect to the particle diameter
cubed, &, through the application of the eqs 2 and 4 along
with the understanding that [Pe] can be obtained by 77/ No V..
However the frequency of the activation cycles is similarly
influenced by the concentration of Cu(I), which is higher in
smaller particles. Finally, the number of activations required
to reach a given conversion is different for each particle size.
Therefore, the contrasting effects of enhanced deactivation
and the concentration of Cu(I) in the calculation of the PDI
are influenced in a different manner than the rate of poly-
merization. This leads to a general trend of increasing PDI with
particle size in region I of enhanced deactivation (because of
the number of units added per activation increasing with
particle size). At moderate particle sizes, the PDI passes
through a range of particle sizes where the simulated PDIs of
the living chains are greater than that in bulk (attributed to the
lower instances of termination in the dispersed phase, which
lead to a lower rate of deactivation and the addition of more
units per cycle than in the bulk system). Finally the PDI
decreases with increasing particle size in region III owing to
irreversible termination and the buildup of Cu(Il) in the
system, pushing the equilibrium to favor the dormant chains
(Figure 1). The window where the PDI is greater in the
emulsion system than in bulk occurs at larger particle sizes
than the acceleration window for the rate of polymerization.
Therefore, there exists a range of particle sizes where the rate of
polymerization is higher than that of bulk polymerization but
where we can preserve a high degree of control over the PDI
and livingness, which is greater than an equivalent bulk system.

Effect of the Targeted Degree of Polymerization. In ATRP
systems, modifying the targeted degree of polymerization is
simply a matter of modifying the alkyl halide initiator con-
centration. Because the polymerization kinetics are often
thought in terms of the number of chains each Cu(I) molecule
can mediate, the overall concentration of Cu(I) is similarly
modified with the target DP,,. This section presents the results
of simulations for the system of BMA/CuBr/EHA(TREN
with a alkyl halide initiator/catalyst ratio of 2:1 and targeted
degrees of polymerization ranging from 100 to 5000, or
targeted molecular weights (M) of 14200 to 710000 g/mol.

Asexpected, the degree of livingness of the polymer chains
increases with diminishing particle size (Figure 3c) and is
attributed to the suppression of termination due to the
compartmentalization of the radicals. It should be noted
that the degree of termination never exceeds that expected in
the bulk system, indicating that although there is a particle
size range where the rate of polymerization exceeds that in
bulk (Figure 4a), the livingness of the system will not be
adversely affected by operating in that range.

At a given particle size, log(Cu(I)/Cu(Il)) increases when
the targeted DP, is increased (or the concentration of
initiator is decreased) (Figure 4b). This trend is contrary to
that predicted by the persistent radical effect’ in bulk
polymerization. The persistent radical effect predicts that
when the concentration of initiator is decreased, the con-
centration of deactivator (Cu(II)) will increase to maintain
an equilibrium through the mutual termination of chains.
However, in the dispersed phase, where termination is
suppressed through compartmentalization, the persistent
radical effect is similarly suppressed. Because the concentra-
tion of Cu(Il) does not rise considerably in systems with
lower concentrations of initiator, and termination is further
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Figure 3. Simulations conducted up to 10% conversion with an in-
itiator/Cu(I) ratio of 2:1 to investigate the effect of (a) the PDI, (b) the
number of units added per activation cycle, and (c) the ratio of dead/
dormant chains at 10% conversion with respect to particle size for
systems with target degrees of polymerization (at 100% conversion) of
100 (#), 250 (), 500 (a), 1000 (x), and 5000 ().

suppressed in these particles (Figure 3c), the ratio of Cu(I)/
Cu(IT) will be greater in systems with higher targeted DP,, values.

There is a similar argument concerning the higher PDIs
obtained in systems with lower initiator concentrations (or
lower target DP,, values) specifically in the approach to bulk
region (Figure 3a). This is contrary to what is expected in a
bulk polymerization. Because the PDI is dependent on a ratio
of the concentration of chains with respect to the concentration
of Cu(II) in the system,! the persistent radical effect predicts
that the PDI would be uniformly higher for the systems with
higher initiator concentrations. However, the lower instances
of termination in systems with higher target DP,, values lead to
a lower-than-predicted concentration of Cu(II) present in the
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Figure 4. Simulations conducted up to 10% conversion with an in-
itiator/Cu(I) ratio of 2:1 to investigate the effect of (a) the rate of
polymerization as represented by the average number of radicals per
chain, 7igp,in and (b) the ratio of Cu(I)/Cu(II) with respect to particle size
for systems with target degrees of polymerization (at 100% conversion)
of 100 (#), 250 (M), 500 (a), 1000 (x), and 5000 (x).

particles, yielding higher PDIs at higher target DP,, values. The
PDI trends in the other regions (enhanced deactivation and the
acceleration window) are discussed below.

In simulations up to 10% conversion in compartmenta-
lized systems, the livingness of the chains remains above 98%
for all of the conditions simulated, including different tar-
geted DP, values and with different concentrations of cata-
lyst. This is a common phenomenon in previous ATRP? and
NMP' population balance simulations. However, this liv-
ingness is likely dependent on the activity of the nitroxide or
ATRP catalyst. When the simulations here are run to a
higher conversion, for example, in the system of 100 nm
particles with a targeted DP,, of 1000 and a 1:1 chain/catalyst
ratio, the livingness of the system at 90% conversion is
calculated to be 94%. Simulations to high conversion are
quite computationally intensive because the number of free
Cu(IT) molecules accounted (j) must be increased from 75 to
200 to maintain a closed system of equations.

While removing the effect of the total concentration of
chains in the system, through the use of 7igai, rather than 7z or
[Pe] directly, the rate of monomer addition per chain in the
system levels out to the same rate for larger particle sizes and
for the bulk system (Figure 4a), however the PDI of these
chains does not (Figure 3a). The PDI is affected by the total
number of activations required to reach 10% conversion and
also the number of units added in each of these activations. In
general, the PDI diminishes with increasing particle size
because of a balance between the number of activations
(DP, 5000 experiences the most, generally lowering the PDI)
and the number of units added (at 10% conversion, DP,, 5000
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Figure 5. Simulations conducted up to 10% conversion with a targeted
degree of polymerization of 500 (at 100% conversion) to investigate the
effect of (a) the rate of polymerization as represented by the average
number of radicals per chain, 7igpan, and the bulk system, ﬁlghain (solid
lines), and (b) the ratio of Cu(I)/Cu(II) with respect to particle size for
systems with initiator/Cu(I) ratios of 10:1 (#), 2:1 (M), and 1:1 ().

adds far more units per activation, which in general tends to
increase the PDI). Under the conditions simulated here
(Figure 3a,b), the number of activations plays a far more
important role in determining the overall PDI of the dormant
chains than does the number of units added per activation.
Effect of the Catalyst Concentration. With considerable
interest in achieving lower catalyst concentrations in solu-
tion and bulk ATRP, preliminary investigations into the
reduction of catalyst concentration in aqueous dispersed
phase polymerization were undertaken. Unlike ARGET
and ICAR chemistries, no Cu(I) regeneration mechanisms
are included in the simulations, but it will become apparent
that the nonestablishment of a steady state Cu(I)/Cu(Il)
ratio and diminishing instances of termination (Figures 5b
and 6¢) allows the total catalyst concentration to be reduced
and polymerization to continue without a large buildup of
Cu(II) occurring and suppressing the polymerization rate.
Simulations were conducted for the system with a targeted
degree of polymerization of 500 and varying initiator/
catalyst ratios of 10:1, 2:1, and 1:1 (Figures 5 and 6). These
are the first simulation results that detail the effects of diminish-
ing catalyst concentration in dispersed phase ATRP poly-
merization, and some unique features are revealed. First, in
the region I (enhanced deactivation) of Figure 5, the Cu(I)/
Cu(II) ratio remains the same for all three catalyst concen-
trations, however the rate of polymerization (7cpain), Which
takes into account the effect of the initiator concentra-
tion, diminishes with diminishing catalyst concentration. This
result is contrary to the commonly accepted rate expression
for solution ATRP (eq 1) in that the rate in the dispersed
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Figure 6. Simulations conducted up to 10% conversion with a targeted
degree of polymerization of 500 (at 100% conversion) to investigate the effect
of (a) the PDI, (b) the number of units added per activation cycle, and (c) the
ratio of dead/dormant chains at 10% conversion with respect to particle size
for systems with initiator/Cu(I) ratios of 10:1 (#), 2:1 (M), and 1:1 (A).

phase is dependent on the absolute concentration of catalyst.
However, in bulk, only the ratio of Cu(I)/Cu(Il), which
remains unchanged in these simulations, should affect the
rate. Therefore, in aqueous dispersed phase polymerizations,
the rate of polymerization is dependent on the total concen-
tration of activator, Cu(I), present in the system when
termination is suppressed, and a steady-state Cu(I)/Cu(II)
ratio is not achieved in the early stages of the polymerization,
asis the case for bulk and solution polymerization. In regions
IT and I11, it becomes clear that the steady-state Cu(I)/Cu(II)
ratio achieves different values and 7., also reaches dif-
ferent steady state (and bulk) rates with diminishing catalyst
concentration.

The PDI is greatly influenced by the total concentration of
deactivating species in the system, Cu(Il), because larger
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concentrations of deactivator lead to the addition of fewer
units per activation, and thus more activations are required
to reach a given conversion. In these simulations, which all
possess the same concentration of initiator but varying
concentrations of catalyst, the system with the lowest cata-
lyst concentration (10:1 initiator/catalyst ratio) shows the
lowest Cu(I)/Cu(Il) ratio (Figure 5b) but possesses the low-
est overall concentration of Cu(Il). Therefore, the PDI
(Figure 6a) and the number of units added per activation
event (Figure 6b) are significantly larger than those for the
other systems. Therefore, targeting a lower catalyst concen-
tration not only leads to diminished rates of polymerization
but also results in a significantly higher PDI. It should be
noted, however, that the livingness of the system is higher in
systems possessing a lower concentration of catalyst because
the ratio of dead chains/dormant chains is lower for all
particle sizes (Figure 6c¢).

On the basis of these simulations, a discussion of the
application to low catalyst systems, such as ARGET and
ICAR, is warranted. In the ARGET system, regeneration of
the Cu(I) from Cu(II) may lead to increasing the Cu(I)/Cu(II)
ratio for larger particle sizes (especially in region I1T) but will
have no effect in region I, where termination is negligible and
Cu(I) regeneration is not necessary. In this region, PDI will
increase, and the rate will diminish as the concentration of Cu
is lowered, but the chains will retain a greater livingness. In
regions I and II, ICAR chemistry and the addition of a
secondary radical source may cause further irreversible termi-
nations. In small particles, when a second radical enters into a
particle that is already containing an active radical, ter-
mination is instantaneous (a zero-one system) and could lead
to the buildup of Cu(II) and also decrease the livingness of the
system. In region III, ICAR may be of use to generate new
chains because termination is not instantaneous between
radicals and there is a larger buildup of Cu(II) at any given
conversion. However, in this region, ARGET is less likely to
diminishing the livingness of the system.

Conclusions

Compartmentalization effects can influence the rate of poly-
merization, the degree of control of the PDI, and the livingness of
the polymer formed in aqueous dispersed phase ATRP polymer-
izations. For the highly active catalyst CuBr/EHA(TREN, it was
found that for small particle sizes, both the rate of polymerization
and the number of units added per activation decreased propor-
tionally to the volume of the particles, attributed to the confined
space effect influencing the rate of deactivation of the chains. It
was also found that there exists a window of particle sizes where
the rate of polymerization is higher than that of a bulk system but
where the PDI and the degree of termination remain below that of
bulk, indicating an optimal region of particle sizes. Whereas the
rate of polymerization is directly controlled by an equilibrium
ratio of Cu(I)/Cu(II) for bulk ATRP systems, this is not true for
the compartmentalized system, where the rate is instead controlled
by enhanced deactivation and also the relative concentration of
Cu(I) and Cu(II), which are dependent on the size of the particles.

When changing the concentration of initiator in the system to
target different DP,, values, the range of particle sizes where the
rate of polymerization exceeds that of bulk is shifted to lower
particle sizes with increased initiator concentration, but as the
effect of enhanced deactivation is minimized (at larger particle
sizes), the rate at which monomer units are added to a single
polymer chain in the system does not change with initiator
concentration, provided that the initiator/catalyst concentration
remains constant. However, the number of activations required
to reach a given conversion has a greater effect on the final PDI
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than does the number of units added per activation because
systems with the lowest initiator concentration achieve the lowest
PDI for all particle sizes, even while adding the most monomer
units per activation.

In this ATRP system, several important points concerning
ATRP with low catalyst concentrations in the aqueous dispersed
phase are highlighted. First, lower catalyst concentrations lead to
slower polymerization rates because the frequency of activation
events is lower, whereas the PDI and the number of units added
per chain are higher. However, polymerizations conducted under
these conditions do possess a greater livingness. The application
of ARGET or ICAR chemistries will not improve the rate of
polymerization in the smallest particles, and the generation of
new radicals in the ICAR chemistry may have a detrimental effect
on the livingness of the system.
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