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Modeling and simulations of nitroxide-mediated radical polymerization (NMP) in dispersed systems
have been performed to elucidate what factors dictate the magnitude of the segregation effect on
bimolecular termination between propagating radicals generated from alkoxyamine activation. The
reduction in termination rate due to segregation cannot be predicted merely based on the average
number of propagating radicals per particle (7ip). This is because the magnitude of the segregation effect

is also governed by the distribution of propagating radicals between particles, which is influenced by
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both the termination (k¢) and the deactivation (kgeact) rate coefficients. The results have implications with
regards to improvement of livingness (end-functionality) in NMP by exploitation of particle size, and are
expected to apply (qualitatively) to other controlled/living systems based on the persistent radical effect
(e.g. atom transfer radical polymerization).

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Controlled/living radical polymerization (CLRP) in dispersed
systems, where the continuous phase is usually water [1,2], but can
also be other media such as supercritical carbon dioxide [3,4],
enables synthesis of polymeric nanoparticles of various morphol-
ogies comprising well-defined polymer with a number of potential
applications. It can be a significant challenge to perform CLRP in
a dispersed system (emulsion, miniemulsion, etc.), mainly due to
various issues related to colloidal stability, as well as the fact that
these systems often contain as many as three different phases
(monomer droplets, polymer particles, continuous phase) [1,2]. The
intrinsic characteristics associated with CLRP in dispersed systems,
e.g. various interface effects [5—11] and compartmentalization
[12—15], may dramatically alter the progression of the polymeri-
zation as compared to the homogeneous counterpart. It is desirable
to develop an understanding of these phenomena such that one is
able to influence a CLRP in order to improve the level of control over
the molecular weight distribution (MWD) and/or the livingness
(end-functionality).

Compartmentalization refers to the physical isolation of reac-
tant species in confined spaces, i.e. the monomer droplets or
polymer particles. Compartmentalization effects have been pre-
dicted theoretically for nitroxide-mediated radical polymerization
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(NMP) [13,14,16—22], atom transfer radical polymerization (ATRP)
[12,15,20,23,24] and reversible addition-fragmentation chain
transfer (RAFT) polymerization [19,20,25—28], and experimental
evidence has also been reported for a number of cases [29—32]. In
CLRP, compartmentalization may manifest itself in two different
ways via the segregation effect and the confined space effect [13].
The segregation effect refers to how two species in different
particles cannot undergo chemical reaction, and may thus lead to
a reduction in the bimolecular termination rate. This is the funda-
mental origin of conventional non-living emulsion polymerizations
in general yielding higher polymerization rates (Rp) and higher
molecular weights than bulk/solution polymerizations, and may
also lead to improved livingness in CLRP. The confined space effect
refers to the rate of reaction between two given species being
higher in a small particle than in a large particle. The confined space
effect can result in the rate of deactivation between a propagating
radical and a deactivator species to increase in CLRP systems that
operate according to the persistent radical effect (e.g. NMP and
ATRP), which may lead to improved control over the MWD (lower
polydispersity).

To date, it remains unclear what factors in CLRP affect the extent
of the segregation effect on bimolecular termination of propagating
radicals generated from activation of dormant species. To illustrate
this, consider the two cases of NMP of styrene at 125 °C mediated
by the nitroxides 2,2,6,6-tetramethylpiperidinyl-1-oxy (TEMPO)
and 2,2,5-trimethyl-4-phenyl-3-azahexane-3-oxy (TIPNO) in the
absence of spontaneous initiation of styrene [33,34] (i.e. the only
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radical source is alkoxyamine activation) [21]. The two systems
are identical, except for the fact that the NMP equilibrium constant
(K = kact/kdeact) is approximately a factor of 356 higher for TIPNO
than TEMPO, mainly due to the much lower kgeact for TIPNO. If one
compares the compartmentalized termination rate with that of
a bulk system with the same overall propagating radical concen-
tration for [alkoxyamine]p = 0.02 M at a particle diameter of 50 nm,
the segregation effect is close to two orders of magnitude stronger
for TIPNO.

In the present work, theoretical investigations have been carried
out based on simulations using the previously developed modified
Smith—Ewart equations for NMP [13,16] in order to elucidate
what factors govern the extent of the segregation effect in NMP in
dispersed systems. Ultimately it is hoped that the findings reported
herein will aid in future endeavours to exploit particle size and
compartmentalization to improve the performance of NMP (as well
as other CLRP systems based on the persistent radical effect, e.g.
ATRP) in dispersed systems mainly with regards to livingness and
thus also the maximum attainable molecular weight.

2. Modeling and simulations
2.1. Model for NMP in dispersed system

The modeling technique employed to investigate compart-
mentalization effects in NMP has been described in detail in
previous papers and will not be repeated here [13,21,22]. The
modified Smith—Ewart equations describe the number fractions of
particles N/ (particles containing i propagating radicals (P-) and
j nitroxide molecules (T-)):

dN ) ) j
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where Nj is Avogardo’s number and v;, is the particle volume, and
Kact, ke and kqeact are the rate coefficients for alkoxyamine activation,
bimolecular termination, and deactivation, respectively. It is note-
worthy that Eq. (1) accounts for compartmentalization of both
P-and T-. Eq. (1) is employed to compute the distributions of P- and
T- between the particles, and a separate set of equations is then
used to calculate the monomer consumption rate and other related
quantities [13].

The model corresponds to an ideal miniemulsion polymerization
[35], where the system initially comprises monomer droplets that
are subsequently converted to polymer particles. The total number
of monomer droplets (polymer particles) remains constant (no
secondary nucleation or Ostwald ripening). It has been assumed
that phase transfer events (e.g. exit and entry of nitroxide) and other
species do not occur to make the problem more tractable, although
such effects may influence a real system. The equations were
implemented and solved using the software VisSim (version 6.0A11,
Visual Solutions Inc.) employing numerical integration (Backward
Euler integration algorithm).

The base parameter values (rate coefficients) employed in the
simulations are listed in Table 1, corresponding to the TEMPO/
styrene system at 125°C (without spontaneous initiation of
styrene) with initial monomer and alkoxyamine concentrations
of 8.71 (bulk styrene) and 0.02 M, respectively. The initial alkoxy-
amine was assumed to have the same values of ket and kgeact as
the polymeric alkoxyamines generated in the polymerization.
The simulations were only taken to 1% monomer conversion, and
thus conversion-dependence of k; could be safely neglected [40].

Table 1
Base parameter values for TEMPO-mediated radical polymerization of styrene
at 125 °C.

Rate parameter Value

1.60 x 103571 [36]

7.60 x 10’ M~1s71[36,37]
232x10°M1s71[38]
1.72 x 108 M5! [39]

kact (activation)
Kdeact (deactivation)
k, (propagation)

ke (termination)®

2 Based on termination rate = 2k,[P]

Chain-length dependence of rate coefficients (mainly k¢ [41]) has
not been accounted for.

2.2. Quantification of segregation effect

The magnitude of the segregation effect was estimated by
comparing the compartmentalized termination rate (Rf) with the
corresponding non-compartmentalized termination rate (R{°),
the latter being the termination rate that would be observed if the
organic phase of the dispersed system was instantaneously trans-
formed into a continuous homogeneous bulk phase. The values of Rf
and R{¢ were computed as follows [13]:

c 2k ‘s j

Rt = —— i(i— 1)N; (2)
t (Navp)? XI: ZJ:

R = 2k [P-]? (3)

It is important to point out that R does not correspond to the
corresponding bulk system in the sense that it is not the same as
what would be obtained if the polymerization was actually carried
out in bulk from t=0. It is a hypothetical bulk system where the
concentrations are the same as the overall organic phase concen-
trations at a given conversion (time) in the compartmentalized
system in question.

2.3. Quantification of confined space effect

The effect of compartmentalization on the deactivation reaction,
the confined space effect, was quantified in the same way as the
segregation effect on termination, using the following equations
[13]:

k o

Raeact = deact2 Z Z l]Ni] (4)
(Navp)™ T 75

R{:llgact = kdeact[P'HT'] (5)

3. Results and discussion

The extent of segregation of propagating radicals in a dispersed
system increases with decreasing average number of propagating
radicals per particle, mp:

iy = 3OS TiNg (6)
i j

where ZZN{ = 1. However, it is important to distinguish
ij

between the extent of segregation and the magnitude of the

segregation effect on bimolecular termination. Although intuitively,

both quantities would increase with decreasing 7, one must

remember that R} also decreases with decreasing np if the
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reduction in 7ip is brought about by a decrease in the overall
propagating radical concentration in the organic phase as opposed
to by a decrease in particle size.

To clarify this, a series of simulations were performed whereby
the segregation effect was quantified by Rf /Ry as a function of 7
for different conditions in terms of particle diameter, k; and Kgeact.
NMP in a dispersed system was thus simulated to 1% monomer
conversion employing the base parameter values in Table 1 using
the modified Smith—Ewart equations and related equations as
outlined in previous publications [13,21]. Subsequently, the quan-
tity Rf/RPC was calculated from Egs. (2) and (3). The value of 7 in
each data series was varied by changing the initial alkoxyamine
concentration as listed in Tables S1—S3 (an increase in the initial
alkoxyamine concentration leads to an increase in 7p). The smaller
the value of R{/R[¢, the greater is the segregation effect, i.e. the
stronger is the reduction in termination rate due to segregation of
propagating radicals.

Fig. 1 shows log(R{/R{€) for the systems TEMPO/styrene and
TIPNO/styrene at 125 °C in the absence of spontaneous initiation of
styrene based on previously published simulated data [21],
revealing (as described in the Introduction) that the segregation
effect is much stronger in the case of TIPNO for reasons that we
here set out to clarify.

3.1. Effect of particle size

Fig. 2 shows log(R{/R{€) plotted vs 71, using the base parameter
values of Table 1 for three different particle diameters of 50, 70 and
90 nm. Thus, for a fixed value of the particle diameter, i was varied
by changing the initial alkoxyamine concentration, and subse-
quently Rf/RP¢ was calculated at 1% conversion. As 7, decreases,
the segregation effect becomes stronger, but eventually reaches
a constant value that does not change even if i is reduced further.
The maximum magnitude of the segregation effect in these
particular cases amounts to a reduction in the termination rate by
a factor of approximately 4.3. If i, is sufficiently high, there is no
segregation effect, and Rf/R} would thus approach unity. In the
present simulations, it is not possible to perform simulations under
conditions where R{/R{¢ is too close to unity because of a short-
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Fig. 1. Ratios of “compartmentalized” (Rf) and “non-compartmentalized” (R{°)
termination rates for TEMPO- (@ ) and TIPNO- (O ) mediated radical polymerization of
styrene in dispersed system at different particle diameters (d) in the absence of
thermal initiation at 125 °C ([PT]o = 0.02 M) at 1% styrene conversion.
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Fig. 2. Ratios of “compartmentalized” (Rf) and “non-compartmentalized” (R{¢)
termination rates vs log 7, (propagating radicals per particle) for NMP in a dispersed
system with particle diameters as indicated at 1% monomer conversion using rate
coefficients from Table 1.

coming of the model related to the maximum number of nitroxide
radicals “allowed” per particle [21].

For all three particle diameters, the Rf/R{° vs 71, data points fall
on the same master curve. In other words, the magnitude of the
segregation effect is independent of the particle size for a fixed
value of 71p. This may seem obvious; however, as we shall see below,
the situation is considerably more complex for Rf/R{¢ vs np for
different values of ki and kgeact.

3.2. Effect of termination rate coefficient

Fig. 3 shows plots of RE /R vs 7y, for k = 1.72 x 108 (the literature
value for styrene at 125 °C [39]), 1.72 x 107, and 1.72 x 105 M~ 1 s,
It is immediately apparent that no master curve of Rf/R{® vs mp
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Fig. 3. Ratios of “compartmentalized” (Rf) and “non-compartmentalized” (R¢)
termination rates vs log i, (propagating radicals per particle) for NMP in a dispersed
system for different values of k; (as indicated in M~'s~!) at 1% monomer conversion
using rate coefficients from Table 1 (except k). The dotted lines are guides to the eye
only.
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exists for different values of k. Thus, at a given value of 7, the
magnitude of the segregation effect is a function of ki, i.e. the effect
of segregation on the termination rate cannot be predicted simply
based on 11,. The higher the value of k;, the stronger is the maximum
attainable segregation effect (the constant minimum level of Rf /R
reached as 7, is reduced). However, the maximum value of 7
where segregation effects are still significant appears to decrease
with increasing ki In other words, the “critical” particle size
required for segregation effects to be manifested decreases with
increasing ki, as previously noted by simulations of conversion-time
data [22].

Now, how can it be that even though 7, is the same, the extent
of the segregation effect depends on the value of k;? To understand
this, one must examine the distribution of propagating radicals
between particles. It is indeed possible to have two systems with
the same 7, but different distributions of the propagating radicals
between the particles. Information about the distribution of prop-
agating radicals can be gained by examination of the values of N,J as
computed using Eq. (1). )

Table 2 shows the number fractions of various particles Ni cor-
responding to the data in Fig. 3 for log n, = — 2.94. For termination
to occur, a particle must have i > 2. For all four k¢ values, more than
93% of termination events occur in particles of type N3 (i.e. N
constitute more than 94% of particles with i > 2), with a small frac-
tion occurring in Nj and a negligible fraction in N3. The value of R is
thus approximately proportional to k; and NZ (see Eq. (2)), whereas
the value of R{¢ is proportional to k: and 71, (see Eq. (3); mp is
proportional to [P-]). Therefore, if we wish to compare the magni-
tude of the segregation effect for two different values of k;, we can
write:

2
(Re/Re),, _ (M), ™
RC /RNC >
(RE/RY)y, (Nz)ka

where the subscripts k¢; and ki denote different k; values. Despite
7ip being the same for all four values of ki, the value of N% decreases
with increasing k¢ (Table 2). An increase in k. at the same 71, leads to
a smaller contribution towards 7ip from N2, whereas the contribu-
tion from N3 instead increases. Termination can occur in particles of
the type N2, but not in particles of the type N3, and consequently
the value of R{ decreases with increasing k;. The magnitude of the
segregation effect is therefore not only governed by 1, but also by
the distribution of propagating radicals between the particles, and
the latter is affected by k; even at the same 71,. A particle of the type
N% would be generated when an activation event is followed by
asecond activation event prior to the first pair of propagating radical
and nitroxide having undergone deactivation (i.e. an unlikely event,
as reflected in the very low values of N).

3.3. Effect of deactivation rate coefficient
Fig. 4 shows plots of R /R vs 11, for NMP in a dispersed system

with particle diameter 70 nm at 1% monomer conversion for
Kgeact = 7.6 x 10%, 7.6 x 107 (literature value for styrene/TEMPO at

Table 2
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Fig. 4. Ratios of “compartmentalized” (Rf) and “non-compartmentalized” (R{¢)
termination rates vs log n, (propagating radicals per particle) for NMP in a dispersed
system for different values of Kgeacc (as indicated in M~'s™!) at 1% monomer conver-
sion using rate coefficients from Table 1 (except Kqeact)-

125°C [36,37]), and 7.6 x 108 M~'s~! using rate coefficients
(except kgeact) from Table 1. Again, it is immediately apparent that
no master curve of Rf/R{¢ vs 11, exists for different values of kgeact.
Consequently, at a given value of 71, the magnitude of the segre-
gation effect is also a function of kqeact. The lower the value of kgeact,
the stronger is the maximum attainable segregation effect, and the
larger is the “critical” particle size required for segregation effects
to be manifested. The rationale here is essentially the same as for
variations in k¢ as described above. The extent of the segregation
effect on termination is not only dictated by np but also by the
distribution of propagating radicals between the particles, which is
influenced by kgeact. )

Table 3 shows the number fractions of various particles N{ cor-
responding to the data in Fig. 4 for log np = — 3.62. A decrease in
kdeact at the same 7y leads to a smaller contribution towards np
from N3, whereas the contribution from N} increases. Termination
can occur in particles of the type N2, but not in particles of the type
N}, and consequently the value of Rf decreases with decreasing
kdeact. The very vast majority (>98%) of termination events occur in
particles of the type N2, and Eq. (7) can thus be applied once again
to rationalize the results.

3.4. Confined space effect on deactivation

The analysis described above for the effect of segregation on the
termination rate was subsequently applied to the confined space
effect on deactivation. In this case, we are interested in seeing
whether the magnitude of the confined space effect on deactivation
can be described by the number-average of nitroxide species per
particle (nt) only (Eq. (8)), or whether one must consider the
distribution of nitroxide between particles.

Number fractions of particles containing i P- and j T- (N{:) for NMP in a dispersed system with particle diameter 70 nm at 1% monomer conversion for different values of k; using
rate coefficients (except k) from Table 1. The data correspond to initial alkoxyamine (PT) concentrations as indicated, giving similar values of np.

ke(M~'s™) [PT]o (M) fip (x103) N§ N} (x10%) N3 (x10°) N3 (x107) N3 (x106) N3 (x10'3) N§ (x10°) N3 (x10%9)
1.72 x 108 0.005 1.22 0.994 1.22 454 3.72 1.86 50.1 0.173 2.84
1.72 x 107 0.005 1.20 0.957 1.18 412 3.25 17.0 38.6 15.4 24.6

5x 107 0.005 1.15 0.900 1.11 98.3 2.56 403 243 99.8 53.2

1.72 x 108 0.0058 1.19 0.759 1.08 232 1.81 110 114 755 125
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Number fractions of particles containing i P- and j T- (N{:) for NMP in a dispersed system with particle diameter 70 nm at 1% monomer conversion for different values of kgeact
using rate coefficients (except Kgeact) from Table 1. The data correspond to initial alkoxyamine (PT) concentrations as indicated, giving similar values of 7ip.

kgeace M~1s™1) [PT]o (M) fip (x10%) N3 NI (x10%) NZ (x10%) N3 (x10°) N3 (x107) N3 (x10") N3 (x10°) N4 (x10'%)
7.6 x 10° 0.0001 2.44 0.992 2.44 7.44 1.22 6.09 2.06 8.58 2.81
7.6 x 107 0.001 2.39 0.956 2.35 432 6.78 354 73.8 219 69.5
7.6 x 10® 0.01 2.32 0918 226 81.1 12,5 66.5 296 617 194
4.0 dominance of N}, and thus the magnitude of the confined space
A A kt=1.72E+06 effect is dictated solely by 7.
35 O kt = 1.72E+07 The so called fluctuation effect [14], proposed by Tobita, refers
— ® kt = 5.00E+07 to how fluctuation in the number of T- between different particles
o 30 A _ can result in an overall deactivation rate that is lower (and thus
Q ® kt = 1.72E+08 . . .
QD Q higher polymerization rate) than that predicted based on all
H < kdeact = 7.6E+06 . - ,
C&j 25 r ' particles containing the same number of T-. The fluctuation effect
Sy a ® kdeact =7.6E+07 may be important under certain conditions, but under all condi-
g 20 r A kdeact = 7.6E+08 tions examined in this work, such fluctuation effects are insignifi-
o3 % cant, given that the very vast majority of deactivation events occur
S 1.5 'Y in particles of type Ni.
an
o 10t A
12; 3.5. TEMPO/styrene vs TIPNO/styrene
05 r » . - . - .
Finally, let us revisit the simulated data in Fig. 1, which show that
0.0 I L L Q’Mm_ the segregation effect on termination is much stronger for TIPNO/
4 3 2 A 0 1 styrene than TEMPO/styrene at 125 °C (spontaneous initiation of

log nr

Fig. 5. Ratios of “compartmentalized” (Rf) and “non-compartmentalized” (RY®) deac-
tivation rates vs log nit (nitroxide radicals per particle) for NMP in a dispersed system
at 1% monomer conversion using rate coefficients from Table 1 for different values of k¢
and Kgeace as indicated in M~1s71,

ar = N/ (8)
i

Fig. 5 shows plots of 10g(RS,,.¢/Ric.ct) VS Tlp for Kgeact = 7.6 x 106,
7.6 x 107, and 7.6 x 108 M~ 1s~! (with k;=1.72 x 108 M~1s~1) and
for ky=172x10% 172x107, and 172 x108M~!'s~! (with
kgeact=7.6 x 107 M~1s~1) corresponding to NMP in a dispersed
system with particle diameter 70 nm at 1% monomer conversion
using rate coefficients (except kgeact and k¢) from Table 1. All data
points fall on the same master curve. It was furthermore confirmed
that simulations using different particle diameters of 50 and 90 nm
(k= 1.72 x 10® and kgeact = 7.6 x 10’ M~ 's~!; data not shown to
avoid clutter) also fell on the same master curve as that shown in
Fig. 5.

Deactivation can only occur in particles that contain at least one
P- and one T-. Examination of the distributions of T- between
particles for the different conditions (Table 4) shows particles of the
type N} constitute in excess of 98.5% of all particles where i > 1 and
j>1, and consequently close to all deactivation events will occur in
these particles. Such particles (N}) are formed by an activation
event occurring in N§. Under all conditions simulated, the distri-
bution of T- is essentially the same with regards to the strong

Table 4

styrene not included in model). Based on the findings above, these
data can now be rationalized based on the value of kqeact being
a factor of 180 lower in the TIPNO system, which results in
a decrease in N2, and consequently a lower value of R¢.

4. Conclusions

The nature of the segregation effect on bimolecular termination
between propagating radicals generated by alkoxyamine activation
in NMP in dispersed systems has been investigated by modeling and
simulations employing modified two-dimensional Smith—Ewart
equations. It has been shown that the magnitude of the relative
reduction in termination rate due to segregation (as compared to
a homogeneous system with the same dispersed phase concentra-
tion of propagating radicals and nitroxide molecules) cannot be
predicted simply from the average number of propagating radicals
per particle. The magnitude of the relative reduction in termination
rate can be strongly influenced by the distribution of propagating
radicals between particles, which is in turn affected by the rate
coefficients for termination and deactivation, but unaffected by the
particle diameter. The confined space effect on deactivation, on the
other hand, can in the investigated systems be predicted solely
based on the average number of nitroxide molecules per particle.

The results presented contain important information with regards
to how one can potentially exploit segregation effects to improve
livingness (end-functionality) in NMP in dispersed systems. For
example, the greater the value of the termination rate coefficient, the
greater is the maximum possible benefit that can be attained in terms
of increased livingness relative to the corresponding homogeneous
(bulk/solution) system. The results are expected to apply

Number fractions of particles containing i P- and j T- (N{ ) for NMP in a dispersed system with particle diameter 70 nm at 1% monomer conversion for different values of kgeact
using rate coefficients (except Kgeact) from Table 1. The data correspond to initial alkoxyamine (PT) concentrations as indicated, giving similar values of 7it.

Kaeact (M~ 1s™1) [PT]o (M) it N§ N} (x10%) NZ (x10%) N3 (x10%) N3 (x107) N3 (x10") N3 (x10°) N§ (x10'%)
7.6 x 10° 0.0005 0.077 0.961 11.8 37.6 29.4 150 250 225 355

7.6 x 107 0.001 0.087 0.956 235 432 6.78 35.4 73.8 219 69.5

7.6 x 108 0.005 0.084 0.958 1.18 416 3.26 17.1 38.7 157 248
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(qualitatively) also to other controlled/living systems based on the
persistent radical effect, e.g. ATRP.
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