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ABSTRACT: Controlled/“living” atom transfer radical polymerization (ATRP), which is subject to the
persistent radical effect, has been examined through computer simulations. It was found that the peculiar
time-dependent rates predicted by the persistent radical effect may not be observed experimentally because
termination is dependent on chain length and viscosity. In the early stages of the polymerizations the
deactivating species is produced very fast through irreversible radical—radical termination; however, as
the polymerization progresses, less deactivator is produced because termination reactions are slowed,
thus resulting in a steady rate of polymerization. Thermal initiation of styrene was found to be insignificant
in ATRP under the conditions examined, in contrast to systems characterized by a low equilibrium
constant, such as TEMPO-mediated polymerization, where the rate of styrene polymerization is dominated
by thermal initiation. Inclusion of termination rate coefficients that decrease during polymerization in
the simulation model led to adequate reproduction of experimental results.

Introduction

The field of controlled/“living” radical polymerization
has flourished in recent years.! In particular, both stable
free radical polymerization!—° and atom transfer radical
polymerization (ATRP)°-17 have generated great inter-
est in industry and academia. A very recent addition to
this field is the variation of the degenerative transfer
technique’®?® called reversible addition—fragmentation
chain transfer (RAFT) polymerization.2° All these tech-
niques allow the synthesis of polymers that may have
predetermined molecular weights, narrow molecular
weight distributions, and novel architecture.?122 Per-
haps the most significant advantage of these methods
over conventional radical polymerization, however, is
that polymers potentially have functionality that allows
further chemistry to be performed on the polymer, such
as cross-linking reactions, exchange of functional groups,
and block copolymerization.!

Through such interest, the mechanisms and kinetics
of these controlled polymerizations have also been
examined in some detail. However, both of these very
important facets of the polymerizations remain poorly
understood. Substantial progress was made in under-
standing when it was realized’?32* that stable free
radical polymerization and ATRP are subject to the
persistent radical effect,?> a concept proposed by Fis-
cher?6 to explain the selectivities observed in a variety
of radical reactions. Subsequent work by Fischer?® has
indicated that persistent radical effect predicts peculiar
time dependencies for monomer consumption, persistent
radical evolution, and growing (transient) radical con-
centration. Johnson et al.?* previously produced similar
qualitative observations during an examination of the
kinetics of the stable free radical polymerization of
acrylates using simulations. In a recent paper, Kothe
et al.?” have provided convincing evidence through
model studies that the persistent radical effect does
indeed operate in the decomposition of alkoxyamines,
the “initiator” within stable free radical polymerization.

However, these odd dependencies have generally not
been observed in controlled polymerization experiments,
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at least not to the extent predicted by the persistent
radical effect. This has prompted us to examine why this
may be the case. There may be several causes for this
discrepancy, including poor experimental data, the
persistent radical effect as discussed is not fully valid,
or other phenomena such as inhomogeneity, aggrega-
tion, and/or deactivation of the catalyst. However,
perhaps the simplest explanation lies in the fact that
ATRP is generally taken to quite high monomer conver-
sion, and therefore the viscosity of the medium increases
dramatically. This, in turn, may affect the rates of
several reactions involved in the polymerization. There-
fore, in this paper we explore how diffusion-controlled
rate coefficients affect the kinetics of controlled/“living”
ATRP.

Results and Discussion

Model Development. In general terms, the basis of
ATRP is a metal (Mt"/L, where L = ligand) catalyzed
dynamic equilibrium (Scheme 1) between dormant (P—
X) and active species (P*), where the latter are free
radicals capable of propagating.?! This process also
generates a “counter radical” (X—Mt"*Y/L) that is per-
sistent and reacts (almost) selectively with the active
species and not with itself. The equilibrium as indicated
in Scheme 1 lies heavily in favor of the dormant species,
such that the concentration of radicals is low relative
to the combined concentrations of dormant and active
chains.

Another requirement for controlled/“living” polymer-
ization is that initiation is fast relative to propagation;
all chains should be initiated approximately at the same
time.28 For a radical polymerization without the activa-
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tion/deactivation cycle, this would result in a large
amount of termination occurring and therefore loss of
the active centers. The equilibrium established between
the dormant and active species during ATRP allows
initiation of all chains to occur quickly but with a low
radical concentration present.

However, the finite concentration of free radicals
means that radical—radical termination is never fully
suppressed. Furthermore, with each termination reac-
tion between two free radicals, there is also 2 equiv of
deactivator generated. Because the deactivator is per-
sistent and builds in concentration during the poly-
merization, the equilibrium is shifted toward the dor-
mant species, thus slowing the reaction down. This is
the basis of the persistent radical effect, and Fischer?3
has shown that it should result in nonlinear first-order
kinetics with respect to monomer consumption. Fischer’s
analysis divided the reaction time into three segments:
23,27 (1) very short times (<1072 s), (2) intermediate
times (~1073s <t <5 x 102 h), and (3) very long times
(>3 x 108 years). Of practical interest is the intermedi-
ate regime only, where it was shown the monomer
consumption should follow eq 1.22 The concentrations
of the active species (radicals) and persistent species
(Mt"™1 in ATRP) are described by egs 2 and 3 respec-
tively.23:27
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To examine the Kinetics of polymerizations subject to
the persistent radical effect, computer simulations are
extremely useful because one can omit or modify reac-
tions and then note the effects to apparent rates of
reactions. However, such a procedure is completely
reliant upon both an accurate model and accurate data
and often limited because it is computer time and
memory intensive. This last point has been overcome
(at least partially) by the implementation of the Predici
program package?® that allows simulations of polymer-
izations up to very high degrees of polymerizations
without losing too much information through simplifica-
tions in the model. Several previous studies”2°~33 have
shown that the package is versatile enough to allow the
incorporation of many reactions. Therefore, we have
used this program for our analysis of controlled/“living”
polymerizations.

Scheme 2 outlines the general model for these poly-
merizations. Included are the following reactions and
associated rate constants/coefficients: (a) activation and
deactivation of the initiator (RX; ka, kq), (b) addition of
monomer to the initiating radical (R*; k;j), (c) thermal
initiation (kiwerm), (d) activation and deactivation of
polymeric dormant species (PnX; Ka, Kq), (€) propagation
(kp), (f) termination of two initiating radicals (kw), (9)
macromolecular radical—radical termination by both
combination and disproportionation (kg ktg), (h) primary
radical termination (ke), and (i) transfer to monomer
(k¢r,m). Other reactions, such as transfer to polymer and
chain end degradation,3* have been neglected, as they
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Table 1. Standard Parameters Used in ATRP Simulations

parameter value ref
ki (L mol~—ts71) 16000 41, 42
kp (L mol~1s71) 1600 67
2ke(0) (L mol~ts™1)a 1x10° 41
2kg(0) (L mol-1s~1)a 1 x 108 41
2Kkio (L mol~1s™1) 5 x 10° 41
kerm (L mol=1s71) 0.22 68
kg (L mol~1 s71)a 1.1 x 107 63
Ka (L mol~1s71) 0.45 63
kip (L mol~1s71) 1x 10° 41, 43
Ktherm (L mol~t s71)2 48 x 1071 35
[M]o (M)? 8.7
[RX]o (M)2 0.087
[Mt"]o (M)2 0.087
[Mt"+1]o (M) 0
temperature (°C) 110

a8 Parameter varied in some simulations. See text and figure
captions.

are insignificant in the systems studied here. Table 1
contains the data used in the simulations, with the
parameters that are adjusted (e.g., termination rate
coefficients and concentrations) indicated. The contribu-
tion of styrene thermal initiation will be discussed
further below. A third-order model is used, with a rate
constant (Knerm) taken from Hui and Hamielec,® but it
must be kept in mind that the rate constant from this
work was obtained with a specific polymerization model,
which included a conversion-dependent (i.e., viscosity
and chain length dependent) k;. Therefore, using this
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rate constant in the context of another model that also
incorporates a conversion-dependent k; will actually
overestimate the rate of thermal polymerization. How-
ever, for illustrative purposes only, the Hui and Hamielec
data will be adequate.

Chain Length- and Diffusion-Dependent Rate
Constants. The diffusion-controlled dependence of the
termination rate constant has been known for some
time.36-38 However, there is evidence that suggests that
rate constants of other processes involved in free radical
polymerization are also dependent either on chain
length, conversion of monomer to polymer (viscosity),
or both. Propagation becomes diffusion-controlled when
the polymerization medium becomes very viscous, such
as at very high conversions. There is also evidence that
suggests that the first few propagation steps occur at a
much faster rate than the overall propagation rate.3°-42
This difference is due to a decrease in the translational
and rotational degrees of freedom that occurs as the
chain grows.*® Within the model for the controlled/
“living” systems proposed here, the activation and
deactivation rates are also potentially chain length
dependent. Given this background, it is worthwhile
examining these possibilities.

While the termination rate is known to be diffusion-
controlled, this fact is often neglected in order to simplify
the kinetic analysis of polymerization. This was also the
case in the Fischer’s analysis of the persistent radical
effect in controlled/“living” stable free radical polymer-
ization?® and also in the work of Johnson et al.?* There
are many studies that indicate that the termination rate
coefficient (rather than a constant) can change by
several orders of magnitude during the course of a
polymerization.3® In solution (i.e., at low viscosities), the
termination rate coefficient for small organic radicals
is of the order of 10° Mt s71,41.43 Measurements of
polymeric radical termination result in rate coefficients
from 108 M~1 s71 to less than 10° M1 s~ for low to high
conversions, respectively.3844:45

The problem with attempting to model a diffusion-
controlled termination rate coefficient is the choice of a
model or, in other words, an analytical expression for
how k; changes as a function of conversion. Some
workers, such as Benson and North,3” Allen and
Patrick,3¢ and others,*6~52 have used the Smoluchowski
model to describe these processes as a function of chain
length at low polymer concentrations. Others have used
a simple power law,33-58 or more complex expressions,**
to describe k; as a function of chain length at both low
and high monomer conversions.

Such changes in k¢ will be determined by several
parameters, including molecular weight, the Ty of the
system, temperature, and polymer concentration. How-
ever, Gilbert and co-workers®60 have very recently
found that normalized diffusion coefficients of oligomeric
methacrylates and styrenes in polymer solutions vary
according to a simple, empirical relationship given in
eq 4

DDP/Dl — DP—(O.6G4+2.02WP) (4)

where DP is the degree of polymerization and w; is the
weight fraction of polymer. Surprisingly, this relation-
ship seemed invariant of temperature (studied between
25 and 50 °C), oligomer type (methacrylates or styrene),
and polymer matrix type (poly(methyl methacrylate),
poly(butyl methacrylate), polystyrene), and extrapola-
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Figure 1. Change in k{(DP) as a function of conversion in
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polymerization, ky(DP) = 10°DP~(©:65+0.010P) (. ),

tion from monomer and dimer diffusion data adequately
predicted the diffusion behavior of higher oligomers
(DPs < 10 were examined). While some simulation
conditions fall outside the bounds of the diffusion
measurements of Gilbert et al.,>® the apparent “uni-
versality” and simplicity of eq 4 are very appealing, and
therefore an equation of this type was used in our
simulations to impart a conversion/chain length de-
pendence on ki. There are two caveats worth noting at
this stage. First, it was found that using other models
for the reduction of k; led to similar results as those that
used eq 4 (i.e., the qualitative observations presented
here are model-independent). Second, we realize that
eq 4 probably does not represent a physically correct
description of how k; changes in these polymerizations;
however, it does allow us to qualitatively alter ki
throughout the reaction in a simple fashion.

The conditions of controlled/“living” polymerization
provide a special case for the termination step. In these
experiments, the chain lengths of both radicals can be
approximated as being the same. This is in contrast to
conventional free radical polymerization where it is
thought that termination is dominated by the reaction
between short—short and short—long chains.*647 With
this approximation, one can simplify some of the chain-
length-dependent expressions (such as the Smoluchow-
ski equation) into a more simple scaling law. Further-
more, the simulations presented here aim for a degree
of polymerization at 100% monomer conversion of 100.
Therefore, in the ideal situation, the percentage conver-
sion equals chain length. A simple scaling law of the
form of eq 5 which is based upon the equation of Gilbert
et al.>® was used,

kt(DP) — kt(O)DP*(O.65+O.02DP) (5)

where DP is calculated from conversion of monomer to
polymer (DP = A[M]/[RX]o) and considering the initiator
being the first unit (DP = 1-101). Figure 1 shows how
ki(DP) varies as a function of conversion for two cases:
for bulk polymerization and for a 50% solution poly-
merization. The difference between these two cases
arises from the fact that at 100% conversion the solution
polymerization will only have 50% polymer in solution
and therefore a lower viscosity. In terms of eq 5, this
meant the 0.02 term in the exponent is halved for the
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Figure 2. First-order kinetic plot of monomer consumption

in the ATRP of styrene for experiment (®, with straight line

fit, —)®2 and simulations (lines) with parameters given in Table

1; Ktnerm = 0 and constant k¢ (— — —, ke = 108, keg = 107), (- - -,

ktc =5x 107, ktd =5 x 106), ("‘, km = 107, ktd = 106)

solution polymerization simulations. Equation 5 was
used to alter both the combination and disproportion-
ation rate coefficients, whose initial magnitudes were
chosen to reflect >90% combination in styrene poly-
merization.6!

At very high conversions the propagation step may
become diffusion-controlled.6* However, this may only
occur in the final stages of the polymerization and thus
is neglected in our simulations. The addition of small
(monomeric) radicals to monomer (i.e., initiation) has
been studied extensively*142 and often occurs at a rate
that is at least an order of magnitude faster than the
rate of monomer addition to polymeric radicals. There
is also some evidence that suggests that the first few
propagation steps may be faster than the overall
propagation rate,3?4! and the first propagation step may
be approximately an order of magnitude faster than the
subsequent additions.3%4% Often in ATRP, the radicals
formed from the initiator are models for the propagating
radicals. In our model, therefore, we have chosen the
rate constant for initiation to be an order of magnitude
greater than the propagation rate constant.

The extent of diffusion control of the activation and
deactivation reactions in controlled/“living” polymeriza-
tions has not been examined. It is possible that the
activation reaction is chemically controlled throughout
most of the polymerization, whereas the deactivation
reaction may be diffusion-controlled if the viscosity is
sufficiently high. To keep the model as simple as
possible, we have used constant rates of activation and
deactivation for both the initiator and polymeric chains;
however, we also examine what effect changing the rate
constant of deactivation has on polymerization rates.

Idealized Persistent Radical Effect in ATRP: No
Diffusion-Dependent Termination. It is worthwhile
to begin with simulations that exclude any diffusion-
controlled termination, thus confirming the existence
of the persistent radical effect in these systems. Figure
2 shows the first-order Kinetic plot of styrene consump-
tion in ATRP simulations, along with data taken from
experiments of this system.®? The experimental data
give a linear dependence, which is an indication of a
constant number of growing radicals present in the
system and is contrary to the prediction of the persistent
radical effect.23 The simulations, on the other hand, with
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Figure 3. First-order kinetic plot of monomer consumption,
as a function of time?3, in the ATRP of styrene for experiment
(®)52 and simulations (lines; as in Figure 2) with parameters
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Figure 4. [Mt""] as a function of time in the ATRP of styrene
for simulations (as in Figure 2) with parameters given in Table
1; Ktherm = 0 and constant ki (— — —, kie = 108, kg = 107), (- * -,
ktc =5 x 107, ktd =5 x 106), ("', ktc = 107, ktd = 106)

a constant value for the termination rate coefficient,
show a marked curvature throughout the polymeriza-
tion.

Figure 3 contains the data from Figure 2, but plotted
as a function of t23, as suggested by eq 1. Here the
experimental data points do not lie on a straight line;
however, the simulated data are linear. From this it
appears that the ATRP simulations are consistent with
the persistent radical effect and eqs 1—3; however, the
experimental styrene ATRP system is not. Further
evidence of this can be seen in Figures 4 and 5, where
the deactivator concentrations ([Mt"*1]) are plotted
against t and t13, respectively. Figure 4 shows that
Mt *1 is continuously generated during the polymeriza-
tions as a result of radical—radical termination. The
amount of Mt"1 depends on the value of the rate
coefficient for termination; the higher the value, the
more Mt"*1 is generated, and thus the slower the
polymerization (see Figure 2). Fischer’'s kinetic analy-
sis?® of the persistent radical effect predicts that the
deactivator (or persistent species) should increase in
concentration as a function of t1/3 (eq 3). Figure 5 bears
this out; for each simulation, [Mt"1] increases in a
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Figure 6. Dependence of the first-order kinetic plot of
monomer consumption in the ATRP of styrene on conversion-
dependent ki, kg, and Kinerm. Experiment (®, bulk; O, 50%
solution)®? and simulations (lines) with kierm = 0 and (a)
parameters given in Table 1 and conversion-dependent k; given
by eq 5 (- - -); (b) as in (a) except Ktherm = 4.8 x 1071 L mol~?
1(=—=-);(c)asin (a) except kg = 5.0 x 106( +); (d) asin (a)

except [M]o = 4.3 M, [RX]o = [Mt"]o = 0.045 M (—).

linear fashion when plotted against t3 once the initia-
tion process is complete (after ~6 s or ~200 s). The
small amount of curvature at early times is due to the
faster radical—radical termination rate of the initiating
radical (2kyo) relative to 2k(0) and 2ki4(0).

There are some qualitative similarities between the
kinetics predicted by the persistent radical effect and
experiments, even though complete quantitative agree-
ment is lacking. For example, the concentration of
deactivating species that builds up is approximately the
same, as is the rate of monomer consumption. Therefore,
while some modifications to the model are required, the
persistent radical effect appears to be underlying the
kinetics of ATRP.

Inclusion of Diffusion-Controlled Termination.
Figure 6 shows the first-order kinetic plot of styrene
consumption in ATRP experiments (bulk and 50%
solution) and several simulations. Each simulation
includes a conversion-dependent termination rate ac-
cording to eq 5 (or the appropriately modified version
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Figure 7. Dependence of [Cu''X;] in the ATRP of styrene on
conversion-dependent Ky, Kq, and Kinerm. Experiment (@, bulk;
O, 50% solution)®* and simulations (lines) with Kerm = 0 and
(a) parameters given in Table 1 and conversion-dependent ki
given by eq 5 (- + -); (b) as in (a) except Kinerm = 4.8 x 1071 L
mol~t s (— — =); (c) as in (a) except kg = 5.0 x 10° (-++); (d)
as in (a) except [M]o = 4.3 M, [RX]o = [Mt"]o = 0.045 M (—).

for the solution polymerization). The effects of thermal
initiation of styrene and the rate of deactivation (kg) on
the rate of polymerization can also been seen. Including
a conversion-dependent termination rate results in
straight first-order kinetic plots. However, for the bulk
polymerization, the apparent propagation rate (kP =
slope of the line) is too small compared with the
experiment. A small decrease in kg results in near
perfect agreement. On the other hand, adding thermal
initiation barely alters ky,2P. The conclusions that may
be drawn from this is that (i) it is possible that ky and/
or ka may contain some error or change during the
reaction and (ii) kp?? is not sensitive to thermal initia-
tion in the ATRP of styrene under the conditions given
here. For the solution polymerization, ky@" is slightly
overestimated. Adding thermal initiation to the solution
polymerization has even less of an effect than observed
for the bulk polymerization because of the lower mono-
mer concentration.

Some comment should also be made in regard to the
error associated with the activation and deactivation
rate constants (ka and kg) used in our simulations. kj
was measured by a direct technique,®® but under condi-
tions that are not typical for a polymerization. kg was
then estimated from the equilibrium constant (Keq) and
the value of ka (kg = ka/Keg).8® Keq Was measured under
different conditions to k,, with Mt"*1 (= Cu''X;) added
at the beginning of the reaction so as to keep [Cu''X;]
constant.52 However, subsequent EPR data showed that
this is not the case, and [Cu"'X;] does increase slightly.%*
This would lead to an underestimation of K¢y and thus
an overestimation of kq. Therefore, the 50% difference
observed in k2P between the simulations and the bulk
experiment may, in part, be due to the error within the
activation and deactivation rate constants. In addition,
the simple first-order dependence of the rate of poly-
merization on [Mt"] and [RX], as was found experimen-
tally for this system,®? may not be always the case and
is in fact not expected. We will discuss this further in a
subsequent paper.5°

Figure 7 shows that when a diffusion-dependent
termination rate is included, the [Mt"*1] increases
dramatically at the beginning of the polymerization and
then levels out to be almost constant during the
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Figure 8. Number-average molecular weight (M), polydis-
persity (Mw/Mp), and fraction of “living” chains in the ATRP
of styrene as a function of conversion. Simulations with Kierm
= 0 and (a) parameters given in Table 1 and conversion-
dependent k; given by eq 5 (- - -); (b) as in (a) except Kiherm =
48 x 10711 L mol™ts™* (= — —); (c) as in (a) except kg = 5.0 x
108 (-++); (d) as in (a) except [M]o = 4.3 M, [RX]o = [Mt"]p =
0.045 M (—).

remainder of the reaction. In contrast, when a constant
termination rate is used, the [Mt"*1] continually in-
creases. We have estimated the Cu''X, (= Mt"?)
concentration by EPR and found that approximately
5—6 mM of Cu''X; is generated in bulk polymerizations
and approximately 2—3 mM of Cu'X, in solution
polymerizations.®* In bulk, the simulations where kq =
1.1 x 107 is used underestimate this concentration,
whereas using kg = 5 x 108 the [Mt""1] is slightly
overestimated. For the solution polymerization, the
agreement between the simulation and experiment is
excellent.

Another pathway that could lead to the apparent
linear kinetics is the level of Mt"™ present in the Mt"
catalyst. Further simulations, without diffusion-depend-
ent termination, showed that adding approximately
2—5% Mt"*1 relative to Mt! was enough to produce a
rate of polymerization approximately the same as that
observed experimentally; however, some curvature in
the first-order Kinetic plot was still noticeable.

Figure 8 shows how the number-average molecular
weight, polydispersity, and functionality of the polymer
chains changes during the polymerization, using data
from the same simulations from Figures 6 and 7.
Clearly, in each case the molecular weight increases
linearly and approaches the molecular weight predicted
by the ratio of ([M]o/[RX]o) x 104 at full monomer
conversion. The increase in M, at very low conversions
is actually to be expected and is due to chain growth
when the concentration of the deactivator is very low.
Hence, chains grow to be relatively long, but they also
have a very low concentration. Once the deactivator
concentration has built up (thus increasing the rate of
deactivation), smaller chains are produced in higher
concentrations, thus lowering My. This happens only at
the very early stages of polymerization, and then the
M, will increase in the observed linear fashion. The
polydispersity initially decreases rapidly and then is
consistently around 1.05. Both of these phenomena are
as observed in experiments.®? Also evident is the high
degree of chain functionality; throughout the polymer-
ization greater than 95% of the chains contain a
w-terminal halide. This also agrees with experimental
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Figure 9. First-order kinetic plot of monomer consumption,
as a function of time (O) and time?? (@) (with linear fit, —), in
the ATRP of MMA initiated by poly(methyl acrylate).5¢ [PMA]
= 0.0086 M (M, = 5910, M./M, = 1.32), [MMA], = 4.67 M,
[CuCl]o = 0.017 M, [4,4'-di(5-nonyl)-2,2'-bipyridyl]o = 0.034 M,
50% v/v diphenyl ether, 90 °C.

data.®® The constancy of the functionality can be at least
partly attributed to the reduction in the termination
rate through the increase in viscosity. It is also noted
that the slower deactivation step leads to a lower
functionality, as would be expected.

Other Factors Affecting the Kinetics of ATRP.
It is clear from the above discussion that the Kinetics
of ATRP are complex. We have shown that incorporating
diffusion-dependent termination rate coefficients may
effectively mask the persistent radical effect and that
other rates may also be affected by an increase in
viscosity. However, we were unable to obtain perfect
agreement between the rates of polymerization, in both
bulk and solution, and the simulations using the best
rate data currently available.

As mentioned above, several factors may be contrib-
uting to this, such as poor experimental data (poly-
merization rates and rate constants), inhomogeneity,
aggregation and/or deactivation of the Cu' species by
Cu'"! species, poor choice of how rate coefficients varies
with conversion, or the rate constants used either are
incorrect or vary themselves throughout the reaction.
It is quite possible that several of these phenomena may
be operating concurrently. However, it is apparent from
the simulations presented here that a qualitative pic-
ture of ATRP can be obtained. Further elucidation of
both the mechanism and the rates of ATRP will no
doubt improve the accuracy of our model.

Furthermore, the persistent radical effect may de-
scribe the Kinetics of some ATRP systems quite well.
We have noticed that, in polymerizations where a
macroinitiator and/or solvents are used, the first-order
kinetic plot may show curvature and indeed agree with
the predicted t23 dependence of eq 1. This is probably
because k¢(DP) stays relatively constant in such reac-
tions because viscosity changes are reduced. This means
that, in contrast with low molar mass initiators, in the
macroinitiator experiment the buildup of deactivator
occurs relatively slowly and over the duration of the
polymerization. Shown in Figure 9 is an example; here,
the first-order kinetic plot for a poly(methyl acrylate)-
initiated ATRP of methyl methacrylate (taken from ref
66) is plotted with t23. The data fit very well to a
straight line, and thus, in this system, the persistent
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radical effect is not only operating but also quite
observable.

Conclusions

It has been shown that controlled/“living” ATRP can
be simulated using a model that incorporates a dynamic
equilibrium between dormant and active (radical) chains
(among other reactions). The persistent radical effect
is present within the ATRP but may be somewhat
concealed by the diffusion dependence of termination.
The reduction in the termination rate during the poly-
merization also slows the production of the deactivating
species, resulting in a steady rate of polymerization.
Simulations that include this process have allowed
reasonable reproduction of experimental data. It was
also shown that thermal initiation of styrene does not
contribute significantly to the rate of polymerization,
or alter molecular weights or polydispersity, under the
conditions examined. The evolution of molecular weights,
polydispersity, and functionality with monomer conver-
sion from the simulations agree well with experimental
observations.

Experimental Section

The Predici program uses a discrete h—p method to repre-
sent chain length distributions and an adaptive Rothe method
as a numerical strategy for time discretization. Concentrations
of all species, as well as the distributions of all polymeric
species, can be followed. The program has been applied and
tested with various free radical polymerizations, including
conventional,?® pulsed laser,°3? and stable free radical’
polymerizations. The conversion dependence of k(DP) was
calculated using the interpreter function of Predici. For each
time step, the degree of polymerization was calculated using
DP = conversion x ([M]o/[RX]o). Using this DP, k(DP) was
then calculated using eq 5 with the k¢(0) value given in Table
1. For simulations of 50% solution ATRP experiments, the
exponent in eq 5 was altered to —(0.65 + 0.01DP) to account
for the lower polymer concentration. Using DP calculated in
this way assumes that the two reacting radicals are of equal
length, which for the most part is a reasonable assumption
for ATRP where narrow distributions are obtained. It is only
in the first ~10% of the polymerization where this becomes
less tenable (e.g., MyW/M,, > 1.3 at < 8% conversion in Figure
8). Calculations were performed on a personal computer (two
300 MHz processors) running Windows NT and took ap-
proximately 2—10 min to complete.
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