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ABSTRACT: The kinetics and chain length distributions occurring in living free-radical polymerizations
are simulated using a hybrid Monte Carlo algorithm. The new algorithm is much faster than the
conventional one because the activation/deactivation exchange reactions, which are CPU intensive, are
treated by a biased-sampling method with an analytical expression for the exchange equilibrium, while
the reactions of chain propagation, irreversible chain termination, etc. are treated by exact stochastic
Monte Carlo simulation. Two models of living radical polymerizations, i.e., the polymerization initiated
by alkoxyamines and the nitroxide radical, 2,2,6,6-tetramethyl-1-piperidinyloxy, mediated radical
polymerization, are simulated to study the effects of experimental variables, such as the concentration
ratio of stable free radicals to initiators, initiation rate constants, etc., on the kinetics and molecular
weight distributions. A comparison between simulated and analytical results in the literature is made.
Taking thermal initiation into consideration, the algorithm reproduces the experimental results very

well. Therefore, its feasibility and usefulness in studying living free-radical polymerization are

demonstrated.

1. Introduction

Living free-radical polymerization (LFRP) has re-
cently attracted much attention because it may avoid
the weaknesses of ionic polymerization, in which high-
purity monomers and solvents and anhydrous condi-
tions are necessarily required, as well as the shortcom-
ings of conventional free-radical polymerization, in
which broad polydisperse products are inherently
produced.l™® The earlier works were focused on the
livingness, i.e., the molecular weight of the resulting
polymers increasing stepwise with monomer conversion,
of free-radical polymerization initiated by iniferters
(initiator—transfer agent—terminator) such as disulfides
or dithiocarbamates.*6° Lately, another initiating sys-
tem, in which a stable free radical (SFR) such as 2,2,6,6-
tetramethyl-1-piperidinyloxy (TEMPO) plays the role of
chain-end trapper, has been developed for LFRP to
prepare polymers with narrow molecular weight distri-
butions (MWDs).27:10.11 However, very slow polymeri-
zation rates inhibit the application of these systems on
a large scale. In order to improve LFRPs, it is necessary
to understand their reaction mechanisms. Following
the kinetic analysis of group transfer polymerization
(GTP) by Muller et al.,*2 Veregin studied the dependence
of MWDs on monomer conversion in TEMPO-mediated
LFRP13 and compared them with experimental results.
However, to simplify the mathematics, the initiation of
polymerization was assumed to be very rapid and
irreversible chain termination was ignored in the ana-
lytical analysis.

On the other hand, computer modeling and numerical
solution of the large number of differential kinetic
equations of LFRP have been used to interpret the
kinetics and MWDs found experimentally.4-16 How-
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ever, these methods suffer from the need for a super-
computer, which is not often available to most research
teams. Besides that, in principle, the MWDs and the
kinetics of LFRPs should be described by an infinite
number of differential equations. One has to truncate
the infinite-sized simultaneous differential equation set
somewhere, by artificially introducing the “closure reac-
tion”.Y” In ref 14, a system of up to 500 differential
equations has been used in the computation. This
artificial truncation will make the calculated MWD and
polydispersity index, d, unreliable when some of the
chains are longer than 500, a problem noticed by
Johnson et al.** Therefore, both the accuracy and
monomer conversion one can reach are limited by the
number of differential kinetic equations used in the
computation, which, in turn, is limited by available
computer memory and CPU performance. Recently, the
stochastic Monte Carlo algorithm?!® has proven to be a
useful technique for studying the kinetics and MWDs
in free-radical polymerization.'%2° The convenience and
feasibility of the stochastic Monte Carlo algorithm have
been demonstrated when it has been used for pulsed
laser, or rotating sector, initiated radical polymerization,
with or without chain transfer reactions.’®2° This
algorithm has also been extended to simulate bulk
multifunctional free-radical polymerization in which the
kinetic constants are diffusion-dependent.2!

In this paper, our purposes are to apply the Monte
Carlo algorithm to LFRP after improving the method,
to study the effects of several experimental variables,
such as the SFR/initiator ratio, rate constants, etc., on
kinetics and MWDs in two simple models of LFRPs, and
to compare our results with those from the analytical
method, as well as those from experimental observa-
tions. Finally, some differences in results are discussed.

2. Model Description

A number of LFRP schemes have been reported
elsewhere.??2 In general, there are two kinds of LFRP
systems that can be defined in two models.
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In this kinetic model, R(j) is a growing radical with
chain length j (when j = 1, R(j) represents chain
initiation), M is a monomer, P(j) is a dead polymer with
chain length j, and S is a stable free radical (SFR) such
as TEMPO, which can deactivate (to form dormant
chains SR(j)) and activate (to form growing chains R(j)
and S) chain ends reversibly but cannot initiate polym-
erization by itself. It is evident that the possibility of
biradical termination to form dead polymers will be
greatly reduced because of the equilibrium between the
growing chain radicals and the stable radicals. The
decomposition of the initiator, SR(1), is not explicitly
shown. For simplicity, chain transfer reactions are
ignored because they are only important when transfer
agents are added. Moreover, of combination and dis-
proportionation irreversible chain termination, only the
latter is considered. One exception is that, in section
4.6, when compared to the experimental data quanti-
tatively, the combination irreversible chain termination

is considered, and the following side reactions are added:
15,16

Thermal initiation

kdim

M+M—D

k’i
D+ M—R(2) + R(1)
Thermal decomposition of the dormant chains

- kdecomp -
SR(j) —— P() + SH
where D is an unsaturated dimer and SH is a hydroxy-
lamine-type molecule.

Model Il. The disadvantage of model | is that one
has to synthesize the specific initiators that can release
SFRs during initiation. In experiment, two-component
initiating systems are often used to initiate LFRP (e.g.,
AIBN/TEMPO or BPO/TEMPO initiated styrene polym-
erization,® in which SFR is in excess from the begin-
ning). This model can be given by adding the homolytic
cleavage of initiators

kd
| — 2R(0)

to the reaction scheme of model I. Here, for simplicity,
we ignore the difference between primary radicals and
chain radicals.

3. Monte Carlo Algorithm

3.1. Basic Algorithm. Our previous simulation
algorithm for free radical polymerization®20 is based
on Gillespie’s master equation.’® The details of the
algorithm were given in ref 19. In order to keep the
integrity of this paper, here we briefly review this
algorithm.
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Suppose the volume V contains a spatially homoge-
neous mixture of X; molecules of chemical species A (I
=1, 2, ..., N) and these N species can interact through
M specified chemical reaction channels R, (u =1, 2, ...,
M). The kind of reaction u that will happen in a time
interval (t — t + 7) is determined by a unit-interval
uniformly distributed random number, r;, according to
the following relation:

u—1 M "

Z R, <n R, = R, (1)

where R, is the rate of vth reaction. For a bimolecular
second-order reaction, R, can be generally written as

Rv = kImXIXm (2)

where K, is the microscopic reaction rate constant in
Monte Carlo simulation and X; and X, are the number
of molecules of species (reactants) | and m in the system,
respectively. The reaction probability of reaction chan-
nel n is defined as

P, = ®3)

and it satisfies the relation

M
VZIPV=1 (4)

The Monte Carlo rate constants, kMC, are microscopic
and can be transformed into macroscopic experimental
constants, k®®, according to the following relations
(when the experimental concentration is defined as
moles per unit volume):23

KMC = Kexp for first-order reactions (5)
mc _ K® . .
k" = VN for bimolecular reactions
a between different species
MC __ ZKEXD - .
k™ = VN for bimolecular reactions between
a indistinguishable species (6)

where N, is Avogadro’s constant and V is the total
volume of the reaction system (V can be eliminated by
the initial mole concentration of one kind of reactant,
e.g., [Blo, through the definition of mole concentration,
VN, = X3[Blo, with X3 as the initial number of mol-
ecules of species B used in the Monte Carlo simulation).
Using the above process, the simulated results are given
in real time scale and can be directly compared with
the experimental results.1923.24

In the exact stochastic simulation, the time interval
between two successive reactions, 7, is a stochastic
variable determined by a unit-interval, uniformly dis-
tributed random number, r» ,

1 1
r= In(—) @)

r
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3.2. Improvement of the Algorithm. Although
the above algorithm effectively simulates conventional
free-radical polymerizations, it is very slow when ap-
plied to LFRPs. By carefully looking at the simulation
process, we find that the reaction probabilities of
activation/deactivation exchange are much greater than
the probabilities of other reactions. This can be easily
checked by comparison of the reaction rates of various
reaction channels:

R, = kp[M]ZR(j) ~2x102x1x10'=2x10"°
J
R, = kt(ZR(j))z ~5x10°x 10 =5x10"®
J
Re=kiy SR() ~ 1 x 10 x10°=10"
J
R =k {SIHR()~ 1 x 10® x 107" =103
J

where we have assumed that [M] = 1 (mol/L), the total
concentration of radicals is 10~7 (mol/L), and [S] is 10~
(mol/L). The rate constants are the same as those we
used in most of our simulations shown below. It is
clearly seen that the reaction probability of a reversible
exchange reaction channel is at least 100 times greater
than all other reaction channels. Therefore, large
amounts of CPU time would be spent on reversible
activation/deactivation exchange reaction channels such
as SR(j) <= R(j) + S in LFRP models. This is a special
characteristic found only in LFRPs as opposed to
conventional radical polymerizations. However, this
reversible exchange reaction does not affect measurable
guantities, such as the MWDs and the concentration of
monomer, etc. To improve efficiency, a hybrid model is
used for the simulation of SFRP. We assume that, in a
time interval (t — t + 1), the equilibrium of the
reversible reactions has been established. Under this
assumption, instead of random sampling, the reversible
reactions are treated analytically; i.e., the number of
molecules of all species that participate in the reversible
reaction, at given evolution time t + 7, can be calculated
according to the following equation:

Xq(t + I)ZXR(D(t + 1)
]

ZXSRG)(t + 1)
]

Xs(O) + A)(JZXR(j)(t) +A) e

= @ = Keq (8)
Xerg(®) — A i

Jz SR(j)

Xi(t) and X,(t + ) are the number of molecules of species
| at time t and t + 7, respectively. Due to the biradical
irreversible termination reaction, which consumes grow-
ing radicals, the equilibrium at time t is lost. To re-
establish equilibrium at time t + 7, the number of
molecules should be adjusted by A. A potential problem
is that A, calculated by eq 8, is generally not an integer.
However, the noninteger value of A can be safely
replaced by its integer value because the error intro-
duced by this replacement is less than £0.5. Futher-
more, because the error in each step is randomly
distributed in the range of +0.5, the statistical error in
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the whole simulation can theoretically be eliminated.
After the number of molecules is readjusted according
to the integer value of A, the newly formed growing
radicals, R(j), are randomly selected from all the mol-
ecules of SR(j), j = 1, 2,.... The newly formed dormant
chains, SR(i), however, are randomly selected from all
the growing radicals R(i), i = 1, 2, ... Thus, the
activation/deactivation exchange reaction channels can
all be merged into an equilibrium reaction channel Req,

Reg = Ry + R_ =k Y SR() + k (SITRG) (9)
J J

This improved algorithm can be considered a hybrid
of analytical and stochastic algorithms. The above
reversible exchange reaction channel is treated analyti-
cally, while the other reaction channels are treated
stochastically. However, large amounts of CPU time
still must be spent on the reversible exchange reaction
channel due to the very large reaction probability of Req
compared to that of R, and Ry. In order to solve this
problem in our simulation, we adopted a biased sam-
pling method. In the biased sampling method the
reaction probabilities can be weighted as follows to
match P, and P with Peq in model |

cR
P, = E
c(R, + R) T Ry
cR;
P, =
¢(Ry, + Ry + Req
R

P, = = 10
" ¢(R, + Ry + R (10)

and in model Il

P — cRy
c(Rp + R+ Ry + Req

b= cR,
P c(Rp + R+ Ry + Req

P = cR;
c(Rp +R,+Ry + Req

R

P, = = 11
® " c(R, + R + Ry + Ry (1)

Ineqs 10 and 11, c is an arbitrary constant set at 100,
which means that the reaction channels of Ry, Ry, and
Ry have been artificially multiplied 100 times. This
artificially biased sampling should be corrected and
compensated for in later calculations. The kind of
reaction, x4, which will happen is determined by a unit-
interval, uniformly distributed random number, ry,
according to the following modified relation:

u—1 u
P, <r = P, (12)

=3 =

If decomposition, propagation, or termination takes
place, time interval t can also be calculated by eq 7.
Once a reversible reaction takes place, the correction
and compensation for the biased sampling should be
done. The reversible exchange reaction should run c
times in the time interval t — t + 7. This will
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compensate for the artificial reduction of the prob-
abilities of the reversible exchange channel. The time
interval for the c successive reactions, 7', should be
calculated by the following coarse-grained relation:

c 1
T = In(—) (13)

M r2
R‘V

=

Since we have assumed that the equilibrium among the
reversible exchange reactions have been established
during the time interval 7', instead of running the
equilibrium reactions c times, we simply solve eq 8 once
to obtain A. The number of molecules are then read-
justed according to the integer value of A. Using this
method, simulation time is substantially reduced.

The general principle of above-mentioned improve-
ment can be applied to any other chemical system, in
which there is a great difference in magnitude among
the reaction probabilities of various reaction channels.
What one needs is that those large probabilities, which
are otherwise CPU intensive, can be described by well-
defined analytical expressions.

The simulation algorithms are coded in NDP FOR-
TRAN and performed on an IBM-PC 486-50 MHz. The
typical CPU time, using the improved algorithm, for the
simulation of the monomer conversion up to 90%, is
approximately 20 h. This is at least 40 times faster than
the nonimproved algorithm. The results obtained from
the improved algorithm have been checked by compar-
ing them with those obtained by the nonimproved one.
(For the comparison, please refer to the figure captions.)

In this simulation, the initial number of monomers
is 10°. This is assumed to be 1.0 mol/L. [SR]o is 1.0 x
1073 mol/L for model I; [1]o = 1.0 x 10~2 mol/L for model
11, if there is no further notation. The propagation and
termination rate constants, k, and ki, are set at 2 x 102
and 5 x 108 L/(mol-s), respectively. The ky/k; ratio is
~4 x 1075, approximately the same as the value of
methyl methacrylate at 60 °C. The deactivating rate
constant of the chain end by a stable radical, k¢ , is
108 L/(mol-s), approximately the same as the value of
alkoxydi-tert-butylamine.1*1” To simplify the procedure,
all the rate constants are assumed to be independent
of chain length. In addition, the efficiencies of initiation
are assumed to be 100%.

4. Simulation Results and Discussion

4.1. General Features of LFRP. We would first
like to look at the general features of the simplest LFRP
(model 1) obtained from our simulation and to compare
these features with the results obtained from conven-
tional free-radical polymerization. The polymerization
scheme of the conventional free-radical polymerization
is similar to model Il, but without SFR. The rate
constant, k, in LFRP is set at 1.0 x 107! s71 (Keq = ky/
k—f= 1.0 x 1079 mol/L), and kg, in conventional radical
polymerization, is assumed to be 5.0 x 1075 s71. This
is approximately the same as the decomposition rate
constants of peroxide or diazo compounds. The values
of k, and k¢ are given in the last section and are the
same for both polymerization processes.

The most apparent difference between conventional
and living radical polymerization lies in the dependence
of MWDs on monomer conversion. As shown in Figure
1, the average chain length (thereby molecular weight)
increases linearly with monomer conversion in LFRP
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Figure 1. Average chain lengths M, as a function of monomer
conversion for model | of LFRP (solid line) and conventional
radical polymerization (dotted line). For LFRP, the solid line
is obtained by using our improved algorithm and the open
circles are obtained by using the conventional Monte Carlo
algorithm. In our simulation, [M]o = 1 mol/L, [SR]o = 1073 mol/
L, kp = 2.0 x 102 L/(mol-s), k; = 5.0 x 10° L/(mol-s), ki = 1.0
x 1071 s7%, and k¢ = 1.0 x 108 L/(mol-s) for model I of LFRP
and kg =5.0 x 107%s7%, and [1]o = 1072 mol/L for conventional
radical polymerization.

while it remains constant in conventional free-radical
polymerization (after an initial sharp increase, which
is not shown in Figure 1). The stepwise growth of
molecular weight has been observed experimentally for
various SFR-mediated polymerizations.?3252% Further-
more, for a living system, the MWDs are narrower,%’
and the peaks of the MWDs shift to higher values in
line with monomer conversion (Figure 2). In contrast,
the MWDs for conventional radical polymerization
remain almost unchanged with monomer conversion. At
the beginning of LFRP, due to the homolytic dissociation
of initiator SRs in model I, the concentration of growing
radicals increases sharply with monomer conversion.
The concentration of growing radicals then slowly
reaches a steady value after a brief decrease, while the
concentration of SFR increases steadily (Figure 3). In
the early stage, a relatively higher concentration of
growing radicals, produced by decomposition of initia-
tors, gives rise to a higher rate of irreversible termina-
tion and results in a higher value of d. After parts of
the growing radicals have been irreversibly terminated,
SFRs are in excess and suppress the irreversible
termination. Consequently, a large part of the chains
are able to survive the polymerization process as living
chains (including growing and dormant chains). This
survival of living chains is responsible for the decrease
in the d value after the initial stage (Figure 4).

The biradical termination cannot be ignored com-
pletely in LFRP. It is, therefore, interesting to inspect
the MWDs and polydispersities of growing and dead
chains separately. In Figures 4 and 5, the MWDs and
polydispersities for growing and dead chains in SFRP
vs conversion are shown. The MWDs for dead polymers
are much broader than those of living polymers because
the dead polymers that are formed at different monomer
conversions have quite different lengths. Figure 6
shows the percentage of dead polymers vs monomer
conversion. The percentage of dead polymer is lower
than 10%, even for 80% conversion. Therefore, it only
slightly affects the MWD of the whole system under the
simulation conditions.

4.2. Effect of the Dynamics of Activation/Deac-
tivation. The dynamics of the activation and deactiva-
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Figure 2. Weight fraction distributions for model I living (solid lines) and conventional (dotted lines) radical polymerizations at
different monomer conversions indicated in the figure. The conversions for solid lines (from left to right) are 6.2%, 24.9%, and
49.8% and for dashed lines (from top to bottom) are 9.5%, 29.5%, and 69.4%, respectively. For the sake of comparison, the symbols
are the results obtained for LFRP by using the conventional Monte Carlo algorithm. All the other parameters are the same as

those of Figure 1.
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Figure 3. Concentrations of S (dotted line) and growing
radicals (solid line) for model | of LFRP as a function of
monomer conversion. The symbols are the data obtained using
the conventional algorithm. All the parameters are the same
as those of Figure 1.
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R (%)
Figure 4. Polydispersity d for dead chains (dashed line) and
living chains (including dormant chains) (solid line) in model
| of LFRP and in conventional radical polymerization (dotted

line) as a function of monomer conversion. The symbols and
the parameters are the same as those in Figure 1.

tion exchange will have a strong effect on the polym-
erization rate and the MWD, as one would expect. To
improve the LFRPs, the dynamics of exchange should
be enhanced and the initiation accelerated (as pointed
out by Greszta et al.1). This can be accomplished by a

conversion (%)
9.5%

W(n) (weight fraction)

500 600 700 800 900 1000

Figure 5. Weight fraction distributions of dead chains (lower
ones) and living chains (including dormant chains) (upper
ones). The weight fraction distributions of dead polymers and
living chains are normalized separately. The parameters are
the same as those in Figure 1.
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Figure 6. Weight percentage of dead chains for model | LFRP
as a function of conversion. The solid line is the result obtained
by our improved algorithm, while the symbols are the results

of the conventional algorithm. All the parameters are the same
as those in Figure 1.

more facile homolytic cleavage (higher ki) and by a
simultaneous shift of the equilibrium to a low stationary
concentration of growing radicals with an excess of
SFRs. We believe that simultaneous enhancement of
both ks and k—¢ (therefore the same Keq) will have a



Macromolecules, Vol. 30, No. 25, 1997

Monte Carlo Simulation of Free-Radical Polymerization 8015

16
14
= l2f
E L
S L0T
5 08 [
= | ——kF107, kF10°
061 o k107, k10°
-2 7
04 & k=107, k=10
o k=10, k=10"
02
0 O [o! 1 I 1 I 1 1 1
00 25 5.0 75 100 125 150

t(s) X10°

Figure 7. Plot of In([M]o/[M]y) vs time for model | LFRP with
different activation—deactivation exchange rate constants. All
the other parameters are given in Figure 1.
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Figure 9. Plots of conversion vs time for model 11 LFRP with
various values of [SFR]o/[l]o. The lines are results obtained
from our improved algorithm, and the symbols are results
obtained using the conventional algorithm. In this result, [M]o
=5mol/L, [I]o = 2.5 x 103 mol/L, and kg = 5.0 x 1075s™ 1. All
the other parameters are the same as those of Figure 1.
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Figure 8. Polydispersity index, d, as a function of conversion
for model I LFRP with different activation—deactivation
exchange rate constants. The symbols and the solid line are
the same as those of Figure 7, and all the other parameters
are given in Figure 1.

similar effect as above and keep the same low stationary
concentration of growing radicals. We set ki = 1.0 x
1073-1.0 x 10! s71 and k_; =106—10%0 L/(mol-s) while
keeping Keq equal to 1.0 x 107° mol/L. (It should be
mentioned here that the exact stochastic algorithm, not
the hybrid one, has been used to avoid violation of the
fast equilibrium assumption in the improved algorithm.)
The results are shown in Figures 7 and 8. The polym-
erization rates and polydispersities at a high conversion
are essentially unchanged. Only the polydispersities at
a lower conversion show a slightly higher value for a
slow exchange rate. Therefore, given our experimental
conditions, LFRP cannot be substantially improved by
increasing homolytic cleavage (higher k) and simulta-
neously keeping the same low stationary concentration
of growing radicals.

4.3. General Behaviors of Model 1. Now we turn
to the case of model Il, which is usually applied in
experiments (e.g., AIBN/TEMPO- or BPO/TEMPO-
initiated styrene polymerization2829). The initial mono-
mer concentration is set to [M]o = 5 mol/L. All the other
rate constants are the same as those in model 1.

The results show three characteristics of model 11.
First, the original ratio of stable radicals to initiators,
[SFR]o/[l]o, has a strong effect on the polymerization
rate. A lower value of [SFR]o/[l]o gives rise to a faster
polymerization rate (Figure 9) because the concentration

2077
1+ —-—- [SFR]/[1),=0.5/1
I -~ - [SFRyM=11

L IR R A (PO [SFRy/[M,=1.5/1
1 | ——[SFRIyM=2/1

~ P
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0 10 20 30 40 50 60 70 80

R (%)

Figure 10. Plots of polydispersity index, d, vs conversion for
model 11 of LFRP with various values of [SFR]o/[lI]o. The
symbols and parameters are the same as that of Figure 9. The
insert window is an enlargement of the small conversion.

of growing radicals is higher during the reaction time.
Second, during the early stage of the reaction, there is
an induction period (which was also observed in the
experiment32829), This can be attributed to the com-
petition between trapping and propagation reactions of
growing radicals during this period. At the beginning,
large amounts of excess SFRs result in a much higher
value of R—¢ compared with R,. When the reaction
proceeds and TEMPO is consumed, R_¢ is decreased and
propagation begins, ending the induction period. As
expected, a higher value of [SFR]o/[I]o results in a longer
induction period. Third, the polydispersity index, d,
changes with monomer conversion. During the induc-
tion period, SFRs are in large excess, biradical termina-
tion can, therefore, be ignored, and d remains low. As
the initiation process proceeds, the number of growing
radicals, thus the probability of biradical termination
reaction, increases. As a result, d increases and reaches
a maximum (Figure 10, insert). Once the induction
period is nearly complete, the polymerization rate
increases quickly and the irreversible biradical termina-
tion reaction reduces the number of growing radicals
to a steady value. The [SFR]/[R] ratio is, therefore,
increased further. This ratio increase is responsible for
the decrease in d after the induction period ends. On
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the other hand, the residual initiators in the system still
initiate polymerization, and the irreversible termination
is still in progress. This seems responsible for the
gradual increase in d at higher monomer conversion.
However, the increase in d is very sensitive to the initial
ratio of [SFR]o/[1]o. Once [SFR]o/[l]o = 2, the increase
in d disappears. This suggests that, under certain
reaction conditions, the initial ratio of [SFR]o/[I]o should
be large enough to avoid the final increase in d.
However, it should be pointed out that polymerization
usually does not occur when [SFR]o/[1]o is very high.

4.4. Effect of kq and Comparison between Model
Il and Model I. In conventional free-radical polym-
erization, the decomposition rate of the initiator will
strongly affect the kinetics of polymerization. In order
to study its effect on LFRP in model Il, we have
simulated the polymerization processes of model Il by
setting kg = 5.0 x 1075, 1.0 x 1074, and 5.0 x 1074 s71,
respectively. For comparison, we keep [I]o = 2.5 x 1073
mol/L, [SFR]o/[1]o = 2 in model Il, [SR]p =5 x 1073
mol/L in model I, and [M]o = 5 mol/L in the two models,
and all the other rate constants are the same as before.

The results of conversion vs reaction time, t, for
various kg values, and their comparison with model |
are shown in Figure 11. The conversion curves of model
Il approach those of model I at high monomer conver-
sion, no matter whether the induction period exists or
not. As kg increases, the induction period shortens and
the conversion curve approaches that of model | much
earlier. Model I can be regarded as an extreme example
of model Il, with so large a kq that initiation is
completed at a very early stage. The changes in
polydispersities d, and average chain lengths with
monomer conversion are similar between model | and
model 11, given various kq values.

4.5. Comparison with Analytical Results. Muller
et al.’2 considered the degenerate transfer between
active and dormant chain ends in group transfer po-
lymerization (GTP). As GTP’s key polymerization steps
are quite similar to those of LFRP, Muller’s results can
be extended to study the MWDs in LFRP, mediated by
nitroxide radicals.’® The analytical expression obtained
for the polydispersity is

where x is monomer conversion, o = [R]/[SR] with [R]
= ([SR]Keg)¥? and SR the total number of TEMPO-
terminated chains, § = k-{S]/kp[SR], and y = [M]o/[SR].
As the irreversible termination was not considered in
the theoretical model of eq 14, the values of a, 3, and y
become constant during the polymerization process after
a very short initial stage (a few seconds). For the
system with [M]o = 1mol/L, ki = 1073 s71, and k_; = 10°
L/(mol-s), the results of exact stochastic simulation,
without irreversible termination, and those of eq 14 are
compared in Figure 12. The results are very similar.
However, as already noticed by Muller et al.,’? eq 14
includes residual initiators that are not a part of the
polymer and, in experimental determination of the
MWD, will not be measured. We feel that the contribu-
tion of the residual initiator should be extracted from
the MWD. Therefore, we believe that the comparison
between the experimental results and eq 14, made by
Veregin et al.13 is not very reliable. The polydispersity,
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Figure 11. Plots of conversion vs time for model I (solid line)
and model 11 (other lines) LFRPs with [M]o = 5 mol/L. For
the sake of comparison, in model I [SR] is set to be 5.0 x 1073
mol/L, in model 11 [I1]o = 2.5 x 10~% mol/L and [SFR]o/[l]o = 2.
It can be seen that as kq increases, the lines for model Il are
approaching the solid line of model 1. All the other parameters
are the same as in Figure 1.
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Figure 12. Plots of polydispersity index, d, vs conversion for
theory and simulation based on the approach of slow equilib-
rium between growing and dormant chains. Dotted line, solid
circles, and open circles, represent the theoretical results
calculated by eq 14 and the simulation results including and
excluding unreacted residual initiator, respectively. Here, [M]o
= 1 mol/L, [SR]o = 1072 mol/L, ki = 1073 s7%, and k¢ = 106
L/(mol-s), hence, o« = 0.001, g = 5, and y = 1000.

d, obtained after the residual initiator has been ex-
cluded, is much lower than that of eq 14, when x < 30%,
as shown in Figure 12. This agrees with the numerical
results of Muller et al.??

4.6. Comparison with Experimental Results.
Catala et al.?% reported kinetic studies of styrene po-
lymerization mediated by SR-type initiators, alkoxy-
amines, and found that the polymerization rate is
independent of the initial concentration of SR in the
range 3.7 x 1073 to 4.4 x 1072 mol/L. Recently, using
the program PREDICI, Matyjaszewski et al.’>16 simu-
lated LFRP and attributed this phenomenon to the
presence of self-initiated thermal styrene polymerization
and thermal decomposition of alkoxyamines (as shown
in our description of model | with the rate constants:
Kdgim = 1.5 x 1072 L/(mol-s), ki’ = 4.5 x 107° L/(mol-s),
and Kgecomp = 8 x 1076 s71),

In the Monte Carlo algorithm, it is easy to include
these side reactions in LFRP. In adopting the above
side reaction scheme proposed by Matyjaszewski,6 we
assumed that Kgim, ki', and Kgecomp are not as large as
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Figure 13. Dependence of In([M]o/[M]y) vs time for bulk
polymerization of styrene at 90 °C. Curves 1 and 2 represent
simulated polymerization with thermal polymerization for
[SR]o = 3.7 x 1072 and 7.4 x 1072 mol/L, respectively; curves
3 and 4 represent simulated polymerization without thermal
polymerization for [SR]o = 3.7 x 1072 and 7.4 x 102 mol/L,
respectively. Key: (closed squares) experimental data for [SR]o
= 3.7 x 1073 mol/L; (closed circles) experimental data for [SR]o
= 7.4 x 1073 mol/L. The parameters are [M]o = 8.75 mol/L, k¢
=25 x 1078571, k= 2.5 x 10 8L/(mol-s), k, = 950 L/(mol-s),
ke = 107 L/(mol-s), Kgim = 1.5 x 107° L/(mol-s), ki’ = 4.5 x 107°
L/(mol-s), and Kgecomp = 8 x 1076 571,

those assumed by Matyjaszewski.’6 The thermal po-
lymerization rate in Catala’s experiment (90 °C), there-
fore, should be smaller than that in Matyjaszewski's
calculation (120 °C). Other rate constants, obtained as
experimental data?® ([M]o = 8.75 mol/L, k, = 950
L/(mol-s), k¢ = 107 L/(mol-s), ks = 2.5 x 1073571, k=
2.5 x 108 L/(mol-s), hence Keq = kik—¢ = 1071 mol/L)
are almost identical to Matyjaszewski’s.1>16 Using the
rate constants given above, the experimental data can
be fitted to the simulation curve quite well.

Figure 13 illustrates the simulated kinetic results of
LFRP with and without thermal polymerization. In the
absence of thermal polymerization, the plots of kinetic
curves, with various initial SR concentrations, are very
different. However, in the presence of thermal polym-
erization, it is evident that the plots of kinetic curves,
with various initial SR concentrations, are almost
identical to the experimental plots reported by Catala,2®
and also agree with Matyjaszewski’s calculation.1®

It is already known that the absence or presence of
self-initiated thermal polymerization only leads to
relatively small changes of polydispersities.’® However,
we proved, from our simulation results, that the thermal
decomposition of the dormant chains, SR(j), does in-
crease the polydispersities while it has almost no effect
on monomer consumption. In Figure 14, by taking into
account the thermal decomposition reaction of SR, the
predicted polydispersities are much closer to those
observed in experiment.

Figure 15 illustrates the evolution of molecular weights
for the LFRP systems given various initial SR concen-
trations. Monte Carlo results, with or without side
reactions, for the most part agree with Catala’s report.2®
It seems that thermal polymerization and decomposition
of SR have almost no effect on the evolution of molecular
weights.

5. Conclusions

In summary, all typical experimentally observed
phenomena of LFRPs can be reproduced by Monte Carlo
simulations. The universal applicability of the Monte
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Figure 14. Dependence of polydispersities, d, on conversion
for bulk polymerization of styrene at 90 °C. The lines and the
parameters are the same as those in Figure 13. Closed squares
are experimental data for [SR]o = 3.7 x 1072 mol/L.
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Figure 15. Dependence of number-averaged molecular weight
on conversion for the bulk polymerization of styrene at 90 °C.
The lines, symbols, and parameters are the same as those in
Figure 13.

Carlo algorithm to LFRPs has been demonstrated. The
most important advantage of using this algorithm is
that it provides detailed information about the Kinetics
and MWDs, of both living and dead chains, varying with
reaction time or monomer conversion in LFRP. The
algorithm is also quite flexible in that various side
reactions can be included in simulations. Through the
study of the simplest LFRP models we have found the
following.

(1) Using more facile homolytic cleavage (higher ki)
and simultaneously enhancing ks (to keep the same low
stationary concentration of growing radicals) may not
accelerate LFRPs when the livingness of the polymer-
ization is not altered.

(2) A higher kq is needed to accelerate model Il of
LFRP during the early stages.

(3) The simulation results agree with the analytical
expressions of polydispersity obtained by Muller et al.1?
(We also point out that unreacted residual initiators
should be extracted from eq 14 when one desires to
compare these results with those obtained from experi-
ments.)

(4) Comparisons with experimental results indicate
that thermal self-initiation and the thermal decomposi-
tion of SR are important to quantitatively reproduce
experimentally observed behaviors.
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In this study we have only dealt with the simplest
LFRP models. We have not considered the possible
effects of chain-length-dependent, or conversion-depend-
ent rate constants, because of the lack of experimental
data available. It is, however, not difficult to implement
these effects in the present simulation program. Nev-
ertheless, we believe that the results obtained from this
simulation will be helpful for understanding the nature
of LFRP, and for providing ideas for further experi-
ments.
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