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Abstract An optimized and high-performance Monte Carlo simulation is developed to take thorough account of four
different cases of termination in styrene ATRP. According to the simulation results, the bimolecular termination rate constant
sharply drops throughout the polymerization when either chain-length dependency of termination rate constant, gel effect, or
both together is applied to the simulation. In addition, as expected, the initiator is quickly decomposed at the early stages of
the polymerization. The concentration of the catalyst in lower oxidation state decreases at first and then plateaus at higher
conversion; furthermore, the steady concentration of M{Y/L in the polymerization is the highest when the chain-length-

dependent diffusion-controlled termination rate constant is employed in the simulation. The rates of deactivation and chain
end degradation reactions are also smaller in this case. Therefore, the fraction of dormant chains is higher throughout the
reaction and consequently the portion of dead polymers decreases. Besides, molecular weight increases linearly with
conversion; however, when neither gel effect nor chain-length dependency of termination rate constant is considered, the
molecular weight deviates from linearity at the end of the reaction. The peak of chain length distribution shifts toward higher
molecular weight too during the reaction. Finally, the molecular weight distribution broadens at higher conversion; however,
the chain length distribution of polymers produced under conditions of applying chain-length-dependent diffusion-controlled
termination rate constant is narrower.

Keywords: Styrene ATRP; Monte Carlo simulation; Chain length distribution; Gel effect; Chain-length-dependent
termination.

INTRODUCTION

Free radical polymerization, because of its robustness and flexibility, has been widely utilized to (co)polymerize
a variety of vinyl monomers. However, to produce polymers with highly controlled microstructure and well-
defined topology, several attempts have been made to suppress the bimolecular reactions between free radical
species in the last few years. In this context, various approaches have been employed and they are mainly
referred to as controlled/“living” radical polymerizations!® ' among which nitroxide-mediated
polymerization®~"), radical polymerization with reversible addition-fragmentation chain transfer (RAFT)® ',
and atom transfer radical polymerization (ATRP)!"*'% have been extensively studied.

The key kinetic feature of all these methods is the reduction of termination/transfer reactions by switching
growing chains between active and dormant states so as to lessen the instantaneous concentration of free radicals
and thereby suppressing the bimolecular termination reactions!'”. Atom transfer radical polymerization, which is
based on reversible termination, has attracted more attention due its flexibility and similarity to the conventional
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free radical polymerization. It employs a transition metal complex as the medium of halogen atom transfer to
change a growing radical into an inactive species (Scheme 1)!"* ',
kact

R-X+M/'YL — ——= R + X-M/""YL
kdeact

R-R
Scheme 1 Equilibrium of ATRP reaction

Besides experimental work carried out on the development of atom transfer radical polymerization, several
analytical models and mathematical modeling have been introduced to inspect its behavior. For instance,
moment equations have been successfully employed to predict the molecular weight averages of living free
radical polymerizations®* ") The PREDICI has also been used as a powerful tool to solve a series of differential
equations so as to obtain full molecular weight distributions of macromolecules produced by different living free
radical polymerizations®**!. However, these tools have some limitations such as being restricted to calculating
average values rather than predicting time-related distributions.

On the other hand, Monte Carlo method, owing to the statistical nature of chain growth and chain
terminating reactions, is an excellent method widely utilized to simulate conventional free radical
(co)polymerization systems**>*! as well as controlled free radical reactions**~*!. Moreover, Monte Carlo
method has some advantages over analytical methods: compared to moment equations, it is not restricted to
solving stiff differential equations; nor it is limited to strict assumptions which mainly cause most of analytical
methods to lead to approximate results; moreover, it can be easily implemented to different polymerization
systems; Monte Carlo method is also capable of calculating chain length distributions in the course of the
polymerization since it can store the whole information of each individual polymer chain virtually generated
throughout the reaction. Finally, it can visualize the microstructure of the macromolecules. Nonetheless,
unfortunately, simulation programs based on Monte Carlo method, if not implemented properly, usually take a
long time and a huge amount of memory to complete.

A review of related literature indicates that the Monte Carlo simulations of ATRP — and particularly
ATRP of styrene — presented so far'* ™! have mainly taken account of equilibrium, propagation, termination,
and transfer reactions; nevertheless, thermal initiation of styrene and chain end degradation of dormant chains
and radicals have not been taken into consideration. Chain end degradation of dormant chains and radicals, by
reason of dealing with key elements of the reaction (radicals, dormant chains, and catalyst in higher oxidation
state) can greatly influence the living nature of the ATRP, and thereby changing the microstructure of the
polymer. Moreover, although the gel effect is considered, most simulations presented have ignored the effect of
chain length on termination rate constant; this affects the contribution of termination reaction and accordingly
the livingness of the reaction. Additionally, the simultaneous implementation of diffusion-controlled and chain-
length-dependent termination to the simulation of styrene ATRP has not been reported so far.

To this end, in this contribution, a Monte Carlo method is developed to simulate the ATRP of styrene by
employing a thorough kinetic scheme including chain end degradation and thermal initiation reactions!*®),
Additionally, gel effect is implemented to the simulation; we, also, take account of chain-length-dependent
termination reaction; a hybrid model is introduced to the simulation to simultaneously consider diffusion-
controlled and chain-length-dependent termination over the course of the polymerization. Conversion; reactant
concentration; rate of reactions; molecular weight averages; and molar, weight and z chain length distributions
are also considered as the response parameters of the simulation.
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SIMULATION DESCRIPTION

The kinetic scheme used in the simulation includes activation, deactivation, thermal initiation, propagation,
termination by combination, transfer to monomer, and chain end degradation type A (dormant chain
degradation) and chain end degradation type B (radical degradation) reactions**). The elementary reaction steps
of styrene ATRP used in the simulation are listed in Eqgs. (1) to (9). The kinetic parameters and initial
concentrations inputted to the simulation are also given in Table 1.

RX+MIY/L—fe 5 R® 4 X—MIY/L (1)
3M —fwem ,R® 4 R® )
R +X - MY/l —fee S RX + MIY/L (3)
P,X+ My e 5 pt e X oMY/ 4)
L] k L]
P} +M—25Pr, (%)
Pl +M—fm,p 4R® (6)
P; + P; L)Pr;wn (7)
P, X +X-MMY/L—fen sp ox - MITY/L+HX (8)
P+ X - MIMY/L e p 4 MIY/L + HX )
Table 1. Kinetic rate constants and initial concentrations used in simulation of styrene ATRP at 110°C*
Coefficient/Parameter Expression/Value Reference
koo (Lmol 571 0.45 [47, 48]
Kiperm (L>mols™") 2.19 x 10° exp(—13800/7) [49]
Kgeaer (L'mol+s7") 1.1 x 107 [48]
ky (Lmol ™5™ 4.266 x 107 exp(-3910/T) [49]
k) (L-mol™s™) 3.82 x 10° exp(-958/7) [49]
km (L-mols7h 2.31 x 10° exp(—6377/T) [49]
koeqa (L-mol 571 1.0x107* [46]
keeay (L'mol !-s7h) 1.63 x 10 [46]
[M]o (mol-L ™" 100 This work
[RX]o (mol-L™) 1 This work
[ MPY/L Jo (mol-L™) 1 This work

T is temperature in Kelvin (K)

As viscosity of the system increased noticeably during the polymerization, a gel effect correation was

implemented to the simulation; the diffusion-controlled rate constant of termination, kt%d , varies with monomer

conversion in the reaction system and the rate coefficient at zero conversion kt(i according to Ref. [50]:

kt%el( L j:kg xexp[— 2(Ax+ Bx* +Cx?) (10)
mol-s

where, x is monomer conversion; 4, B, and C are correlated to the reaction temperature, 7' [K], as following:
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4=2.57 - 5.05x107°T
B=9.56 — 1.76x107°T
C=-3.03 + 7.85x107°T
It is well-known that the rate of bimolecular reactions between radicals drastically drops when the length of

involving radicals increases. Therefore, a model is needed to calculate the termination rate constant of two
radicals with lengths of i and j (where both i and j are larger than unity), i.e. k.’ ; such a model is usually

developed based on the termination rate constant of two homo-length radicals (ki )*'"**\. The termination of
“short” radicals of the same length happens according to Eq. (11):
k{j[ L j:ktocxi_eS, i<i, (11)

mol-s

This k. is the real rate coefficient for termination between two monomeric free radicals in a system which

is not diffusion-controlled. i and i, are respectively chain length and critical chain length indicating the short
length boundary; e, is also reported to be equal to 0.5,
However, for “long” radicals the following equation is proposed:

kil L)k <ot xite, i 12
tc 1 tc C C
mol-s

where, the ktoC x(i,) %"t term herein gives continuity with Eq. (11) at the “crossover” chain length (i.); e; and

i are equal to 0.16 and 100 respectively™. To summarize, we use the following composite model for a system
which is only chain-length dependent and not diffusion-controlled:

kel =ktoc><l 03, i<i,
mol-s

(13)

P L - — L.
kel :ktocx(zc) 0.34 ;7016 P>
mol-s

Values of the cross-termination rate coefficients ( k.’ ), where i # j, are calculated based on diffusion,

harmonic, and geometric means of homo-termination rate constants as summarized below:

. \-05
k”(hm)[ j k?cx[ 2 j . i<i,
mol-s i+j

(14)
0 -0.16
ki/ (hm )( j ktocx(ic)_o'%x[_—JJ i,
'S i+
ki (dm) :lx(k"”‘ +kf’f) (15)
tc rn01~s 2 tc tc
K (gm )[ S]=\/kfeka{;f (16)

The overall rate coefficient for termination at any instant of the polymerization is correlated to k./ values

(either diffusion, geometric or harmonic mean) by the following form:

RS » o)

i=l j=
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where, [R;] and [R;] stand for the concentration of chains with the length of i and j respectively. [R] is also the
total concentration of all radical species. As this statement implies, Eq. (17) is not restricted to steady states.

For calculating the simultaneous effect of system viscosity and chain-length dependency of termination rate
coefficient, a hybrid model is developed by integrating gel effect (Eq. (10)) into the equations used for
calculating chain-length dependency of termination rate constant (Egs. (11) to (17)). The final form of this
relation is given by:

gel i,j [R ] [R
ke [mol ] Z‘JZ‘" TRERT [* (18)

exp[— 2{(2.57-5.05x103T)x +(9.56 —1.76 x 1072 T)x? + (-3.03+ 7.85x 10> T)x*}

The Monte Carlo methodology employed herein is adopted from the well-known Gillespie’s algorithm!*®),

A simulation volume is considered to calculate the number of different reactants based on their concentrations
(see Eq. (19)) and to transform the experimental reaction rate constants into stochastic rate constants (Egs. (20)
to (21)) as required in the Gillespie’s algorithm.

Xy =[MNA (19)

where [M] is the monomer molar concentration; N, and V also stand for Avogadro’s number and the size of
the simulation volume respectively. A similar approach is used to calculate the number of other reactants and/or
products generated in the simulation. According to Gillespie’s algorithm!®®, the stochastic rate coefficients are
transformed from experimental rate constants as reads:

KME = k%P for first order reactions (20)
MC k&P . . . .
k" =———, for bimlecular reactin between differern species 21
N Av X Vs
Me | 2k . . . .
k™ =—————, for bimlecular reactin between similar species (22)
N Av X Vs

It should be noted that since the stochastic rate coefficients (£) have units of reciprocal time,
experimental rate coefficients (k*F) for bimolecular reactions must be divided by the product N, x V.

The probability of any reaction (p;) happening at a particular time is calculated by Eq. (23), and a condition
in the standard form of Eq. (24) is used to decide which reaction type would occur:

P, =t (23)

N
2.

k=

n—-1 n
Dop<n<)p, 24
k=1 k=1

where a; is the reaction rate of ™ reaction; N is the total number of reaction types available in the system; 7 is
the number of reaction type selected to proceed and r; is a random number distributed uniformly in the interval
0, ).

To determine the time interval (7) between two successive reactions, the following relation is used:
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- m[LJ (25)
]

k=

where, r, is another random number generated by the same subroutine.

A subroutine on the base of improved Mersenne Twister algorithm is used in the simulation to produce
random numbers with long period lengths; this condition should be met to avoid the repetition of random
numbers in polymerization reactions””. A suitable and optimized program is written in C++ language and
compiled on a 64-bit openSuSE Linux operating system to manage the huge amount of memory requested by the
program. The average run time of the program for a simulation volume of 1 x 107 on a computer equipped
with two 2.0 GHz CPU’s and 4 GB memory is approximately 3 h.

RESULTS AND DISCUSSION

It is obvious that in controlled/“living” radical polymerizations the molecular weight of chains increases
throughout the reaction and consequently raises the viscosity of system. On the other hand, as macromolecules
become longer, their hindrance effect and lower mobility reduce the reaction rates of bimolecular termination. In
detail, the reaction rates of bimolecular termination between long chains are almost an order of magnitude
smaller than those of monomeric species. Gel effect reduces the termination even more too. Therefore, to
consider these phenomena, we apply a composite model to our Monte Carlo simulation method to take account
of both gel effect and chain-length dependency of termination reactions. In the latter case, a critical chain length,
around which the dependency of termination rate constant on chain length is calculated by using two different
equations, is defined. In addition, gel effect and chain-length dependency of termination are simultaneously
calculated through a hybrid model implemented to the simulation. It should also be noted that the legends of
different cases used henceforth are defined as following:

“None”: neither chain-length dependency nor gel effect is implemented to the simulation;

“CLD”: only chain-length dependency is included in the simulation;

“Gel”: only gel effect is applied to the simulation;

“Gel & CLD”: both gel effect and chain-length dependency are implemented to the simulation.

Simulating Bimolecular Termination Rate Constant

According to Fig. 1, it is evident that kfc’j decreases as the chain length rises and finally plateaus; therefore, it
can be inferred that the dependency of bimolecular termination rate constants on chain length is mainly
controlled by a certain chain length beyond which the mobility and consequently reactivity of radical chains
remain constant, and thus no more decrease in the reaction rate constants is seen. However, k. >/ is smaller
than &%/ in the steady regime; this demonstrates that when one of the species in bimolecular terminations is a
monomeric species, the termination rate coefficient is higher than when both species are large macromolecules.
In addition, when i = 1, ktlc’j Chm) > ktlc’j (dm) > ktlc’j (gm), while when i = 100, all the three mean values nearly yield

the same result.

Figure 2 illustrates the dependence of average termination rate constant on monomer conversion for
systems with only chain-length-dependent termination, i.e. “CLD” case. The variation of average chain-length-
dependent and diffusion-controlled termination rate constant in the course of the polymerization is also very
similar to that given in Fig. 2. The average termination rate decreases as the polymerization proceeds in both
cases. Diffusion, geometric, and harmonic means all lead to similar results; therefore, to avoid extra
computation, only the module which calculates the geometric mean is hereafter invoked in the simulation
program.
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Simulating Change in Reactant Concentration

In accordance with the results (Fig. 3), ln(%j grows linearly at the initial stages of the reaction; however, due

to termination reactions, at the final stages of the polymerization the ln(%j curves — particularly in “None”

case — start leveling off and deviating from linearity. Moreover, the effects including gel effect and/or chain-
length dependency of termination reaction rate in the simulation, as represented by “Gel”, “CLD”, and “Gel &
CLD” cases, change the trend of monomer conversion and result in a more linear trend; actually, owing to a
smaller termination rate constant, the reaction proceeds to higher conversion when bimolecular termination
reaction rates are computed by diffusion-controlled and/or chain-length-dependent termination rate coefficients.
As the amount of bimolecular termination reactions decreases, the polymer radicals can further maintain their
livingness during the reaction. In addition, the highest conversion can be reached in the “Gel & CLD” case, in

which the termination reactions have been minimized. Additionally, in this case the ln(v‘)j curve is entirely

linear throughout the reaction.

The change in the concentration of initiator over the course of the polymerization reaction is delineated in
Fig. 4. Thanks to fast initiation, initiator is entirely decomposed at the very early stages of the polymerization. It
is also clear that the same results are obtained for all cases since initiator is completely consumed in the
activation process without being affected by termination or transfer reactions.

Figures 5 and 6 show the dependence of catalyst concentration in lower oxidation state, namely M{Y/L,
and in higher oxidation state, that is X -M""'Y/L , respectively. According to Fig. 5, the concentration of
M{Y/L decreases as the reaction progresses; nevertheless, it reaches a plateau in “Gel” and “Gel & CLD” cases.

Since the progress of the polymerization gives rise to radical termination, albeit so small in ATRP, the
concentration of growing radicals lessens, which correspondingly shifts the equilibrium toward the formation of
new growing radicals and thereby consuming more of M{Y/L . Besides, the concentration of M{Y/L takes the
lowest quantity in “None” case and the highest quantity in “Gel & CLD” case, which, in the latter case, is
mainly because of less termination reactions. In fact, because of the smaller bimolecular termination rate
constant used in this case, less bimolecular termination happens and consequently the concentration of growing
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radicals decreases much less. Therefore, a smaller amount of M{Y/L is used before it reaches a steady regime.

It is also evident that the control over the polymerization begins at the initial stages of the reaction in “CLD” and
“Gel & CLD” cases. However, gel effect influences the polymerization at the later stages (or rather at the final

stages) of the reaction and starts the steady regime at higher conversion.
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Fig. 6 Change in X -M"*'Y/L concentration
On the other hand, the concentration of X -M!*'Y/L increases as the polymerization reaction progresses;

nonetheless, it levels off in “Gel” and “Gel & CLD” cases. By reason of irreversible termination of growing
radicals, the equilibrium reaction in ATRP tends to move toward the activation of dormant chains and the

production of new radicals; hence, contrary to M{Y/L, the concentration of X—M{’“Y/L increases. Moreover,
the concentration of X -M!*'Y/L is the highest in “None” case and the lowest in “Gel & CLD” case, which

represents less accumulation of catalyst in higher oxidation state in the latter. Indeed, as a result of the smaller
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termination rate constant obtained in “Gel & CLD” case, less growing radicals terminate, and therefore less
X -M"1Y/L is built up.

Figure 7 portrays the dependence of concentration of dormant chains on monomer conversion. Dormant
chains are quickly initiated at the very early stages of the polymerization and their concentration decreases
throughout the reaction. It is also clear that dormant chain concentration is the lowest in “None” case and the
highest in “Gel & CLD” case. In other words, when both gel effect and chain-length dependency of termination
rate constant are taken into account, the livingness of ATRP, due less termination, increases and dormant chain
concentration remains high (about 80% of the whole chains) up to very high conversion.

The concentration of initiated chains drastically increases and reaches the initiator concentration, that is to
say 0.01 (mol-L™"), at the initial stages of the polymerization (Fig. 8). This means that the initiator is completely
decomposed at the beginning of the reaction. However, the concentration of dead polymers gradually increases
during the reaction and, it reaches not more than about 80% of the initiated chains. Some chains remain alive
even at the end of the polymerization. Moreover, due to the least termination, about 60% of chains remain alive
at the end of the reaction in “Gel & CLD” case, while a greater majority of chains irreversibly terminate before

the polymerization finishes in “None” case. Finally, the effect of chain-length dependent termination is stronger
than gel effect as mentioned beforehand.
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Fig. 7 Change in concentration of dormant chains Fig. 8 Dependence of concentration of initiated chains

and dead polymers on monomer conversion

Simulating Dependence of Reaction Rates on Monomer Conversion

The rate of dormant chain activation decreases nearly the same as the concentration of dormant chains (Fig. 9).
The activation process deteriorates as the polymerization proceeds; it is also obvious that the rate of dormant
chain activation remains high enough even at the final stages of the polymerization when the system is
simultaneously diffusion-controlled and chain-length dependent; this is ascribed to less irreversible termination
of radicals as a result of smaller termination rate constant. Furthermore, the chain-length dependency of
termination rate constant, when applied to the simulation, maintains the rate of dormant chain activation higher
than what is obtained in the presence of gel effect. According to Fig. 10, the rate of radical deactivation rises;
however, it plateaus in “Gel” and “Gel & CLD” cases. Since the concentration of radicals is approximately
constant during the polymerization, the rate of radical deactivation varies similar to the variation of
concentration of catalyst in higher oxidation state. It can also be deduced that the diffusion-controlled
termination, contrary to the chain-length-dependent one, affects the rate of deactivation process at the later

stages of the polymerization. In addition, the smallest rate of radical deactivation is obtained in “Gel & CLD”
case.



492

5.0

M. Najafi et al.

5.0
& - e--0 None
e-e o CLD
S—e—2 Gel
7 v 40F ¢ ¢ *Gel&CLD
__-1 7 )
g 3.0 :; ol &;ﬁ@
u‘—: g 6;5
X k: S S
: = : W«ﬁwws‘ ..gsi
5 2.0 = 20l
: =
2 : .
= b1 oo®
] g e $EESIIEIPL L0000 000000040¢
10 < 1.0 Q‘o”
" I Pl 0 0?

0 20 40 60 80 100 0 20 40 60 80 100

Conversion (%) Conversion (%)
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Fig. 10 Dependence of rate of radical
deactivation on monomer conversion

Since the termination rate is entirely dependent on the radical concentration, when neither gel effect nor
chain-length dependency of termination rate constant, namely “None” case, is taken into account, the rate of
termination by combination remains intact and high during the reaction (Fig. 11). Nonetheless, when gel effect
is added to the simulation, the rate of termination by combination gradually drops as the polymerization
progresses. On the other hand, in “CLD” and “Gel & CLD” cases the termination reaction rate sharply decreases
at the initial stages of the polymerization and remains low throughout the reaction. Moreover, it is nearly equal
to zero after 50% conversion in “Gel & CLD” case.
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Fig. 11 Dependence of rate of termination by combination on monomer conversion

The rate of chain end degradation type A goes through a maximum as the reaction proceeds (see Fig. 12). It
is seen that in “CLD” case, and more noticeably in “Gel & CLD” case, its curve flattens; this means that the rate
of chain end degradation type A decreases to a greater extent and, apart from the beginning and the late stages of
the polymerization, remains leveled during the reaction. The smallest rate of chain end degradation type A is
found in “Gel & CLD” case, which consequently leads to less dormant chain termination and thereby a higher
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degree of livingness.

Chain end degradation type B shows a variation similar to deactivation reaction since the same species are
involved in both reactions (Fig. 13). It increases as the polymerization progresses although it finally levels off in
“Gel” and “Gel & CLD” cases. Besides, it is evident that this type of degradation remains very low in intensity
when the termination reaction rate coefficient is diffusion-controlled and/or chain-length dependent. This is
mainly because of a reduction in the termination rate, which consequently results in a smaller amount of catalyst

in higher oxidation state; the concentration of catalyst in higher oxidation state can influentially impact upon the
rate of chain end degradation type B.
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Simulating Dependence of Molecular Weight and Polydispersity Index on Monomer Conversion
Weight-average molecular weight increases over the course of the polymerization approximately linearly
(Fig. 14). However, there is an increase in molecular weight particularly in “None” case, at the final stages of
the polymerization; this deviation from linearity is referred to coupling termination reactions and is more
remarkable in the absence of gel effect and/or chain-length-dependent termination reactions. However, due to
the reduction of termination reactions in “Gel & CLD” case, less chain coupling happens at the end of the
reaction, and molecular weight curve keeps its linearity up to high conversion. The same trend can also be seen
for number- and z-average molecular weights. It is obvious that the deviation from linearity is higher in weight-
and z-average molecular weights; however, in “Gel & CLD” case both weight- and z-average molecular weights
rise linearly up to the end of the polymerization. Therefore, the real kinetics of ATRP can precisely be predicted
when diffusion-controlled and chain-length-dependent termination rate coefficients are taken into consideration.

As it is shown in Fig. 15, polydispersity index of polymer produced in ATRP greatly drops over the course
of the polymerization. In fact, as the reaction proceeds, chains become more similar in length. This decrease in
polydispersity index continues to the very end of the polymerization. Moreover, it is shown that the
polydispersity index of polymers simulated by using “None” case is slightly higher. This is mainly because of
more coupling reactions at the final stages of the polymerization in this case, which greatly raises PDI. However,
in “Gel & CLD” case, upon the progress of the reaction up to very high conversion PDI significantly falls and
almost amounts to unity.
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Fig. 14 Illustration of the dependence of weight-average
molecular weight on monomer conversion

Simulating Complete Molecular Weight Distribution throughout Polymerization

Monte Carlo method, contrary to many analytical models, is able to easily calculate the molecular weight
distributions during the polymerization as it is not dependent on solving some stiff, time-related differential
equations. As mentioned above, the number, weight, and z distributions of polymer chains can all be computed
by Monte Carlo methods. The weight molecular weight distributions in different cases, i.e. “None”, “CLD”,
“Gel”, and “Gel & CLD” are plotted as a function of polymerization conversion (see Fig. 16) as an instance. It
can be noticed as follows:

(1) The location of the peaks of number, weight, and z distributions shifts to higher molecular weight while
the polymerization proceeds; in fact, this additionally affirms the feature of controlled/“living” radical
polymerization, by which molecular weight linearly increases throughout the polymerization.

(2) The molecular weight distributions broaden at higher monomer conversion because of the accumulation
of dead chains in the reactor; this can remarkably be seen in “None” case.

(3) The molecular weight distributions of chains generated by using simultaneously diffusion-controlled
and chain-length-dependent termination reactions are narrower at the final stages of the polymerization where
coupling termination reactions mostly widen the molecular weight distributions.

It is also inferred that gel effect and chain-length-dependent termination reactions influence the molecular
weight distributions mainly at high conversion; in addition, chain-length-dependent termination reactions affect
the molecular weight distributions more strongly than diffusion-controlled termination reactions. Moreover, the
peaks of molecular weight distributions (especially at high conversion) are located at higher molecular weights
in “None” case, where termination reactions are more influential. Finally, there is a noticeable portion of chains
with very low or very high molecular weight at high conversion in “None” case; this can be inferred from the
tails of molecular weight distribution at both sides. This is attributed to either premature termination of chains at
the early stages of the polymerization (which produces low-molecular-weight tail) or coupling termination at the
final stages of the reaction (which produces high-molecular-weight tail).
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Fig. 16 Evolution of weight distribution throughout polymerization reaction

CONCLUSIONS

An optimized and high-performance Monte Carlo simulation is developed to thoroughly simulate the effect of
diffusion-controlled and chain-length-dependent bimolecular termination reactions on the polymer
microstructure in controlled/“living” radical polymerization of styrene. It is found out that as the chain length of
radicals increases the termination rate constant drops and finally levels off beyond a certain chain length. In
addition, simulation results show that termination rate constant greatly decreases over the course of the

polymerization when it is diffusion-controlled. The linear plot of ln(l\:/[ J against reaction time proves that the

degree of livingness of the polymerization varies when termination reactions become diffusion-controlled and/or
chain-length-dependent; the reaction also proceeds to high conversion in such conditions. In addition, the
initiator is completely decomposed at the early stages of the polymerization. The concentration of catalyst in
higher oxidation state rises at first and then levels off; the amount of X-M/"'Y/L generated in the
polymerization has the lowest value in “Gel & CLD” case too. Catalyst in lower oxidation state approximately
shows a reverse trend. It decreases at first, and levels off in the end. The rate of deactivation and chain end



496 M. Najafi et al.

degradation reactions are smaller when diffusion-controlled chain-length-dependent termination is used.
Therefore, the fraction of dormant chains is higher throughout the reaction and consequently the portion of dead
polymers decreases. The rate of termination by combination is constant in “None” case, while it sharply lessens
throughout the reaction when diffusion-controlled and/or chain-length-dependent termination is used in the
model. Besides, molecular weight linearly increases with conversion; however, when neither gel effect nor
chain-length dependency of termination rate constant is considered, the molecular weights (especially M, and
M,) deviate from linearity at the end of the reaction. Furthermore, polymers produced through termination
reactions with no chain-length dependency have higher molecular weight. In addition, the peaks of molecular
weight distributions shift toward higher molecular weight throughout the polymerization. Finally, the molecular
weight distributions become wider at the end of the polymerization. However, as expected, diffusion-controlled
and chain-length-dependent termination reactions result in narrower molecular weight distributions; this is
mainly imputed to a reduction in the accumulation of dead chains in the reactor.
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