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Abstract

A direct Monte Carlo method is used to simulate the effect of tri-functional long chain branching and tetra-functional crosslinking on
molecular weight distribution in emulsion polymerization of butadiene. Butadiene polymerization, due to high extent of reaction with
internal or pendant double bonds of polymer chains, can be used as a model to study the effect of tetra-functional crosslinking on polymer
microstructure. In this simulation, elementary reactions included propagation, chain transfer to monomer, termination by disproportionation,
transfer to C—H bond (BN3) and reaction with internal or pendan€®ond (CL4) of growing and dead polymer chains. The initial
polymerization volume of the simulation was®Iim®. The ratio of monomer to initiator concentration and initiator to polymer particles were
500 and 2.5, respectively, and the number of simulated polymer particles were 400. For simulated conversions in the range of 20—-75% a
bimodal molecular weight distribution was observed. The maximum of the second peak of the bimodal distribution moved to higher
molecular weights as the conversion was increased. As the conversion was increased from 20 to 75%, the increase in the number average
molecular weight of the polymer was linear but a slight increase in the slope of the weight average molecular weight was observed. More
importantly, as the conversion was increased, a relatively sharp change in the slope of the weight fraction of the second peak of the molecular
weight distribution curve was observed at approximately 20% conversion. According to the results, in polymerization systems with high
extent of tetra-functional crosslinking, the development of the molecular weight distribution in emulsion polymerization is different from
bulk systems© 2001 Published by Elsevier Science Ltd.

Keywords Simulation; Crosslinking; Butadiene

1. Introduction theory, efforts have been made to model and simulate the
microstructure of polymeric chains produced by emulsion
Emulsion polymerization is used extensively in industry polymerization such as molecular weight distribution,
for production of high molecular weight polymers with fast extent of branching, effect of termination mode, and cross-
reaction rates in submicron particulate form [1-3]. Consid- linking [L0—16]. Lichti et al. [13,14] presented a mathema-
erable effort has been made to model and predict the struc-tical formulation to describe the evolution of the molecular
tural properties of these polymers [4—6]. Harkins in 1945 [7] weight distribution (MWD) of linear chains in emulsion
put forth a qualitative theory for emulsion polymerization in polymerization. Min and Ray [9,11] developed a compre-
which he stated that polymer particles are formed by radi- hensive mathematical model consisting of complex popula-
cals entering the micelles. Smith and Ewart [8], based on tion balance equations to predict MWD, branching and
Harkins theory, developed a model for emulsion polymer- crosslinking. However, due to complexity of the resulting
ization in order to predict properties such as average particle partial differential equations only moments of the distribu-
size and molecular weight. Later, Min and Ray [9] proposed tion could be determined successfully. Sundberg and
a comprehensive model for emulsion polymerization taking Eliason [17] developed a mathematical model for the calcu-
into account both homogeneous as well as micellar nuclea-lation of MWD in emulsion polymerization with only zero
tion, radical desorption, particle coalescence and break-up.or one radical per particle. Friis and Hamielec [18] derived
In the past two decades, within the framework of Harkins equations for the MWD in emulsion polymerization under
zero or one condition with chain transfer to monomer and
* Tel ffax: +98-1-649-5655. polymer. Giannetti et al. [15] used a probabilistic approach
E-mail addressejabari@cic.aku.ac.ir (E. Jabbari). to describe the MWD in emulsion polymerization with zero,
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Nomenclature Fei Number of growing radicals in thigh particle
¢ Initiator efficiency R Rate of initiation, mol Tt s™*
| Initiator R, Growing radical withn repeat units
n Initiator concentration in the aqueous phase, Ry zztlel‘lztl propagation in - theith particle,
mol cm 3 L .
Ky Initiator dissociation constant; § R Rate_?f _tlransfer to agent in thith particle,
Kp Propagation rate constant, | mols™* gotl I Sf termination in  the th ficl
Kig Termination by disproportionation rate constant, Ra m?)lel’l(;’l ermination in el particie,
Imol ts™? . .
Kim Transfer to monomer rate constant, | mb* Rimi Rate_?f t_r?nsfer to monomer in thith particle,
Kia Transfer to agent rate constant, | mbs™* _rpcll ll S e of fion in_ theith ficl
Kiph Rate constant for transfer to the C—H bond of e 0 ﬂ,lra,? ot reaction intheith particie,
polymer, Imolts™ mott =S .
Kite Rate constant for transfer to the=C bond of Rici Rate of transfer to the-€C bond of polymer in
polymer, | mol -s ith particle, mol I'ts™*
m, Number’of monomers in thigh particle Repri Rate of transfer to the C—H bond of polymer in
M Monomer ith particle, mol I'ts™*
[M;] Monomer concentration in theth particle [Ru]  Concentration of growing radical in thith parti-
" ol e ? ’ cle, mol cm®
[MP,] Concentration of polymerized monomers in the te Half life of |n|§|ator, s
) . 3 T Temperature;C
ith particle, mol cm TA Transfer agent
N Avogadro number ) .
& 9 TA Transfer agent radical

P() Selection probability for thgth particle

Pgsss  Probability of dissociation [Tl

Pgi(l)  Selection probability for the growing radiciin
theith particle

Concentration of transfer agent in thth parti-
cle, mol cmi®
Vaq Volume of the aqueous phase, tm

P, Polymer chain with n repeat units Vi Vc.)I.ume of theith parugle, e o
P.cs(l) Probability for transfer to the-€C bond of poly- Vsim Initial volur%ne of the simulated polymerizatior
mer chainl in ith particle syster_n, n
Pocri(l)  Probability for transfer to the C—H bond of poly- At Time '”teT"a" S
mer chainl in theith particle Stinit Elapsed t!me for initiation per molecule, s
Pyi Probability for propagation in thigh particle Oty Elapsed t_|me for propagation per molecule, s
Py Probability for transfer to agent in thith particle Otia Elapsed tl.me for transfer tp agent per molecule, s
P Probability for termination in théth particle Blig Elapsed time for termination per molecule, s
P Probability of transfer to monomer in thigh Stymi Elapsed time for transfer to monomer per mole-
particle cule, s

St Elapsed time for transfer to the=C bond of
polymer per molecule, s

Btipri Elapsed time for transfer to the C—H bond of

polymer per molecule, s

Density of butadiene, g ci

Density of polybutadiene, g cni

Pitci Probability for transfer to the-€C bond of poly-
mer in theith particle

Pt Probability for transfer to the C—H bond of poly-
mer in theith particle

[PP] Concentration of polymer particles, mol cin Pe

PR Primary radical pee

one or two radicals per particle. None of these models canmoments provides information on the various molecular
properly predict microstructural features of chains such as weights but modality and chain length distribution cannot
extent of branching, microgel formation, crosslinking and be predicted except for very simple cases. Also, a cross-
the distribution of molecular weight in emulsion polymer- linked gel molecule is a polymer molecule with many radi-
ization. cal centers [32]. These polyradicals can have significant
The method of moments [19-31] has been applied effect on MWD especially in emulsion polymerization
successfully to calculate average molecular weights in where very long molecules are produced.
free radical polymerization with long chain branching and  Recently, a new theory for non-linear polymerization that
crosslinking based on the assumption that no more than oneincludes branching and crosslinking has been proposed
radical center per polymer radical is permissible. Method of [33—40]. This theory is based on the branching density
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distribution (BDD) formed in a non-equilibrium system linking are caused by radical transfer to C—H bond and
which can give exact solutions for the statistical properties reaction with internal or pendant€ bond of the polymer-

of non-linear polymer molecules. In emulsion polymeriza- ized butadiene monomers, respectively. At present, none of
tion, polymer particles contain between 100 and 1000 poly- the theoretical models can adequately describe these effects
mer molecules which cannot be considered infinite whereasin emulsion polymerization of diene monomers with high
the BDD method assumes infinite number of polymer chains degree of branching and crosslinking. Therefore, a direct
[34]. As previously stated [41], if the frequency of branch- Monte Carlo simulation method was used in this work to
ing is not very large, a simulation method based on BDD can study the effect of tri-functional branching and tetra-func-
be used to describe the kinetics of non-linear emulsion poly- tional crosslinking on chain length distribution. Emulsion
merization. However, as the branching density increases,polymerization of butadiene was used as a model system to
the fact that each polymer particle consists of a limited study these effects.

number of polymer molecules necessitates a model that
accounts for the compartmentalization effect in emulsion
polymerization.

Tobita and Yamamoto [42] have studied the formation of
bimodal molecular weight distribution in emulsion cross-
linking coploymerization of vinyl and divinyl monomers
using the method of Monte Carlo simulation. According te
to their simulation results, in emulsion polymerization
bimodal distributions are formed due to the limited reaction
space within the polymer particle. This means that large
polymer molecules belonging to the high molecular weight
peak want to grow further but they cannot grow due to the |f_K,d 2PR (1)
limitation of a small particle size. Tobia [43] has also
studied the formation of bimodal distribution in bulk poly-

2. Theory and simulation
2.1. Elementary reactions

Due to complexity of the moment method in systems with

tra-functional crosslinking and because of the limitations
of the BDD method for systems with small particle size,
direct Monte Carlo simulation was used. The following
elementary reactions were used in the simulation:

merization systems. According to his results, the formation PR + M= R1 2
of bimodal distribution in bulk systems depends on size and

structure of the crosslinking reaction. Therefore, according R, + M 2R, 3
to these simulation results, the process of formation of bimo-

dal distribution in emulsion polymerization is quite different Ky

from the process for bulk systems. The emulsion polymer- Ry + Ry =Py + Py, “
ization system gives a size dependence because crosslinking

between large-sized polymer molecules that exist in differ- R + M Ky P, + R} (5)

ent polymer particles are prohibited. Moreover, Tobita and

Yamamoto [42] simulated the kinetics of microgel forma- _. Kia .
tion in emulsion copolymerization of vinyl and divinyl Ro + TA=Py + TA ©)
monomers. They observed that a drastic increase in mole-
cular weight at the gel point that is a characteristic of homo- R, + P, oy P, + Ry )
geneous polymerization is not a requisite for microgel
formation and a new definition for gel point may be required Kitc

Ry + Pn— Rysm ®)

in emulsion polymerization. According to their simulation
results the formation of microgel, defined as intramolecu- In the above reactions, |, PRV, R;, TA, and TA repre-
larly crosslinked macromolecules with sufficiently high sent initiator, primary radical, monomer, growing radical
molecular weight, depends strongly on reaction parameterswith one repeat unit, transfer agent, and transfer agent radi-
such as the feed ratio and reactivity ratio of the vinyl and cal, respectively. Symbols \Rand R represent growing
divinyl monomers and ratio of the rate constant for the polymer radical and dead polymer chain witmumber of
crosslinking reaction to the propagation reaction. They repeat units, respectively. Rate constdfisk, andK are
further observed that, in some cases depending on reactiorfor dissociation, propagation, and termination by dispropor-
parameters, very large polymer molecules that contain tionation, respectively. Rate constais, K, Kipn andKic
many intermolecular crosslinks are formed without the are for transfer to monomer, chain transfer agent, transfer
formation of intramolecular crosslinks. to the C—H bond and reaction of the growing radical
The objective of this research was to investigate the effect with internal or pendant double bond of butadiene chains,
of tri-functional long chain branching and tetra-functional respectively.
crosslinking on chain length distribution and microgel Reactions (1) and (2) occur exclusively in the aqueous
formation in emulsion polymerization of dienes. In this phase and reactions (2)—(8) happen exclusively in the poly-
system, tri-functional branching and tetra-functional cross- mer particle phase. In reaction (1), an initiator molecule
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dissociates thermally in the aqueous phase to produce two

primary radicals. In reaction (2), the primary radical reacts
with a butadiene monomer, becoming insoluble in the

aqueous phase, and is absorbed by the polymer particles.

In reaction (3), propagation step takes place in the polymer
particle by the reaction of a growing radical with a mono-
mer. After a monomer reacts, its equilibrium concentration
in the polymer particle is recalculated using the Flory—
Huggins theory, assuming homogeneous particle morphol-
ogy, and based on the new concentration, the reacted mono
mer is replaced from the monomer patrticles.

In reaction (4), termination occurs by the reaction of two
growing radicals in the polymer particle phase. For buta-
diene, termination takes place mainly by disproportionation
with the formation of two dead polymer chains and a double
bond at the end of one chain. Reaction of the growing radi-
cal with this double bond was also taken into account in this
simulation. In reaction (5), a growing radical transfers its
radical to a monomer resulting in a dead polymer chain with

a double bond at the terminated end and a monomer radical.

This monomer radical is able to grow by propagation. Reac-
tion of the growing radical with the double bond of the
polymer chain formed by reaction (5) was accounted for
in this simulation. Reaction (6) is similar to reaction (5)
except that a chain transfer agent is used in place of mono-
mer. It is assumed that the chain transfer agent radical, TA
is inactive and cannot grow by propagation.

In reaction (7), a growing radical reacts with one of the
C—-H bonds on a dead polymer chain, extracts a hydrogen
from the C—H bond, and becomes a dead polymer chain
with no double bond at the terminated end. The reacted
polymer chain, after loosing a hydrogen, becomes a grow-
ing polymer radical with a new branch to grow from the
site of hydrogen abstraction. In the simulation, chain trans-
fer to the C—H bond of dead polymer chains as well as
growing polymer radicals was allowed, although the extent
of branching by chain transfer to growing radicals was
relatively low. In reaction (8), a growing radical with
units reacts with one of the internal or pendant@
bonds on a dead polymer chain with units, forming a
new polymeric radical witlim + n) units. Since two poly-
meric chains are connected by reaction (8), this reaction
causes crosslinking and, in some cases, microgel formation
in emulsion polymerization.

2.2. Simulation assumptions

1. Apolymer particle is formed by a primary radical entering
a micelle and polymerization continued only within the
polymer particle. Since the solubility of butadiene mono-
mer in the aqueous phase was only 0.018% &t 2here-
fore polymerization in the continuous phase and
homogeneous nucleation were not significant.

. All of the polymer particles were formed simultaneously
at zero conversion. Distribution of birth time of particles
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affects mainly the particle size distribution and not the

microstructure of polymer chains. Therefore, the number

of polymer particles was constant during the course of this
simulation.

Initiator molecules dissociated in the aqueous continuous

phase, forming two primary radicals. Then, these primary

radicals, after reacting with a monomer in the aqueous
phase, became insoluble due to very low solubility of
butadiene in water and they were adsorbed by the polymer
particles. Propagation occurred exclusively in the polymer
particles.

Radical desorption from the polymer particles to the

aqueous phase was not significant. This assumption

allowed us to focus on the effect of tri-functional branch-
ing and tetra-functional crosslinking on MWD irrespec-
tive of radical desorption.

. Particle coalescence was not significant. Particle coales-
cence mainly affects particle size distribution and not the
microstructure of polymer chains.

. Polymer particles were homogeneous and the concentra-
tion of monomer within the particles was determined by
the Flory—Huggins equation.

. The effect of surface free energy on equilibrium concen-
tration of each component within a particle was ignored.
This effect became important for particles smaller than
50 nm in diameter.

. Elementary reactions were not diffusion controlled. So,
the reaction rate constants for propagation, chain transfer,
crosslinking, and termination were assumed constant
during the course of the simulation. Since the glass transi-
tion temperature of butadiene is well below ambient
temperature and the extent of reaction was never more
than 75%, this was a good assumption.

. Particles were saturated with monomer and monomer

particles were present throughout the course of the poly-

merization.

Polymerization reaction was carried out batchwise but the

reaction volume could change during the course of the

reaction.

For a given conversion, all of the C—H orC groups of

the polymer chains for tri-functional branching and tetra-

functional crosslinking were equally reactive. Therefore,

the effect of steric hindrance or excluded volume on reac-
tivity was not considered in this simulation.

Cyclization was equally probable for all of the reacting C—

H and G=C groups on a polymer chain. Therefore, the

effect of chain length on reactivity and cyclization was

not considered in this simulation [44].

3.

4.

10.

11.

12.

Monte Carlo method can easily simulate polymerization
reactions without being limited by the above assumptions.
However, the above assumptions helped us to focus on the
effect of tri-functional branching and tetra-functional cross-
linking on the microstructure of polymer chains and micro-
gel formation without interference from other reaction
conditions.
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determine: .
reaction rate test initiators
set: . o for dissociation
concentration set time interval F—1 in time interval |
final time (tf) dti dti

compare random

number to enter:

probability of select | dissociated
—] each reaction radical ¢ in radical —

. particle i particle i
pick a random
number

) o transfer transfer transfer
propagation? termination? to monomer or to C=H bond of
transfer polymer?

agent?

select select select
second polymer polymer
radical k chain k chaln k

determine:

BN3,BN4, Xn, Xw
olymer chain
1stribution,

Sgrtlgle .
istribution

Fig. 1. Simulation algorithm for emulsion polymerization of butadiene.

2.3. Simulation procedure random number generation. A time interval};, much
shorter than the half-life of initiator was selected. Then,

The simulation algorithm is presented in Fig. 1. To begin propability of dissociation of a particular initiator molecule,
the simulation, the number of polymer particles, number of p.  \as determined by:

monomer and initiator molecules, initiator half-life and the
rate constants for each reaction were determined. A subrou-Pdiss = KaAti = [In 2/t15]At; )
tine was developed for generation of random numbers |, the above equatiory, is the initiator half-life. For

between zero and one. This subroutine was tested forggch initiator molecule a random number, RANDOM, was
variance and for correlation between neighboring numbers picked by the random number generator subroutine f 0

for at least one billion numbers. The variance was within the RANDOM = P, then the molecule was dissociated and
standard limits and no correlation was found between the o primary radicals were produced. On the other hand, if

neighboring numbers. Pgiss< RANDOM <= 1, then the molecule was left undis-
sociated. This process was repeated for each initiator mole-
2.3.1. Initiation in the aqueous phase cule that was not dissociated in the previous time interval
Each initiator molecule was dissociated directly by At;_;. The time elapsed for a initiator to dissociate was
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determined by:

Oty = 1/ [Rivanav]

In the above equationsy, andr, are the number of
molecules of monomer and radicals in tith particle,
respectively, and/,; is the volume of thdth particle. The
concentrations [f] and [MPR;] were determined in a similar

(10

In the above equatioR; andN,, are the initiation rate and
Avogadro number, respectively,, is the volume of the manner.
aqueous phase. The primary radicals produced in the contin- The state space for the simulation included all of the
uous phase initiated polymerization in the particle phase. elementary reactions (12)—(17). An event in the simulation
The primary radical produced in the aqueous phase enteredvas defined as the occurrence of one of the reactions in the
a polymer particle based directly on random number genera-state space for thjéh radical in theth particle. The selection
tion. A selection probability was assigned to each polymer probability of each reaction in the state space was assumed
particle based on its surface area. It was assumed that initi-to be proportional to the rate of the corresponding reaction,

ally at time zero polymer particles were micelles with
diameter of 2 nm. As the reaction proceeded, a distribution
of particle sizes developed. A random number was gener-
ated and a radical produced in the agueous phase wa
allowed to enter thath particle if the following criteria
was satisfied:

i—1

> P(j) = RANDOM <
j=1

1Dy

P()
=1

In the above criterig,is the particle number ranging from
1 ton, P(j) is the selection probability of thigh particle.

2.3.2. Reactions within the particle phase
After a radical entered a particle, polymerization

proceeded by propagation, transfer to monomer, to transferRot

agent, transfer to the C—H bonds of the polymer, crosslink-
ing with the internal or pendant=-6C bonds of the polymer

or termination by disproportionation, with predetermined
probabilities. The rate of the above reactions are given by:

Roi = Kp[Mil[Ri] (12
Riai = KualRpil[Ryi] (13
Rimi = Kim[Mpil[Ri] 14
Ria = Keal Tpil[Ryi] (15
Riphi = Kiph[Rpp 1IMpyil (16)
Rici = Kitc[Rpil[Mpg ] (17

In the above equation®y, R, Rmi, R, Rpni and Ry
are the rate of propagation, rate of termination by dispro-
portionation, rate of transfer to monomer, to transfer agent,
transfer to the C—H bond, reaction with the<C bond of the
polymer chains, respectively, for thigh particle. [M;],
[Ryil, [Tyl and [MR,] are the concentrations of monomer,
radical, transfer agent and polymerized monomers for the
ith particle, respectively. The concentration of monomer
and radical in theth particle was determined by:

[Mpi] = Myi/[NayVipil (18

[R;)i] = I’pi/[Navai] (19

as given below:

Poi = Rii/Reoii (20
P = Rai/Ros (21
Ptmi = Rtmi/ Rtoti (22
Pt = Rei/Rioi (23
Piohi = Ripri/Reoti (24
Pitci = Ritci/Riot (29
where

=Ry + Rgi + Rmi + R + Rpri + Ry (26)

In the above equationBy, Py, Pimi, Prais Prpri @andPyg are
the selection probability for propagation, termination by
disproportionation, transfer to monomer, to transfer agent,
transfer to the C—H bonds and reaction with theGbonds
of the polymer, respectively, for theh particle. These prob-
abilities also depended on reaction time as the concentra-
tions of each component changed with time.

2.3.2.1. PropagationA random number, RANDOM, was
picked by the random number generator subroutine. If
0= RANDOM = P,, then the event propagation was
selected for thgth growing radical in theath particle and

a monomer was added to the growing radicafter each
event, the new concentration of monomer was determined
from the Flory—Huggins equation. To reach the new
concentration, monomer was added to itieparticle from

the monomer droplets. The time elapsed for the propagation
event to occurpty, in theith particle with volumeV; was
determined by:

8tpi = 1/[Rpivpi Nayl (27

2.3.2.2. TerminationA random number was picked and if
P, < RANDOM = P,; + Py, then the event termination
was selected for thgh growing radical in theth particle.
Termination required simultaneous cessation of two
growing radicalg andk. To choose the growing radickl

a selection probability was assigned to each growing radical
in theith particle based on its number of monomer units. A
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random number was generated and the growing radical ing criteria was satisfied:
the ith particle was selected if the following criteria was | _, "
satisfied: Ppci(1) = RANDOM < 3" Ppes(l) (33
K1 K I=1 I=1

Pgi(l) = RANDOM < > Pg;(l) (28) In the above criterial, is the polymer chain number and
i=1 I=1

Pocri(D) is the selection probability for the polymer chain

In the above criterid, is the growing radical number and Numberl in the ith particle. After thekth polymer was
Pgi(l) is the selection probability for the growing radical Selected, the number of branches on this polymer chain
number| in the ith particle. After thekth radical was  Was increased by one and this chain was allowed to propa-
selected, it was terminated simultaneously withjtheadi- ~ 9ate from the branch point in the next events. The time
cal with the production of two polymer chains with degree €lapsed for tri-functional branching event to ocCbify,
of polymerization equal to the number of repeat units on in theith particle was determined by:
their respective radicals and a double bond at the end of ONERt, i = L[Ripri ViNay] (34)
of these chains. This double bond was also taken into
account in the crosslinking reaction with the=C bond of . o
the polymer chains. The time elapsed for the termination 2.3.2.5. Tetra-functional crosslinking (CL4A random

event to occurdty, in theith particle was determined by: ~ number, RANDOM, was picked. If the following criteria
was satisfied, then the event transfer to theQCbond of

Oty = L/[RegiViNayl (29 the polymer chains was selected for jtiegrowing radical
in theith particle:

2.3.2.3. Chain transfer to monomer and transfer agént.  Ppi + Pigi + Pimi + Pia + Py < RANDOM

random number, RANDOM, was picked. R, + Py <

RANDOM = P, + Py + Py, then the event transfer to = Ppi + P + Pini + Prai + Proti + P (39
monomer was selected for tji growing radical in theth Reaction with the EC bond resulted in the production of
particle. If Py + P + P < RANDOM = Py + Py + a crosslink point between a growing radical and a polymer
Py + Pra, then the event transfer to transfer agent was chain. To choose the polymer chaknfor crosslinking, a
selected for thejth growing radical in theith particle.  ggjection probability was assigned to each polymer chain
Transfer to monomer resulted in the production of a i, heith particle based on its number of<C bonds. A
polymer chain and a new growing radical with one anqom number was generated and the polymer chiain

monomer unit, R Transfer to transfer agent resulted in he jth particle was selected if the following criteria was
the production of a polymer chain and an inactive primary gatisfied:

radical, TA. The time elapsed for the event transfer to

monomer,dty,;, and to transfer agendty, to occur in the Kt k

ith particle were determined by: ; Ppea(l) = RANDOM < ;PP“’(I) (36)

Stymi = V/[Rimi ViNay] 30 In the above criterid, is the polymer chain number and
Poca(l) is the selection probability for the polymer chain

Oty = V/[RigViNayl (31 numberl in the ith particle. After thekth polymer was

selected, a new growing radical with (m+ n) repeat

units was produced, wittmandn being the number of repeat
2.3.2.4. Tri-functional branching (BN3A random number, units of thekth polymer chain andth growing radical
RANDOM, was picked. If the following criteria was pefore the reaction, respectively. This new growing radical
satisfied, then the event transfer to the C—H bond of the a5 allowed to propagate further from the crosslink point
polymer chains was selected for tftb growing radical in 5 the next events. The time elapsed for tetra-functional

theith particle: crosslinking event to occulty;, in the ith particle was

Py + P + Pyni + Pis < RANDOM determined by:
Otirei = L/[Ryei ViNavl (37

The above process was repeated for each growing radical
Transfer to the C—H bond resulted in the production of a in theith particle and for all of the particles that contained
side chain on a polymer chain. To choose the polymer chain growing radicals. After each event, the total time elapsed
k for radical transfer, a selection probability was assigned to was determined. If the elapsed time was greater than or
each polymer chain in thi¢gh particle based on its number of equal to the specified tim¢, then a new time intervalt;
H—C—H units. A random number was generated and the was selected and the whole process of initiation and reac-
polymer chair in theith particle was selected if the follow- tions within the particles for each new growing radical

= Py + P + Pimi + Pia + Py (32
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Table 1
Physico-chemical properties for emulsion polymerization of butadiene

K, (Il mol~*s™ 18

Ky (Imol™ts™ 15% 10
Kin (I mol™ts7%) 3.1x10°°
Ky (I Mol 1579 2x107?
Kipa I Mol 579 18

ps (glcn?) 0.62
peg (g/cn) 0.96

ty2 (S) 1800

Veim (NM?) 10°
M) 500
[)/[PP] 25

No. of polymer particles 400
T(°C) 25
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should be between thi€; of polystyrene and polyethylene
radicals. Therefore, in the absence any dataKitaf buta-
diene was approximated by th& values of ethylene and
styrene. Ref. [46] reports the values ofx@0’ and
54x 10" I mol *s ! at 60C for K; of styrene and ethylene
with activation energies of 8 and 1.3 kJ mblrespectively.
Using the Arrhenius equation, the values of %.80" and
51x 10" I mol *s! was obtained at 25for styrene and
ethylene, respectively. Then, a geometric mean was used
to approximate thé; of butadiene from the&, values of
ethylene and styrene. Using a geometric mean, the value of
15x 10" I mol~* s * was obtained for butadiene at®#5and
this value was used in the simulation.

No K, value is reported for free radical polymerization of
butadiene in the polymer handbook. Since the chemical

produced in the aqueous phase was repeated. When the totatructures of butadiene and 1-butene are relatively close,

elapsed time was greater or equal to the final time of the
reaction,t;, the simulation was stopped.
Physical properties such as chain length distribution,

number and weight average chain length, number of trans-

the chain transfer constant to monome€y,, of butadiene
was approximated by thg,, of 1-butene. According to the
polymer handbook [47], th€,, of 1-butene at 40, 50 and
60°C are 3.1x10°% 5.1x10* and 7.3x 10 * respec-

fers to monomer and microstructural features such as extenttively. Also, using the,, value from Ref. 45 and the Arrhe-

of tri-functional branching (BN3) and tetra-functional cross-
linking (CL4) was determined from the simulation results
for each polymer particle or for the collection of particles in
the simulated emulsion polymerization system. Rate

nius equation, th&, of butadiene at 40, 50 and @D are 40,
60 and 100 | mol*' s, respectively. Therefore, thé,, of
butadiene at 40, 50 and ®D are 124x 10~“, 306x 10 *
and 730x 10 *Imol~*s™, respectively. With thes&,

constants, concentrations, and other properties for the simu-values and using the Arrhenius equation, the value of

lated polymerization reaction are given in Table 1. Kgra
value of 100 | mol* st at 60C is reported for butadiene in
Ref. [45] with activation energy of 9.3 kCal mdiand acti-
vation constant of 1.2 1081 mol *s™ . Using the Arrhe-
nius equation, a value of 18 | mols ™" is obtained foKK, at
25°C. Ref. [46] reports the same value oy of butadiene at
60°C. The polymer handbook [47] reports the value of
8.4 lit mol™* s™* for K, of butadiene at 1T, but no values

of activation energy and activation constant are reported.
When theK, value from Ref. [45] is extrapolated to (D
using the Arrhenius equation, a value of 7.9 | mda ™ is
obtained which is close to thg, in the polymer handbook.
Therefore, the value of 18 I mot s was used foiK,, of
butadiene at Z& in the simulation.

For K4 of butadiene, no value is reported in the polymer
handbook [47]. Therefore, it was approximated usingkhe
values of other polymerization systems. In butadiene the
terminal carbon atom, to which the growing radical is
attached, has either H and €E8H, groups or two H groups.

If the terminal carbon atom has H and €8H, groups, it

has some resemblance to the terminal carbon atom in poly-

styrene with H and phenyl ring but with one instead of three

conjugated double bonds. If the terminal carbon atom has

two H groups, it resembles the terminal carbon in polyethy-
lene. The butadiene radical is less sterically hindered
compared to polystyrene but more sterically hindered
compared to polyethylene. Also, the butadiene radical is
relatively more stable than polyethylene but less stable
than polystyrene radical. Therefore, on the basis of steric
hindrance and radical stability, th§ of butadiene radical

3.1x10%I'mol *s ™! was obtained forK,, of butadiene
at 25C and this value was used in the simulation. No
chain transfer agent, TA, was used in this simulation.

The polymer handbook [47] reports the value of
11x 10™* for chain transfer constant to polymer for buta-
diene at 5€C. It was assumed that this value is due to chain
transfer to the C—H bond of polybutadiene chains and did
not include tetra-functional crosslinking. In the absence of
data at other temperatures, this value was use@agor
butadiene at 2Z&. Since theK, of butadiene at 2& was
equal to 18 I molts™ the value of 210 2Imol 's™*
was obtained foKy,, and this value was used in the simula-
tion. For estimation oKy, the structure and chain length
dependence of the reactivity of the pendant or internal
double bond of the polymer chains were neglected. There-
fore, the space dimensionality was not included in this simu-
lation and it was also assumed that the reaction of a growing
radical with a pendant or internal double bond was not
diffusion controlled. Therefore, the value df;. was
assumed to be equal to the valuekgffor butadiene. The
value of 18 I mol*s™ was used forKy, at 25C in this
simulation.

For density of butadiene monomer and polybutadiene, the
values of 0.62 and 0.96 g cm respectively, at Z& were
obtained from Ref. [48]. The half-life of the initiatoty,,
was 1800 s, the volume of the simulation was a6, the
ratio of monomer to initiator concentration was 500, the
ratio of initiator to polymer particle concentration was 2.5,
the temperature was 25. As the number of particles
increased to more than 400, no significant change in the
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Fig. 2. Simulated frequency of tri-functional branching and tetra-functional
crosslinking as a function of conversion for emulsion polymerization of

butadiene at Z%&.

chain length distribution for all of the particles was
observed. Therefore, all simulations were performed with
400 polymer particles. The run time of the simulation on a

0.5

300 MHz personal computer was approximately 2 h.

3. Results and discussion

Fig. 2 shows the frequency of tri-functional branching
and tetra-functional crosslinking in emulsion polymeriza-
tion of butadiene. According to this figure, frequency of
BN3 branching and CL4 crosslinking increased linearly
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Fig. 4. Simulated weight fraction of logarithm of chain lengitiflog(n)],
versus logn) at 40% conversion for emulsion polymerization of butadiene
at 25C.

presented in Figs. 3—6 aA/[log(n)] versus logn) for the
simulated system at 20, 40, 55and 75% conversion, respec-
tively. For 20% conversion, a short second peak with maxi-
mum chain length of 450 attached to a larger first peak is
observed. This indicates that the chain length distribution
was bimodal for 20% conversion. As the conversion was
increased to 40%, the second peak became completely sepa-
rate from the first peak with a maximum chain length of 800
repeat units. With increasing conversion to 55 and 75%, this
maximum increased to 1200 and 1950 repeat units, respec-
tively. Also, as the conversion was increased, the fraction of
the second peak increased significantly. As the conversion
was increased from 20 to 40 to 55 and 75%, the number
fraction of the second peak of the distribution increased
approximately in a linear fashion from zero to 0.2 to 0.41

with conversion and the rate of BN4 was at least an order and 0.6, respectively, and the weight fraction of the second
of magnitude higher than BN3. According to Friedman [49], peak increased in a non-linear fashion from 0.11 to 0.48 to
the best way to distinguish between a unimodal and bimodal 9 73 and 0.94, respectively. In the absence of tetra-func-
distribution is to p|0t WEIght fraction of the |Ogarithm (base tional Cross"nking, 0n|y a tail was observed on the h|gh

10) of chain lengthW[log(n)], versus logarithm of chain
length, logn). Therefore, the chain length distributions are

5

W(log(m)]

1 10 100
log(n)

Fig. 3. Simulated weight fraction of logarithm of chain lengitijlog(n)],
versus logn) at 20% conversion for emulsion polymerization of butadiene

at 25C.
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Fig. 5. Simulated weight fraction of logarithm of chain lengitiflog(n)],
versus logn) at 55% conversion for emulsion polymerization of butadiene
at 25C.
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Fig. 8. Simulated weight fraction of the second peak of the bimodal distri-
when pIotted asW[Iog(n)] versus |0gn). Therefore, the bgtion as a function of conversion for emulsion polymerization of buta-
chain length distribution became bimodal because of the e at 25
presence of high extent of tetra-functional crosslinking.

This bimodal behavior can be used to advantage in practicefunction of conversion. According to this figure, the number
to produce polymers with acceptable processability and fraction increases in an approximately linear fashion from
good mechanical properties. This same effect is observedzero to 60% as the conversion is increased. On the other
in emulsion polymerization of styrene—butadiene where the hand, the increase in weight fraction with conversion is
CL4 reaction due to butadiene monomer causes crosslinkingnon-linear and a sharp change in slope of the weight
and gelation. Furthermore, simulation results indicated that fraction versus conversion is observed between 20 and 40%
the growth of the second peak in chain length distribution conversion.
depended strongly on the initiator concentration and the rate  Fig. 9 shows number (QJ and weight (DR) average
of initiation. degree of polymerization versus conversion, respectively.
In Fig. 7, The chain length corresponding to the maxi- The rate of increase of QRwvith conversion was almost
mum of the second peak of the distribution is plotted against constant, therefore the formation of the second peak in the
conversion. This figure shows that, in the presence of lower chain length distribution had little effect on RRHowever,
molecular weight fraction in the distribution, the maximum The rate of increase of QPwith conversion was signifi-
chain length of the second fraction increases in a non-linearcantly higher than that of DPwith conversion. Fig. 10
fashion with conversion. Fig. 8 presents the number and shows the polydispersity index (PI) as a function of conver-
weight fraction of the second peak of the distribution as a sion. Before the critical conversion of 20%, the Pl was
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Fig. 7. Simulated chain length corresponding to the maximum of the second Fig. 9. Simulated number (QPand weight (D) average degree of poly-
peak of the distribution as a function of conversion for emulsion polymer- merization as a function of conversion for emulsion polymerization of
ization of butadiene at 26. butadiene at 2%.
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Fig. 10. Polydispersity index as a function of conversion for emulsion
polymerization of butadiene at 25.
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that contain many intermolecular crosslinks are formed
without the formation of intramolecular crosslinks. Chain
length distributions presented in Figs. 3—6 indicate that
large intramolecularly crosslinked poymer molecules can
be obtained in emulsion polymerization of dienes with
high extent of tetra-functional crosslinking. However, we
do not have simulation data to show that these intermolecu-
larly crosslinked macromolecules contain high extent of
intramolecular crosslinks. Therefore, the formation of
microgels in emulsion polymerization of dienes with high
extent of tetra-functional crosslinking may be possible but
more simulation work is necessary to prove this premise.

4. Conclusions
Direct Monte Carlo simulation was used to study the

effect of tri-functional branching and tetra-functional cross-
linking on the modality of the chain length distribution in

around 3, but above 20% conversion where the effect of emulsion pOlymerization of butadiene. The volume of the
tetra-functional crosslinking became significant, PI Simulation was 10nm?®, the ratio of monomer to initiator
increased to 5 after 50% conversion. Results of Figs. 9 concentration was 500, the ratio of initiator to polymer
and 10 indicate that tetra-functional crosslinking has a Particle concentration was 2.5 and the number polymer
significant effect on DRPand PI. However, a sharp change particles were 400. For simulated conversions in the range
in DP,, is not observed in emulsion polymerization with Of 20—75%, a bimodal molecular weight distribution was

tetra-functional crosslinking as compared to homogeneousobserved. The maximum of the second peak of the bimodal

polymerization systems [43].

Tobita and Yamamoto [42] have studied the formation of
bimodal molecular weight distribution in emulsion cross-
linking coploymerization of vinyl and divinyl monomers
using the method of Monte Carlo simulation. Tobia [43]
has also studied the formation of bimodal distribution in
bulk polymerization systems. According to the simulation
results by Tobita and Yamamoto [42] and by Tobita [43],
the process of formation of bimodal distribution in emuls-
tion polymerization is quite different from the process for

distribution moved to higher molecular weights as the
conversion was increased. As the conversion was increased
from 20 to 75%, the increase in the number average mole-
cular weight of the polymer with conversion was linear but a
slight increase in the slope of the weight average molecular
weight with conversion was observed. More importantly, as
the conversion was increased, a significant change in the
slope of the weight fraction of the second peak of the mole-
cular weight distribution curve was observed at approxi-
mately 20% conversion. Furthermore, results indicate that

bulk systems. The emulsion polymerization system gives a large intramolecularly crosslinked poymer molecules can be
size dependence because crosslinking between large-size@btained in emulsion polymerization of dienes with high

polymer molecules that exist in different polymer particles
are prohibited. Moreover, Tobita and Yamamoto [42] simu-
lated the kinetics of microgel formation in emulsion copo-
lymerization of vinyl and divinyl monomers. They observed

extent of tetra-functional crosslinking. The formation of
microgels, defined as intramolecularly crosslinked macro-
molecules with sufficiently high molecular weights, in
emulsion polymerization of dienes with high extent of

that a drastic increase in molecular weights at the gel point tétra-functional crosslinking may be possible but more
that is a characteristic of homogeneous polymerizations is Simulation work is necessary to prove this premise.

not a requisite for microgel formation and a new definition
for gel point may be required in emulsion polymerization.
A microgel is defined as intramolecularly crosslinked
macromolecules with sufficiently high molecular weights.
In their simulations, Tobita and Yamamoto [42] were able to
obtain microgels in emulsion crosslinking coploymerization
of vinyl and divinyl monomers by changing the reaction

parameters such as the feed ratio and the reactivity ratio

of the vinyl and divinyl monomers and the ratio of the

rate constant for the crosslinking reaction to the propagation
reaction. They further observed that in some cases, depend-
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