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Equilibrium polymerization of cyclic carbonate oligomers.
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Ring-opening polymerization of cyclic polycarbonate oligomers, where monofunctional active sites
act on difunctional monomers to produce an equilibrium distribution of rings and chains, leads to a
“living polymer.” Monte Carlo simulationgtwo-dimensional2D) and three-dimension&B8D)] of

the effects of singl€J. Chem. Physl15 3895(2001)] and multiple active sitels]. Chem. Physl16,

7724 (2002] are extended here to trifunctional active sites that lead to branching. Low
concentrations of trifunctional particles reduce the degree of polymerization significantly in 2D,
and higher concentration®sip to 32% lead to further large changes in the phase diagram. Gel
formation is observed at high total density and sizabjeas a continuous transition similar to
percolation. Polymer and gel are much more stable in 3D than in 2D, and both the total density and
the value ofc; required to produce high molecular weight aggregates are reduced significantly. The
degree of polymerization in high-density 3D systems is increased by the addition of trifunctional
monomers and reduced slightly at low densities and &aw The presence of branching makes
equilibrium states more sensitiex 2D and 3D to changes in temperatuiie The stabilities of
polymer and gel are enhanced by increasingnd—for sufficiently high values af;—there is a
reversible polymer—gel transformation at a density-dependent floor temperature.

© 2002 American Institute of Physic§DOI: 10.1063/1.1505023

I. INTRODUCTION have been devoted to systems in which chemical bonds form
suddenly and irreversibly, leading to nonequilibrium
conditions’ However, real systems often show reversibility,
and equilibrium considerations are crucial in the polymeriza-
tion and gelation stages. The complexity of polymers and the
w concentration of branching centers often prevent their
experimental investigation, so that computer simulations as-
suming thermodynamic equilibriii and the presence of

Many common industrial polymeigolyethylene(PE),
polyvinyl chloride (PVC), polystyrene(PS), etc] comprise
chains of difunctional monomers that are topologically
one-dimensional,a feature shared by important biological
molecules such as polysaccharides, proteins, RNA, an
DNA.? The addition of multifunctional units can lead to non-
linear structuregbranching, star polymers, combs, networks, ) . ) ) ) -
etc) differing in the nature of the branching centers, theirmult|funct|or_1al units provide an at_tractlv_e alternatlvg_. In
ordered or statistical distributions, and the presence of priSPite of rapid progress, however, simulations of equilib-
mary and secondarygrafted chains, etc. Multifunctional "um .p_olymers cannot yet explpre all relevant systems and
units can arise as additives, impurities, or from parasiticconditions, and very few have included branchthg.
reactions and the resulting crosslinks can alter greatly the ~ We study branching by extending a modef of the
polymer size distribution and the dynamidalg., diffusion, ~ng-opening polymerizatioiROP) of cyclic carbonate oli-
viscosity and mechanical propertiéS.Moreover, branching gomers activated by a metallo-organic catatjstionomers
can result in transitions to qualitatively new phases such adre represented by Lennard-Jofied) particles that move on
gels and rubbét.The distribution of multifunctional units the continuum and form onéchain terminations or two
depends mainly on statistical propertiestropy at low con-  (regular monomepsbonds with other particles. Chain termi-
centrations, while potential energy changes, steric effectdjations can bactive(catalyst headsor inert (such as phenol
and stoichiometry are important at high concentration. Ki-chain terminations The number of bonds is fixed for each
netic effects are important, since the formation and breakingarticle, but pairs of bonds can be interchanged if one of the
of covalent bonds often involve large energy barriers and garticles is active. This model excludes branching and is
suitable catalyst, whose nature and concentration could affecharacterized by the equilibrium between a polymer at high
the number and distribution of branching points. density and a low-density unpolymerized phase. The details

Most investigations of polymer branching and gelationof the thermodynamic, structural, and dynamical properties
depend on the temperatuiie and the concentration, of

dAuthor to whom correspondence should be addressed. Electronic maiﬁICtive particles. ) ) )
rjones@fz-juelich.de We extend the model here by introducing LJ particles
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FIG. 1. Schematic view of the branching center in bisphenol-A polycarbon-
ate produced by the ring-opening polymerization of cyclic oligomers in the
presence of small amounts of 1, Irls(4-hydroxyphenylethane, THPE. See
Ref. 5.

that form three bonds and lead to branching, and Fig. 1

shows an example in the polycarbonate contéltis is the

product of a reaction whose course depends on derisity,

and the concentration of additives and impurities, and the

resultant polymer shows a shear sensitivity that is directly (c) (d)

related to the amount of branching agent and inversely re-

lated to the amount of the initiator. As in our previous FIG. 2. Schematic structure of oligomers present at the beginning of the

work 1213 3 low concentratiorc.. of active particles allows simulation. The large empty circle identifies an active chain termination.
.I.’b fi ith tt ?h bond fi ti Th Inert chain terminations, difunctional, and trifunctional monomers are rep-

equilibration with respect to the bond configuration. The qcenieq by a solid dot.

model emphasizes the role of entropy over potential energy,

since all particles interact by the same LJ potential, all bonds

are equivalent, and their number is conserved. proaches, with some use of Monte CafdC) to incorporate
We perform simulations in two-dimension&D) and  geometrical factors, are widely used to investigate branching
three-dimensional3D) for concentrations of trifunctional and gelation in long-chain polymeféand similar methods
units c; from 0.1% to 32% and densities covering the poly-have been used to study related highly cross-linked
merization line found forc;=0. The degree of polymeriza- systems? The absence of potential energy models in most
tion in 2D samples is reduced fog~1%, leading to com-  studies rules out discussions of temperature effects and ther-
pact molecules with open linear segments and closed loopgal equilibration, and this work is among the first to include
This trend is reversed at high density and higbgvalues,  branching in the simulation of equilibrium polymerization
because cross-linking of molecular units overcomes the repased on a continuum model of particle interactions. Branch-
duction in molecular size. At a value ef that depends on ing arising from free-radical polymerization has been inves-
density andT, a molecular aggregate extends over the entirgigated recently by MC simulations for a continuum model
system, and we identify this as the gel transition for ourwith an explicit potential energy functioh This work makes

model. contact with ours, in spite of differences in detail and in the
The 3D results are similar, but the enhanced stability ofpolymerization mechanism assumed.

large polymeric aggregates leads to quantitative differences.
The polymer phase is stable at lower densities, and the g(ﬁl
transition occurs at either lower density or lowey. The '
addition of trifunctional units at low concentration decreases  Our model generalizes one used to study the equilibrium
the degree of polymerization in low density samples, but thiging-opening polymerizatiofROP of cyclic carbonate oli-
effect is weaker than in 2D and is reversed at high densitygomers by a catalyst The initial oligomers are cyclic tet-
Gel formation is apparently a continuous phase transformaamers of bisphenol A polycarbonatBPA-PQ [Fig. 2(a)],
tion in both two and three dimensions, showing large fluc-and the catalyste.g., an alkali-substituted phenas repre-
tuations in the polymer size and a clear similarity to thesented by a dimer with one active and one inert termination
percolation transitiofi. [Fig. 2(b)]. Monomers(LJ particles$ move on the continuum
Theories of gelation go back to the mean figéldF) in either 2D or 3D, and are joined by harmonic spririgs-
work of Flory'® and Stockmayel® Lattice model$’ beyond  valent bonds in the polymer backboneo that the potential
MF have been studietf;*°and there are recent studies incor- energy of a collection ofN/4) cyclic tetramers, for example,
porating temperature effect$?’ Nevertheless, MF ap- is

THE MODEL AND THE COMPUTATIONAL METHOD
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FIG. 3. Elementary bond-interchange mechanisms.
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FIG. 4. Schematic view of molecular units containing mono-, di-, and tri-
functional monomers(@@ N3;=1, N;=1, N;oop=1; (b) N3=1, N;=3, N,
2 loop loop
+5k 21 {(rag-3—Traq) =0; (€) Ng=4, N;=2, Nigop=2; (d) N3=4, N;=0, Njoop=3.
a=

(N/4)

(N 4a-3"Taa-2) "+ (T4qe2=T40-1)°
+(f4a71—f4a)2}- (1 [Fig. 2b)] at random positions. The concentrations of cata-
lyst particles (0.1%<c,<0.36%) are similar to those used
The prime on the first sum indicates that the LJ interaction isn industrial practice.
absent whem andj are connected by the harmonic potential. The interaction potentials are the same for all particles,
The attractive LJ interaction of monomers corresponds to &ut active particles mimic the behavior of the catalytic head
poor-solvent condition, and the assumption that particle pairsmn MOPh by (a) forming one and only one bond, arit)
form only single bonds reflects the chemistry of polycarbon-exchanging bonds only when at least one of the bonds in-
ates. The units of length and energy arande, respectively, volves an active particle. Bond configurations are sampled
and the density is described by the packing fractpin by attempting a bond interchange eve¥ysingle particle
=mpa?ldin 2D, n=mpo>l6 in 3D). Very floppy molecules steps(N is of the order of the number of particles in the
result from our choice ok (k=3¢) and allow an efficient system: We select an active particle, identify its nearest
sampling of intra- and intermolecular degrees of freedomneighbor (excluding the particle connected to it by an in-
The polymers are fully flexible, since we neglect angle bendframolecular bongd and link this pair and two covalently
ing and torsion contributions. bonded neighbors as shown in Fig. 3. The interchange con-
The generalization to polymer branching considers tetserves the total number of bonds and is accepted or rejected
ramer pairs joined by one additional bofEig. 2(c)]. For  on the basis of the changes in potential energy Bndsing
c3>25% we add rectangular hexaméEg. 2(d)]. Density  the Metropolis algorithm to approach the Boltzmann distri-
functional studies of the basic ROP stépave shown that bution for the potential energy. Theonstant volumeMe-
the active termination lowers the free energy barrier for theropolis MC method is also used to sample the potential en-
interchange of bond pairs, allowing bonding patterns toergy, where random moves are attempted to translate either
change while conserving both the total number of bonds andingle particles or whole molecules with relative probability
the number connecting each particle. The basic mechanisnad steps chosen to achieve an acceptance ratieOdb in
leading to equilibrium polymerizatiofFig. 3) are the same both cases.
for all particles, irrespective of the number of bon@se, The bond interchange mechanism implies several topo-
two, or three they form. logical constraints, e.g., a molecule with a single trifunc-
All simulations start from well equilibrated mixtures of tional particle must include onfFig. 4(a)] or three[Fig.
isolated [Fig. 2(a)] and fused tetramerfFig. 2(c)] corre-  4(b)] chain terminationgeither active or inejt In the former
sponding to a given concentratiag of trifunctional units.  case, the molecule contains one closed loop. In general, a
After equilibration, all samples contaifNl=N,+N;=10"  molecule withng trifunctional units may contain at most
particles, withN, difunctional andNj; trifunctional units, and ~ (n3+2) chain terminations, forming,q,=(nz+2—N;)/2
(2N,+3N3)/2 bonds. Following Refs. 12 and 13, we intro- closed loops, wherll;=<(ns+ 2) is the number of chain ter-
duceN, active headsN,=10,16,25,36) and an equal num- minations. These conditions generalize those for systems
ber of inert chain terminations by addimy, linear dimers  without branching?!® where only open chains and simple
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rings are present, and the number of open chains is constant 600 : :
(half of the total number of chain terminations 2000 T

The system is monitored by computing the size distribu- 1500 . .
tion and the average size of molecules with one or more — 1000
chain terminations or at least one trifunctional unit. These 5 400+ 500 e 1
populations account for a large fraction of the total mass in g S R .
the polymeric phase, and the analysis of either provides simi- E 0 6 1218 24 30 *
lar information. The distribution of rings is discussed sepa- b .

o i 200 |

rately. The degree of polymerization is characterized by the - ® *
percentag&V, (L) of the total mass in molecules larger than = o.‘ o °
L, irrespective of their compositiofmono-, di-, or trifunc- @ o o o o ° o
tional unitg. W, (L) is a monotonic function, decreasing 0 ‘ ‘ \ ‘
from 100% atlL =1 to 0% at largeL values. A higher degree 0 6 12 18 24 30 36
of polymerization corresponds to a more extended tail of ¢ (%]

W, (L) in the largeL range.
Equilibration involved more than 210° MC steps/  FIG. 5. Average mass of molecules carrying at least one chain termination.
particle in all systems, with an equal number Z X ]_Or’) of Simulations have been performed in 2DTat3. Empty circles:n=0.2;
bond interchange attempts, and statistics were accumulat&glid dots:#=0.3; filled squareginsed: »=0.5.
on additional runs of equal length. As described previotfsly,
the diffusion (D) and viscosity(s) coefficients were com- ]
puted by microcanonical molecular dynami®4D) runs for ~ 'ange 0.5<c3=<32%, while at7=0.5 the peak at;=25%
systems of fixed bonding configuratidh,starting from identifies clearly a nevvgel)_ phase quite c_j|fferent from the
atomic positions equilibrated by MC and random velocitiesPolymer found forc;=0. This new phase is formed across a
selected from a Gaussian distribution. Together witinde, phase transition, which, together with the polymerization
the unit massthe mass of the monomen) determines the transition found previousl{?2 allows us to identify three
unit of time 7=o(m/€)¥2. The mass of the polymeM! is distinct phas_es fqr the model: a fluid phgse madg of qligo—
equal to the number of monomers. The equations of motiof"ers; & gel, in which most of the mass is included in a single
were integrated using the velocity Verlet algorithm with amolecule; and a polymeric phase, made by several linear or
time step of 0.0z Equilibration runs lasted 108pand sta- Pranched aggregates of fairly largex 100 monomergsize.

tistics was accumulated over further 3600 The same features appear in Fig. 6, which shows the
average size of molecules with at least one trifunctional
IIl. POLYMERIZATION AND GEL TRANSITION IN 2D monomer(L3) (C3). For small values o€, (L3) is nearly

i i ) 4213 equal to(L,) and decreases rapidly with increasiogclose
Simulations for 2D systems wit;=0 showed™™that 5 the origin. At all densities, the peak a§=25% is much

the polymeric phase is stable4#=0.16, and a small number 55 pronounced than in the casebf). The initial decrease
of trifunctional units could enhance polymerization by allow- ;, (L;) and(Ls) asc; increases is due primarily to the low-
ing the formation of interchain links and aggregates of Chairbring of the degree of polymerizatiofsee Fig. 7. At 7
segments. For 2D systems with~0.1%—1%, however, _q 3 andT=3, for example, the addition of 1% of trifunc-
the addition of trifunctional particletowers the degree of {iona| particles reduces significantly the high tail of
polymerization significantly, as can be seen from they (1) As c, increasesW, (L) recovers its initial width

cz-dependence of the average sftg) for molecules with at ¢, c3~10%, has a maximum for;=25%, and decreases
least one chain terminatid(frig. 5, »=0.3,c,=0.16%), and slowly for largercs.

T=3). In the absence of branching, open chains form a large
fraction (54%) of the total mass, the average length of open
chains exceeds 300 monomers, and the equilibrium size dis- 400
tribution extends up to 2000 monomers. J
Molecules with at least one chain termination form a
large fraction of the mass in the presence of branching, so
that their average length is one measure of the degree of
polymerization. Figure 5 shows that, at the density corre-
sponding ton=0.3,(L,) decreases significantly when a few
trifunctional monomers are added, remains below 200 over a
wide range ofcy concentrations, and shows a peakcat
=25% (close to the value focz=0). The nonmonotonic
behavior of(L,) (c3) and the cusp at;=0 indicate unusual 0
stoichiometric effects, and the relative importance of these
two features depends op(see Fig. 5. The drop of(L,) near €3
to the Ongm_ is significant at all densities, but the heigird FIG. 6. Average mass of molecules carrying at least one trifunctional mono-
even the existeng®f the peak atz;=25% depends strongly mer. Simulations have been performed in 2DTat3. Empty circles:7
on 7: at n=0.2 polymerization is almost suppressed over the=0.2; solid dots:=0.3; empty squares;=0.5.
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80 , : : : larger aggregates, increasing the degree of polymerization
and leading to a gel phase.

As discussed previoushy;**polymerization is driven by
the entropy advantage of long, open chains over cyclic oli-
gomers. The competing mechanisms of Figg) &nd 3b)

® mean that the growth of linear chains from cyclic tetramers is
- due to the reaction of the active head with a new tetramer,
=2 1 while ring separation is due to the reaction of the head with
B‘f its own tail. The latter is more probable in compact configu-

rations, which is consistent with the relationship found be-
N tween molecular shape and the degree of polymerization.
This can be quantified by computing the radius of gyration
Ry of polymeric molecules,

‘ L
1

0 1000 2000 3000 4000 5000 60OO R§=T2 (x—%)2), @)

L [monomers] i#]
FIG. 7. Percentagd/. of molecules whose mass exceddsThe full ines ~ Where the sum extends over all particieand] belonging to
(@, (b), (0), (d), and(e) are forc;=1%, 10%, 20%, 25%, and 32%, respec- one molecule of sizé. RS increases ak increases, and—for
tively. The dashed line is the result fog=0. our potential and thermodynamic conditions—scales ap-
proximately ad. for all samples and molecular sizes exceed-

ing L~50. However, the average values for the samples at
This behavior parallels thes-dependence ofL,) and €3~ 0% are systezm_atically lower than those t_:y:O, and
results from several competing mechanisms. Trifunctionafne reduction ofRy is ~50% for molecules with.~ 300,
units lead to compact structuréBig. 8 that decrease the €Ven forcs~19%. As discussed in Sec. V, the reductiorRyf
entropy advantage of large molecul¢see below This and 'Fhe.relaxatlor.l of topological constraints lead tq a sub-
mechanism is enhanced by the relaxation of the topologicafténtial increase in the number of closed polymeric loops
rules caused by the presence of trifunctional units, whicHfings or loops belonging to more complex molecylead
means that chain and ring combinations can occur, increasigight contribute to the cusp i(L)(cs). o
the multiplicity and the entropy of smaller aggregates. Nev- [N the presence of long chains or many trifunctional

ertheless, trifunctional monomers may link molecules intoSiteS; linking molecules to larger aggregates may lead to per-
colation across the entire system. Although we do not as-

sume the absence of closed loops and steric hindrance, as
often made in studies of gelati8r® our results are consis-
tent with a percolative description of this phase transforma-

(a) v tion. The gel forms via a continuous transition with increas-
ing c3, resulting from the linking of aggregates with a wide
range of sizes. The accompanying anomalous increase of
size fluctuationgTable |) supports both the continuous na-
ture of the phase transformation and the connection to per-
colation.

At fixed (and relatively high c;, the gel transition oc-
curs with increasing density, which stabilizes the underlying
polymeric phase. The transition remains continuous, but it
occurs at densities well above the polymerization line in the
absence of branchinfn,(2D)=0.16] and is much more
abrupt than as a function af; (Fig. 9). The difference be-
tween the polymer and gel is blurred for the largest values of

(b) C3, since branching and interchain connectivity are already
evident at low to medium sizes. As seen from the results for
c3=25% in Fig. 9, it is difficult to distinguish a polymeric
plateau in(L,)(#%) from the gel phase.

Uncertainties in simulating the gel transition could be
reduced by a finite scaling analy$fsand the determination
of scaling exponents would require far more extensive com-
putations on much larger samples. Here we locate the tran-
sition point where the average lendth,) recovers its origi-
nal (c;=0) value, i.e., where the linking of chain segments

FIG. 8. Typical molecular structures in 2D simulations@at0.3,T=3,and ~ OVErcomes the effect of closed |QQD formation. Foy
€,=0.16%. (a) c3=0; (b) c3=4%. <32%, Fig. 5 shows that the transition does not occur for
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TABLE I. Average size fluctuation\({L2—(L,)?) and relative size fluctuation\{(L?)— (L )%(L,), second

line, in parenthesgdor 2D and 3D systems at different densities and concentrations of trifunctional monomers.

2D ca=0  C3=6%  c3=10%  Cc3=15%  c3=20% = C3=25%  cy3=32%
7=0.2 233 70 55 54 77 111 106
(0.95 (1.21) (112 (1.12 (137 (1.42 (1.38
7=0.3 293 183 223 370 389 744 754
(0.87 (153 (1.62 (1.90 (1.74 (2.15 (2.40
7=05 353 544 1133 1668 3082 3359 2512
(0.99) (1.87 (2.69 (2.61) (2.08 (2.14 (2.21)
3D cs=0  ©3=0.2% c3=05% c;=1%  c;=15%  C3=2%  C;=2.5%
7=0.05 423 528 758 989 1198 1384 1301
(0.94 (1.26 (1.87) (2.42 (2.84 (3.02 (2.43

conditions. In the absence of branchidgP,(L) is approxi-

7n=0.2, it is approached at;=25% for »=0.3, and it oc-
curs atc;~10% at »=0.5. At the optimal stoichiometry
c3=25%, gelation causes a dramatic chang®\of(L) asa Xexg—L/L)], with an exponenty close to the value ¥
function of density(Fig. 10. It is clear that the gel transition =43/32) found in Ref. 28 for a model closely related to the
in 2D requires a sizable concentration of trifunctional par-present one. The addition of branching centers affects signifi-
ticles. cantly P|(L) at low values ofcs, as indicated by the rapid
The molecular size distributions at equilibrium are char-decrease ofL,) close toc;=0: The peak ofP|(L) moves
acterized by the percentages of monomers in a molecule abwards lower sizes, while, at the same time, the tail of the
length L that contain chain terminations and trifunctional distribution extends to higher sizes. As a result, it deviates
particles, P,(L) and P3(L). Other studies have used the significantly from the Zimm—Schulz distribution, and an ex-
probability for a molecule to have site C/(L), andCjz(L), ponential form P;(L)«exg —aL/(L)], a~0.36] is more ap-
which (apart from normalization are related byP,(L) propriate in thec; range corresponding to a lower degree of
=LC|(L) and P5(L)=LC5(L). We use the former to em- polymerization(see the curve fot;=1% in Fig. 11. In the
phasize the role of th&elatively few) large aggregates that gel phase,P,(L) shows a bimodal distribution, with the
represent a sizable fraction of the total mass. Analogous defhigh-. peak centered at sizek 9000 monomejsclose to
nitions will be used for the probability distributiorf3, (L) the total sample sizésee the curve foc;=25% in Fig. 1J.
andC,(L) for simple rings, and the distribution functions are At the gel transition €;=10%), P (L) is nearly constant

mated well by the Zimm-Schulz functionocL?”

normalized so that

2 P|(L)=; P4(L)=100. 3)
The functionsP|(L) and P5(L) provide equivalent descrip-
tions, and we focus oR(L).

Figure 11 show®,(L) for samples aty=0.5,T=3, and
c; values covering the gel transitiorc{~10% for these

1200

900 L

600 [

[monomers]

(L)

300 [

0.0 0.6

n

FIG. 9.(L;) as a function ofy at three values of;. Lines are a guide to the
eye.

over a wide size range, which explains the large fluctuations
in <L|>

IV. POLYMERIZATION AND GEL TRANSITION IN 3D

Many features observed in 2D systems are observed in
3D, although the greater stability of the 3D polymer phase
influences the properties of branched systems. The reduction
of (L,) at low c3 is apparent in Fig. 12, which shows the
dependence om; of (L) at T=3 and densityz=0.05
slightly above the polymerization ling»,(3D)=0.04].*®
The rapid rise of L,) at higherc; values is accompanied by
a large increase in the size fluctuatidsse Table)l, which

N=0.5

[%]
3

W, (L)

n=0.2
0 1
0 2000

4000 6000 8000 10000

L [monomers]

FIG. 10. W, (L) at four different densities fot;=25%.
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FIG. 11. Mass fraction distributioqP,) in 2D samples aty=0.5 andT 8
=3. Full line: c3=0; dashed linec;=1%; dotted line:c;=25%. Inset: .g
c3=10%, corresponding to the gel point. g
0 ! !
0.0 0.2 04 0.6
allows us to locate the gel transition e~2% for these n

conditions of density andl. The same transformations can be . _
observed on the density axis at fixed (see Fig. 13 As  F!G: 13. Average lengtL,) of molecules carrying at least one chain ter-
discussed below. the close analogy in the behavior of 2D anml_natlon as a function ofy for three values ot;. Simulations in 3D at
' =3.

3D systems is confirmed by the analysis of snapshots and of
the molecular size distributioR,(L). The major differences
between 2D and 3D results are quantitative: In 3D the rel-
evant density range is reduced by an order of magnitude, the The dependence oP((L) on density andcs in 3D
relative reduction ofL,) at low ¢4 is much less pronounced samples is greater than that found in 2D, reflecting the in-
and is observed only fop<0.15. creased stability of both polymer and gel. Starting from a

At relatively high density §=0.15), Fig. 13 shows that Pi(L)*L exd—L/L)] for c3=0, the addition of 0.1%-0.2%
even a very low value of; (~0.1% gives rise to a signifi- Of trifunctional particles already changes significantly the
cant enhancement of polymerizatiofi () increases by more shape ofP|(L) (as can be seen in Fig. J4vhich is now
than 20% in going front;=0 toc;=0.1% atyp=0.5). The approximated better byP(L)xexd—al/L)] («~0.3).
criterion used to identify the gel point in 2D systems cannotWith increasingcs, the height and the width of the first
be used here, sincéL,)(cz)>(L,}(cg=0) at all c;>0. Pi(L) peak decrease monotonically, while the latgéail
However, gelation occurs at these densities-0.15) at val-  develops into a secondary peaklat 6000 forcs~1%. At
ues ofcs well below 1%, where statistical fluctuations pre- the gel point €3=2%), identified here by the maximum in
vent a quantitative determination of the gel point by simula-the relative size fluctuations},(L) is clearly bimodal. For
tion. On the other hand, neither the polymerization nor thdarger values ofcz, most of the weight under the(L)
gel transition below the polymerization density(3D) for
the model without branching were observed up to the highest

concentration ¢;=10%) studied in 3D. 0.1
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FIG. 14. Mass fraction distributiogP,) in 3D samples aty=0.05 andT
FIG. 12. Average lengtkL,) of molecules carrying at least one chain ter- =3. Full line: c;=0; dashed line: c;=0.2%; dot-dashed line:
mination. Simulations have been performed in 3DTat3 and »=0.05. c3=0.5%; dotted linec;=2%.
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FIG. 16. Ratio of the average length,) at temperaturd and at tempera-
ture T=3. Simulations in 2D at;=0.3. Solid dotsic;=0; empty circles:
c3=4%; solid squaresc;=10%; empty squares;=25%.

lecular weight aggregates, which are also responsible for the
low-L peak in the size distributioR,(L). The relatively high
mobility of these species could conceal anomalies in the dif-
0.0 o1 0.2 0.3 0.4 fusion of the polymerized fraction, which contributes very
M little to the average mobility.
The viscosity coefficiens is a nonmonotonic function of
FIG. 15. Lower panel: viscosity coefficieatin 3D samples aT =3. Solid density on the addition of branching points: at layy the
dots: c5=19%; empty circlesc,=0. Upper panel: diffusion coefficient in —iscosity coefficient initially decreases slightlg~1%),
3D samples aT=3 andc;=1%. Inset: ratio of the diffusion coefficient at . L.
c3=1% and afc;=0. Error bars account for statistical errors only. At high althoth the decrease is comparable than the statistical error
density, systematic errors due to long time correlations may exceed thbar, and there is an increase in the viscosity at high density
estimated error bar. (7=0.15). The crossover between these trends corresponds
roughly to the gel transition. Nevertheless, the sensitivity of
sto gel formation is weak, and our simulations do not repro-
duce the dramatic increase of viscosity measured on crossing
: 9o ; _ the gel transition. The slight decrease of viscosity with in-
The rapid and significant narrowing of the fif8f peak easing branching at low density might be due to the com-
at low c; is consistent with the reduction in the polymeriza- nact shape of branched polymeric units, which decreases the
tion degree observed in 2D and the systematic reduction Qfermolecular contributions to viscosity. The weak increase
Ry in 3D_ascs increases. Howev<_ar, the narrowing of the first j¢ the viscosity coefficient on going from polymer to gel
P, peak in 3D systems occurs simultaneously with the early,igny reflect the relatively short simulation times. The link-
formation of the secondary peak at high sizes, resulting in §,4" of |arge polymeric units at branching points manifests
very limited variation ofL,) at low c5 concentrations.  jiseif in long-time correlations for the stress tensor, which
The equivalence in the interactions betwgen all partlcleenters the definition ofs implemented in our computatidA,
types means that average structural properties, such as thgy 5 detailed description might require much longer simu-

radial distribution function or the structure factor, are only |ation times. Nevertheless. the relatively small changes in
weakly sensitive to polymerization and gelation, especiallyy, ye|ation might be due to the coexistence of the gel with a

at moderately high densities where both transitions are pajitr,se population of small molecules that prevents a drastic
ticularly strong. A closer connection between our simulations;ige of viscosity.

and experimental measurements could be provided by the
analysis of dynamical properties, which we have performed
by computing the diffusion and viscosity coefficients. TheV' DEPENDENCE ON TAND c,: STRUCTURAL
. . . . .. PROPERTIES

long relaxation times in polymeric samples mean that it is
difficult to obtain converged values for the dynamical coef-  The polymerization line of the model resd#tg® from
ficients, especially at medium and high density. Neverthelesshe competition between the translational entropy of small
our MD trajectories extended up to 3000 time unifsand  aggregatesdominant at low densifyand the entropy of the
the results of Fig. 15 demonstrate the sensitivity(lohg  bonding configuration, which favors large aggregates and is
time) dynamical properties to branching. the dominant factor at high density. This role of entropy is

The diffusion coefficienD decreases significantly on in- emphasized by th&-dependence of polymerization, which
troducing even a few branching points;(~1%), and the becomes weaker with decreasifigThis effect is evident for
relative effect is stronger at high density the gel phase  c;=0 and becomes progressively more importantas-
However, no discontinuity or apparent anomalyDircan be  creases. This is shown for 2D systemsyat 0.3 in Fig. 16,
associated to the gel transition. Diffusion in the gel phase isvhich shows thél-dependence of the average lengith) of
due almost exclusively to the residual population of low mo-molecules with chain terminations.

curve belongs to the high-peak, which moves towards
larger sizegsaturating at. ~9000) and reduces its width.
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These results are representative of those found for higher 1000 ‘
densities. At alc;, polymerization is reduced by lowerifig
For highc; (see the data far;=25% in Fig. 16, decreasing 800 | N
T from 3 to 0.6 reducegL;) by an order of magnitude, )
indicating that the system transforms from gel to polymer. 600 |o° |
The analysis of snapshots, the mass-fraction distribution . o
(P,(L)), and the molecular size fluctuations all show that the Z wol® °
gel characteristics are lost progressively on lowerifig S )
However, the gradual evolution of these properties with o
changingT prevents the precise determination of the transi- 200 (@) e ]
tion point. A more extensive investigation, including a wider o .
range of densities, would be required to characterize the tran- 0 | ; | | ;

sition better and to fix its boundaries.

The polymerization and gel transitions are slightly less
sensitive to temperature in 3D than in 2D, mainly because
the relevant range of; is lower. At higher concentrations
the negative effect of lowl could be as strong as in 2D,
although the enhanced stability of large aggregates in 3D
could reduce the role of temperature.

The interpretation of gelation as the percolation of a su-
peraggregate formed by linking chains by trifunctional units 0 : ‘ ‘ : :
suggests that, might effect the transition significantly. In 0 6 12 . 18 p 24 %0 %
the absence of branching the average éizé¢ scales almost 7
exactly as 1d,, but the relation betweety, and the number FIG. 17. Average numbe¥, (a) and average sizé,) (b) of rings in 2D as
of open chains is broken by the presence of branching. Neva function ofcz at T=3. Solid dot_s:n:0.3; empty circles:n:O._S. The

. . ... lines correspond to the asymptotic behavids,,~ a+Ncs/2 at highcs,
ertheless, for alcs, the effect of branching increases with and Npo;~NC at low ¢, as discussed in the toxt.
decreasingc,. This is true both for the reduction in the
degree of polymerization at low; (and low density for 3D
samplesand for the polymerization enhancement at igh ~ VI. THE ROLE OF SIMPLE RINGS

including a stronger tendency towards the gel phase. This Simple rings are the minority component of the polymer

ois.err]va::on 'Sh conhs |stefr;t with ftrl;e mer?surements olff_chefb ?n the absence of branching and become progressively less
which show that the effects of branching are amplifie yimportant than open chains as density and dimensionality

decreasing the concentration of the initiator used in the ROR,crease. This picture remains valid when trifunctional units

reaction €, in our mode). are present, with the additional feature that the average num-

Trifunctional units are uniformly distributed in mol- perN, and the average lengti.,) of simple rings decrease
ecules of all sample&D and 3D, without apparent segre- monotonically with increasing; (Fig. 17). This is surprising
gation at low or high molecular masses. The only significanfor low c5 values in 2D, since the lower degree of polymer-
deviations from the average; value are observed at very ization would suggest a decreased stability of the competing
low molecular sizes and are due to the topological conspecies, i.e., open chains and other large, complex aggre-
straints discussed above. gates.

The origin of the stoichiometry selectivity stabilizing the ~ The decline in the number of simple rings is accompa-
gel phase at;=25% in 2D requires further study. The 3:1 hied by a steady growth of the numbly;,, of closed poly-
composition ratio between di- and trifunctional particles in-Meric loops belonging to branched moleculsse the inset
dicates enhanced stability for a network of trifunctional par-in Fig- 17). The topological rules of our model do not deter-
ticles joined by segments of difunctional particles two mono-MiN€Nr andN oo, uniquely, but they set bounds on the latter.
mers long[see Fig. 4d)]. Analysis of the bonding pattern As (_1|scussed in Sec. Il, a molecule witly trifunctional
shows that at;=25% segments of difunctional particles of partlclzegs has n|00p=(n3-_|-2— Nt)IZN(n3.+2)/.2 closed
length two are indeed very common, but the simulations del_oop;s. . I ':he number of tnfunctmnaLparucles_m each /mol-
viate from the ideal motif of Fig. @l). The distribution func- ecule is low 13~2-4 at mosy then Niop=(Ns+2)/2

. . - ~N3, andNoop= 2 moteculeflioop™ N3, OF Nigop=Nc3, where
tion for the lengthL, of polymeric segments comprising  is the total number of monomers. If each molecule con-

difunctional particles is nearly constant folsl ,<3, and  5ins several trifunctional particlesyoop~N3/2, and Nipop
drops almost discontinuously to zero ferL,>3. With de-  ~ 44 Nco/2, where the constant is much smaller than
creasingcs, this distribution moves towards highep's and  Ncy/2. The representative results of Fig. &@r »=0.3 and
becomes much broader, suggesting that the system gains en=3 in 2D) show thatN,oop~Nc;3 for small ¢z, and N
tropy from a wide distribution in the length of polymeric ~Nc3/2 for largerc,. The crossover is near the point where
chains connecting trifunctional particles. branching switches from lowerin@t low c3) to enhancing

(L [monomers]
[
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(at highcs) the degree of polymerization. The population of in (P}, which approaches a very broad step function asso-
closed loops belonging to branched molecules grows rapidlgiated with the large fluctuations in the size distribution that
in both regimes, suggesting that closed loops dominate ovetevelop at the transition.P;) becomes markedly bimodal
linear chains and simple rings. The enhanced stability obeyond the gel point, with a low-peak at the origin and a
closed loops underlies the lower degree of polymerization ahigh-. component at sizes approaching the total mass of the
low c5 and the gel transition at higty. simulated samples.

In the absence of branching, the size distribution func-  Equilibration is much more difficult to achieve in 3D
tion for rings P,(L) in the polymeric phase displays a pro- than in 2D, because polymerization and gelation occur at
nounced peak at very low sizes+{5), and a low and struc- significantly lower densities, and fluctuations are more im-
tureless tail extending up tb~100™ The decrease in the portant. Nevertheless, most results for 2D systems remain
average size of simple ring& ) asc; increases is due to the qualitatively valid in 3D. Small concentrations of trivalent
disappearance of the largetail in P.(L). With increasing particles lower the degree of polymerization at densities
c3, molecular aggregates of intermediate or large size prop.04< =<0.15, although this effect is less important than in
duced during a reaction are increasingly likely to contain3D and is not seen fop=0.15. Relatively high concentra-
trifunctional units, and they contribute less to the populationtions of trifunctional particles give rise to a continuous tran-
of simple rings. The resulting, (L) become qualitatively sition to the gel phase, which occurs with increasiggand
similar to those found by previous studies of a model withoutpacking fractions. The evolution of P,) with increasingc,
branching, but with a varying number of bonds determineds similar in 2D and 3D. In particular, the first peak @)
by thermal equilibriunt®® The narrow size range covered narrows upon adding trifunctional particles, which parallels
by P,(L), together with the low number of rings in samples the reduction ofL,) at low c; found in 2D. The effect on the
including trifunctional unit{Fig. 17) prevent a more detailed average sizéL,) is partially compensated in 3D systems by
analysis of the analytic behavior Bf(L) close to the origin.  the early formation of a secondary peak at large sizes. As a

result, the pronounced dip {iL,) seen in 2D at low; is not
VIl. SUMMARY AND CONCLUDING REMARKS observed, and size fluctuations indicate more clearly than the

We have studied the equilibration of a model polymeraverage size itself the drastic changes in the molecular popu-
with LJ particles and a fixed number of harmonic bondslation ascs increases. The molecular size distribution in 3D
under the influence ddctiveparticles that promote the inter- is bimodal at the gel poiniit was broad and structureless in
change of bond pairs. In the absence of branching, the mod&P), suggesting that the order of the transition might be
shows the equilibrium of a high-density polymerized phaséiigher than in 2D. However, a detailed discussion of these
and a low-density unpolymerized phase. The addition of trifeatures would require far more extensive simulations.
functional particles displaces the polymerization line and in-  The computed diffusion and viscosity coefficients are
troduces a qualitatively new gel phase. very sensitive to branching, and low concentratiors (

The degree of polymerization, as measured by the aver=1%) of trifunctional units can be detected by monitoring
age molecular sized_,), (L3), andW, (L), is reduced sig- either. The continuous nature of the transition means that
nificantly by low concentrations of branching points in 2D these properties show no marked anomalies at the polymer to
samples at all densities. At densities slightly above the polygel transition, but the limited simulation times might contrib-
merization line, the system may revert to the unpolymerizedite to this.
state over a wide range of concentratians(see the results Lowering T reduces the degree of polymerization even
for »=0.2 in Fig. 9, since the significant reduction in mo- in the absence of branching, and trifunctional particles en-
lecular size(as measured bRg) strongly enhances the for- hance greatly the sensitivity to temperature of the polymer
mation of closed loops that limit chain growth. At high den- and gel phases. The latter is effected more, and we observe a
sity and large values ofts, the bonding capability of reversible transition between the polymer at Idwand the
trifunctional particles overcomes the reduction of polymer-gel at highT, for 2D samples at high density and high values
ization. Eventually, the linking of individual molecular units of c3. The continuous nature of the transition hampers the
by trifunctional particles gives rise to an aggregate incorpodetermination of the transition point in this case. The effect
rating most of the system mass, and thentinuous transi-  of decreasingl is somewhat reduced in 3D for ttigarrow)
tion is accompanied by anomalous fluctuations in the mofange ofc; studied here, although similar effects to those
lecular sizes. These results are consistent with thebserved in 2D could also occur for larger valueof In
identification of gelation as a percolative phase transformaboth 2D and 3D the enhancement of temperature effects due
tion, although our simulation goes beyond the assumption® branching is consistent with the lower entropy advantage
underlying simple analytical descriptions of this transition. of long chains, which is reflected in the decrease of the de-

The dramatic changes in the phase diagram are reflectegtee of polymerization at loves.
in the evolution of the molecular size distribution, described  The changes in the system properties that we observe
by the(P,) function(Sec. lll). Starting from a Zimm-Schulz with changing temperature and density are fully reversible.
distribution (P,)cL”exd —yL/(L)] at c3=0, we observe a Moreover, the results described here refer to homogeneous
reduction in the range gfP,), accompanied by a change to systems. We could not distinguish a network core from a gel
(P))yecexd —aL/L)] (with «~0.36) in the functional form boundary, which is sometimes seen in simulations and ex-
for (P;) that emphasizes the lolv portion of the molecular periments on highly branched systetisand we found no
size range. Gelation is identified by a further marked changevidence for long range modulations, such as a prepeak in

Downloaded 27 Sep 2002 to 134.94.165.137. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



J. Chem. Phys., Vol. 117, No. 14, 8 October 2002 Polymerization of cyclic carbonate oligomers. IlI 6851

the structure facto8(k) at low k. We suggest that the equi- °P. G. de Gennescaling Concepts in Polymer Physi@omell University

. L. . . Press, Ithaca, 1979
librium  condition allows strong mhomerne'tles produced "For discussions of these and related topics, Keetics of Aggregation

by therm?" fluctuations to depay, although experiments and ang Gelation edited by F. Family and D. P. Landaorth—Holland,
computational models for highly branched polymers con- Amsterdam, 1984
sider systems in which bond formation is irreversible, and ®For reviews of equilibrium polymerization and related topics, see M. E.

this, too, could lead to inhomogeneous StructaFes. Cates and S. J. Candau, J. Phys.: Condens. Mat#®869(1990; S. C.
Si lati h b f di d th di Greer, J. Phys. Chem. B02, 5413(1998.
Imulations have been pertormea In two and three I'QS. C. Greer, Adv. Chem. Phy84, 261 (1996.

mensions over a wide range of stoichiometry and thermody*computer simulations studies of equilibrium polymers are reviewde)in
namic conditions, and the model is appropriate if the intra- J. P. Wittmer, P. van der Schoot, A. Milchev, and J. L. Barrat, J. Chem.

chain bonds are strong enough to render thermal fluctuationsPhys-113 6992(2000; (b) A. Milchev, J. P. Wittmer, and D. Landau,
in their number unimportant. This has important conse- Phys. Rev. B61, 2859(2000; (c) J. P. Wittmer, A. Milchev, and M. E.
p ' p Cates, J. Chem. Phys09, 834 (1998.

quences for the p0|ymerizati0n tranSitib}‘The simulations see, for example, M. Nosaka, M. Takasu, and K. Katoh, J. Chem. Phys.
described in Ref. 11 are more restricted in scope and assumeis 11333(2001.

. . 12
a fluctuating number of bonds. Nevertheless, the two studiesP- Ballone and R. O. Jones, J. Chem. Piiji§ 3895(2001.

. ; P. Ballone and R. O. Jones, J. Chem. PHyj$ 7724(2002.
are closer than many pUb“Shed In recent years. Both ShO\ND. J. Brunelle, inRing-Opening Polymerization: Mechanisms, Catalysis,

that an increasing _number of bran_Ching pOintS_ gives rise 10 syryucture, Utility edited by D. J. BrunelléHanser, Machen, Germany,
large scale fluctuations and a continuous transition to the gel1993, p. 309.

phase, which is stabilized by increasing density. However. P- 3. Flory, J. Am. Chem. So63, 3083(1941); 63, 3091(1941); 63, 3096
even simulations as extensive as o(rere than two years 16\, H. Stockmayer, J. Chem. Phyid. 45 (1943,

CPU timeg do not cover the entire phase diagram of thewost simulation studies of kinetic gelation use the bond fluctuation model
model, which presents a fascinating combination of phasesof I. Carmesin and K. Kremer, Macromolecul2s 2819(1988; see also
and transitions occurring as a function of densi[y, and E. Del Gado, L. de Arcangelis, and A. Coniglio, Phys. Re%3-041803
composition. (2002 for a recent example.

1A Coniglio, H. E. Stanley, and W. Klein, Phys. Rev. Let?, 518(1979.

19H. J. Herrmann, D. P. Landau, and D. Stauffer, Phys. Rev. U8{t412
ACKNOWLEDGMENTS (1982.

Th lculat ¢ din the F h 20y, Liu and R. B. Pandey, Phys. Rev. 35, 8257(1997).
e calculations were performed In the FOrschungszensy; \ogt and R. Hernandez, J. Chem. Phys5, 1575(2001).

trum Juich on a Compaqg DS20E server and XP1000 work-22see, for instance, H. Tobita, J. Polym. Sci., Part B: Polym. P3§:2960
stations provided in part by the Bundesministerium Bii- (2003); 39, 391(2003; R. A. Hutchinson, Macromol. Theory Simulo,
dung und Wissenschaft, Bonn, within the MaTech-,144(200.

. . N 233, B. Hutchinson and K. S. Anseth, Macromol. Theory Sinid, 600
Kompetenzzentrum “Werkstoffmodellierung(03N6015. (2001; H. Tobita, N. Aoyagi, and S. Takamura, Polyrd 7583(2002.

The authors thank A. Milchev for helpful discussions andz4p, gallone, B. Montanari, and R. O. Jones, J. Phys. ChettO4 2793
correspondence. (2000; see also P. Ballone and R. O. Joniég]. 105 3008(2002.
%The restriction to fixed bonding configurations avoids the discontinuous

1 . . . . energy changes that occur on bond interchange. It could be removed by

gt.rR.tSrtrobI,IgeBPLlys!(c:(slsofr_lril’olyrmgrsrl._rf:olngcgg)ts for Understanding Their using more sophisticated rules or a different MD algorithm.
R uctures a enavidipringer, Beriin, . . 26D, Stauffer, J. Chem. Soc., Faraday Trang221354(1976.

L. Stryer,Biochemistry 4th ed.(Freeman, New York, 1995A discussion 270, G. Mouri C Studi f Ph T " d Critical
of glycogen is given on p. 587. Branching is an essential feature of this S ™ ourltse_n, omputgr tudies o ase Transitions an ritical
. ) PhenomendSpringer, Berlin, 1994

polymer, as it increases its solubility as well as its rate of degradation t%L Schider, Phys. Rev. BA6, 6061(1992; P. D. Guirati,ibid. 40, 5140

glucose 1-phosphate. ; S )
3 . . - (1989. In these models the number of chain terminations is not constant,
Low-density polyethylene produced by free-radical polymerization ac- . - A

y_polyery P 4 poly but is determined by thermal equilibrium.

quires branching points via a parasitic chain transfer reaction. See P. Ehg@The number of chain termination is very low and is neglected
lich, Adv. Polym. Sci.7, _386 (1970; R. C. M. Zabisky, W.-M._C;han, . ) y g :
P. E. Glor, and A. E. Hamielec, Polym88, 2243(1992; P. Lorenzini, M. See, for instance, Y. U. Lee, S. S. Jang, and W. H. Jo, Macromol. Theory
Pons, and J. Villermaux, Chem. Eng. S&%, 3969(1992. Simul. 9, 188 (2000. Another type of inhomogeneous gel phdsgcro-
4See, for example, S. M. Clarke, A. Hotta, A. R. Tajbakhsh, and E. M. gely results from the formation of distinct, large molecular aggregates
Terentjev, Phys. Rev. B4, 061702(2001. The anisotropic mechanical ~ With a high degree of cross-linking. See W. Funke, O. Okay, and B. Joos-
behavior of liquid crystal elastomers depends on the way the networks are Muller, Adv. Polym. Sci.136, 139(1998. Our molecular size distribution
cross-linked. (Py(L)) shows, however, that our gel phase contains only one large cross-
5H. 0. Krabbenhoft and E. P. Boden, Makromol. Chem., Macromol. Symp. linked molecule.
42143, 167(1997). Branching in BPA-PC leads to high heat resistance and*!Reference 20 discusses the characteristic differences between reversible
high shear sensitivity. and irreversible gelation.

Downloaded 27 Sep 2002 to 134.94.165.137. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



