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Equilibrium polymerization of cyclic carbonate oligomers
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A model of the polymerization of ring oligomers of bisphenol A polycarboiigfA-PQ is used to
investigate the influence of dimensionali{fgD or 3D), density and temperature on the size
distribution of the polymer chains. The polymerization step is catalyzed by a single active particle,
conserves the number and type of the chemical bonds, and occurs without a significant gain in either
potential energy or configurational entropy. Monte Carlo and molecular dynamics simulations show
that polymerization of cyclic oligomers occurs readily at high density and is driven by the entropy
associated with the distribution of interparticle bonds. Polymerization competes at lower densities
with long range diffusion, which favors small molecular species, and is prevented if the system is
sufficiently dilute. Polymerization occurs in 2D via a weakly first order transition as a function of
density and is characterized by low hysteresis and large fluctuations in the size of polymer chains.
Polymerization occurs more readily in 3D than in 2D, and is favored by increasing temperature, as
expected for an entropy-driven process. 2001 American Institute of Physics.
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I. INTRODUCTION cases. For phenol(M=H), there is a large potential energy
barrier that would produce slow kinetics for any realistic
Many polymers are produced on an industrial scale byteaction temperature, but the reaction takes place with an
chemical reactions whose detailed mechanisms are largejnergy barrier that is small or zero for#Li and M=Na. In
unknown?! The analysis of these processes is made difﬁcu“agreement with previous experimental resfitae calcula-
by the complexity of the species involved, and the separatiofons show that reactants and products have virtually the
of chemical and th(_armodynamics featqres poses a continuing; me energy. Since polymerization to long chains occurs
challenge to experimental and theoretical m_vesﬂga%n; spontaneously, its origin is puzzling, since entropy should
. An examplg is provided by the ring-opening p0|yme”,za'fav0r a multitude of small molecules rather than a single
tion (ROP of bisphenol carbonate cyclic oligomers, which long chain.
can_besused fto prodqce high molecular yveight p(_)lyca_rbonate This problem has not been analyzed in detail for
chains.In th_|s reaction, a sm_table active speCI_@er " Bpa-PC polymerization, although model studies of equilib-
stfance, alkall-substngted phen@ added to a solution of the rium polymerization date back many yedSimulations
gg%onmzrs(’)]getﬁg r(fr)w/;ilscef IIDZ,?\g.tejt-ra_lr_rr]]:aa}sair:i(\j/eca_t(z;lkl/lzzsrot:; often adopt discrete lattice modél§) and the most recent
studies have focused on the monomer-mediated polymeriza-

(M=alkali metal atomremains at the end of the chain. Since > _ 1 X 2
its chemical properties depend weakly on the length of thémn of linear chains. These models include the addition and

attached chain, this basic reaction could be repeated. Hovfvaporation of single monomers alnd are appropriate for the
ever, a sequence of such reactions results in oligomer depl@°lymerization ofa-methyls'Fyrené, but they exclude the
tion and an enrichment in longer chains, whose backbon&action with longer specis necessary for polycarbo-
bonds are vulnerable to attack by the active heads. Individudlat€s:
chains can then grow, shrink, or even lose their identity due ~We describe here a continuum model that allows par-
to scission-recombination processes. In the absence of a tdicles to interchange their intramolecular borftiee covalent
mination stef the system reaches an equilibrium state charbonds in the real polymgaccording to rules that mimic the
acterized by a stationary size distribution and a dynamic asing-opening reaction of Fig. 1. The reverse and direct reac-
sociation of monomers into continuously changing moleculations are allowed with the same probability, so that an initial
units that are often referred to as “living polymers.” population of oligomers evolves towards an equilibrium dis-
Our previous density functiondDF) calculations have tribution of chains and rings of different size. The model
provided information about the mechanisms and energies irellows for incorporation and removal of segments of variable
volved in the reaction in Fig. 1 and several closely relatedength from the chain, and for the coexistence of rings and
chains. A repulsive short-range interaction between mono-
dAuthor to whom correspondence should be addressed. Electronic maillers incorporates excluded-volume effects into the model.
rjones@fz-juelich.de For simplicity, we consider only flexible polymers.
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FIG. 1. Schematic view of the first step in the ring opening polymerization
of BPA-PC. The active atom, identified by a cross, is an electropositive
metal atom. +

()

We focus on very low concentrations of active particles _> (b)
(one in a total population of f(particles, and we analyze in
detall the effect of changes in the dimensional@p, 3D),
density, and temperatufeon the degree of polymerization
and the equilibrium size distribution. Despite the similarity
in the thermodynamic properties of short and long chains,
there is a clear tendency towards polymerization that is enF!G. 2. Competing bond-interchange processes leading to the gr@vth
hanced by increasing and particularly by increasing the 2"d t & reductiofib) in length of the active chain.
density. The density dependence of polymerization, which
displays a phase transition in 2D that appears to be first or-

der, differs from the results of previous studies for other  The units of length and energy aseande, respectively,
models of flexible polymer$! The reaction and the associ- and the density is measured in terms of the packing fraction
ated transition are highly reversible, i.e., the degree of poly-77 (p=mpo?l4 in 2D, p=mwpc’l6 in 3D). The choice ofk
merization decreases promptly upon decreasing the systeR=3¢) leads to very floppy molecules and allows us to
density. sample efficiently both the intra- and intermolecular degrees

All systems simulated show massive polymerization,of freedom. Angle bending and torsion contributions are ne-
with a stronger tendency in 3D than in 2D. The results in 3Dglected. Our simulations, therefore, refer to fully flexible
are subject to large finite size effects, since the polymergolymers” We perform simulations for systems with fixed
rapidly occupy the entire sample. We discuss the nature gionding patterns and for which oréactive” ) particle can
the polymerization transition in our concluding remarks.  interchange its bond with another particle. The active particle
can form only one bond, so that it is always located at an end
of a chain of at least two particles.

The procedure samples both different bonding configu-

The BPA-PC structural units are represented in ourations and particle positions. At regular intervals we identify
model by Lennard-Joned.J) particles’® connected by har- the nearest neighbor of the active parti@ecluding the par-
monic springs representing covalent bonds in the polymeficle connected to it by an intramolecular bonand we link
backbone. Each particle forms either one or two harmonid¢hese two particles and two of their covalently bonded neigh-
bonds, so that the system comprises open chains or‘fingsbors as shown in Fig. 2. The interchange conserves the total
without branching. The potential energy of a collection of number of bonds and is accepted or rejected on the basis of
(N/4) cyclic tetramers, for example, is the changes in potential energy and temperature, using the

Metropolis algorithm to approach the Boltzmann distribution
o \12 o \° for the potential energy. The interchange is also rejected if it
(|ri_rj|) N ( Ir; rJ|) gives rise to an isolated particle. These rules mean that bond
interchange results with equal intrinsic probability in the in-
corporation of a ring into the active chain segmigtig. 2(a)]

Il. THE MODEL AND THE COMPUTATIONAL METHOD

N’
V(I’l,...,rN)=62

i>]

(N/4)

+§ka§1 {(raa-3—T40)? or in the separation of a ring from the active chéfg.
2(b)]. The identity of the active and inactive tails of the chain
+(Fgp-3—Ta0-2)2+ (Tgg-2—Tag—1)? are interchanged with a frequency much lower than the
(r 13 ) bond-interchange attempts, which enhances the sampling of
4a—1 4o/ I the system configurations without affecting the monofunc-

where the prime on the first sum indicates that the LJ intertional nature of the active chain. The system is thus treated as
action is absent whehandj are connected by the harmonic a collection ofN equivalent particles and\(—1) bonds in
potential. thermal equilibrium.
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The potential energy of the system is sampled logcan- J J
stant volumg Monte Carlo(MC) method, in which we at- 161 o
tempt to translate either single particles or whole molecules
with relative probability and steps chosen to achieve an ac- 12| ™= 10 ®
ceptance ratio 0of~0.5 for both types of moves. The inter- w o
change of intermolecular bonds is attempted ewrsingle +
particle steps, withN of the order of the number of particles 08| '
in the system. The thermodynamic properties of chains of ?
fixed length have been determined in 2BD) using systems
of 10000 particles in a periodically repeated squ@tgic)
simulation box.

All simulations incorporating bond interchange were 0.0 s
carried out for 10 002 particles, starting from 2500 tetramers ¥
and a single dimer carrying the active particle, and equilibra-
tion was performed initially at the selected temperature and
density. The average energy and the structural properties
such as the pair distribution function were checked during T
this stage. Equilibration during polymerization was moni- gig. 3. Average potential energy as a function of temperature for rings of
tored by counting the tetramers. The initial excess of tetramsizeN=4, 10, 100, 500 at=0.4.
ers is reduced progressively, and their number fluctuates
without drift at equilibrium with a concentration that is be-
tween those of trimers and pentamers.

The simplicity of the model allows us to perform very
long simulations, with millions of stepser particleeven for

systems of this siz& The above criteridenergy, molecular | h il i
mass distribution, pair distribution functibrshow that all At low T the average potential energy per particl€T)

results reported below refer to systems at equilibrium. ThdS rélatively insensitive to changes in siZeThe dependence
convergence with respect to the system size is much leds stronger at higher temperatures, but only the smallest size

certain, especially in 3D. The longest polymer chain excee?}gM :4_) devi?‘tgi .sigTificzntIy frglrp hthgngb]eneral rt]re;]d for
80% of the total number of particles in the highest densit arge rings, which is already established i8r=10. The free

cases, and these chains would probably grow even longer fneray per partlc_le can be obt_alned fradfT) by thermo-
larger sample&? dynamic integration over the inverse temperature, and the
Dynamical properties, such as the diffusion or viscosityreSUItS confirm that the model has almost no size bias, with

J_he possible exception that very short rings appear to be

lar dynamics(MD) runs for systems of fixed bonding con- slightly less favored” The M dependenge of the strgctu_re )
figuration, starting from atomic positions equilibrated by MC S“Pporf thg thermpdyrll_all”nlcbewdedncr?, smce”the r§d|al d'shtr"
and random velocities selected from a Gaussian distributiorg_l;_:'or,1 uncngfn _varlesdltthe eyonc the SrE? efst SI_ZGS..T €
The computation of the diffusion coefficient is discussed in ! l%IS'O” CO? icient %n ,t 3\f/|5505|(§seﬁ Ta hel é)m—o.'4, |
more detail in the Appendix. The viscosity coefficient hasSimilar results are obtained foj=0.1) show that dynamica

been computed by integrating the time correlation functiorPrOpert:jes con_vergz to the Iolng-polym I'X"t slo(\j/\_/er than
of the shear stress, i.e., using the Green—Kubo relation, égermo ynamic and structural propertiesee Appendik

discussed in Ref. 20. Together withand ¢, the unit mass
(the mass of the monomen) determines the unit of time

=o(m/€)Y2 The equations of motion have been integrated  The rules described in Sec. Il allow the presence of as

by the velocity Verlet algorithm with a time step of 0.5 many linear segments as active particles, as well as a rings of
X 10 ?7. We refer to the mass of the polymbt or to the  different sizes. The active chain can grow if it interchanges a

mass distribution. Since is the unit of massM is numeri-

cally equal to the number of monomers in the polymer.

u(m)

04|

0.4 |2 ' |

the size bias in our model, we have performed extensive
simulations for rings withtVi =4, 10, 100, and 500 ay=0.1

and »=0.4. The trends are similar for these two densities,
and Fig. 3 summarizes the results for the higher packing.

B. Simulations involving bond interchanges

TABLE |. Comparison of diffusion(D) and viscosity(s) coefficients for
two-dimensional systems made Wy =4 oligomers, and systems under
equilibrium polymerization conditions. The units forands are defined by

Il RESULTS our choice,e=e=m=1.0

A. Monodispersed ring systems of fixed length

M =4 rings Equilibrium
We first investigate the structure and thermodynamic
properties of monodispersed systems comprising rings of " P S b S
fixed length. An ideal model system for present purposes 0.1 3.6:0.2 0.21+0.04  3.4:0.2 0.24:0.04
would favor neither a specific size nor a specific size range, Oé 1-;;8-38 8—?;8-82 8-%8-3? 2-9&5;02-1
but it is difficult in practice to tune the potenFlaI energy to 04 0.85-0.05 0.66-0.20 0.05:0.01 2404
ensure that the free energy of short and long rilmgshaing 0.5 063-005  1.10:020  0.080.03  4.3-04

is the same over an extended rangel' agind ». To quantify
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(a) L sites L(L-2) configurations

(b) L sites L configurations

FIG. 4. Number of available configurations for the molecules in the initial
and final states corresponding to Fig. 1 on a one-dimensional lattice.

bond with a ring, or become smaller by losing a ring when
the active head interacts with a particle of its own chain.
Since all covalent bonds are equivalent, and the number of
bonds is conserved, the reaction does not change the poten-
tial energy and can be driven by entropy alone.

One possible reason for polymerization can be identified
using a simple example. If the tetramers and the initiating
dimer move on a one-dimensional lattice comprisingites
[Fig. 4(a)] and the particles cannot occupy the same lattice
point, the number of configurations availableLi§L —2).

The elongated chain, on the other hand, has ardyailable
configurationgFig. 4(b)], and entropy will favor(a) over (b)

if the system can assume either configuration without inter-
mixing. However, a reacting system that can transform re-
versibly from(a) to (b) has thesumof the available configu-
rations,L(L—2)+L. If the transformation is allowed, the
system will display a non vanishing equilibrium concentra-
tion of the elongated chain proportional to/[L(L—2)
LI L), Woreover K oo W e o s e b o macanon o 335 i
hanced if the gntropy gdvantage of the separated units ;7&';“0.4 andT=3. The black dot identiges the active particle. Theyfigure
reduced by high packinga low L value in the one- coyers only part of the simulated system.

dimensional examp)eor by higher dimensionality, which in-

crease rapidly the number of different ways of linking neigh-

boring particles. These considerations provide a basis e remainder of a very long simulation, occasionally shed-

understanding our results. ding large rings and growing again by incorporating other
) ) ) ) rings.
1. Two-dimensional simulations We can provide more detail by computing the average
The results of the 2D simulations are much less subjediength at equilibrium of rings and the active chain as a func-
to finite size effects than 3D calculations on systems of theion of  and T. The average lengtfL,) of the chain rises
same size. Simulations were performed fpr0.1, 0.125, steadily with increasing density, with an abrupt increase for
0.15, 0.2, 0.3, and 0.5, and for &8 <4, for which the 0.1<#<0.15, and a tendency to saturate ipr0.4 (see Fig.
particles retain a sizable mobility before polymerization.7). The low density anomaly is due to the sudden increase of
Most systems polymerize, and an example is shown in Fig. %L,) from a few monomers a=0.1 to a value larger than
for »=0.4,T=23: The initial liquidlike assembly of tetramers 2000 at»=0.15. These indications that the transition is first
(a) evolves into a long chain spanning most of the systemprder are supported by the fact that fluctuations in eithgr
with residual rings of small and medium si@®. At equilib-  or the potential energyrelatively large for(L,) and fairly
rium, we observe large fluctuations in the length of the opersmall for U) do not peak close to the transition. The satura-
chain, and a sizable mobility of the active head induced bytion at high density could, however, be due to finite-size
bond interchange. The effect of packing is clear in Fig. 6.effects, since the average length of the open chain exceeds
which compares the results for=0.1 and»=0.2, atT=3.  40% of the total number of particles under those conditions.
Despite a very long simulation, the open chain does not growhe average lengtflL,) of the rings is two orders of mag-
in the dilute system, and the progressive degradation of theitude less thar{L,), and it increases monotonically with
tetramers into cyclic trimers is apparent. Fgr0.2, on the  density(Fig. 7). It is quite regular in the 0£ 7=<0.2 interval,
other hand, a long chain forms quickly and persists duringvhere(L,) displays a jump.
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FIG. 6. Snapshots of two systems equilibratedTat3: (a) »=0.1, (b)
7=0.2. The black circles identify the active particle. The figure covers only
part of the simulated system.

Temperature affects(L,) and (L,) somewhat less
strongly than densitysee Fig. 8 In the accessible range
(T=0.6), there is a monotonic increase(tf) with increas-
ing T, a more pronounced slope for &68=<1, and a ten-
dency to saturate fof=3. We cannot identify unambigu-
ously a polymerization line as a function @f at constant
density, although we note the sudden change of slope for
(L) below T=1. Exploration of still lower temperatures is
hampered by the low mobility of the active head, resulting in
equilibration times beyond our present capabilities. The pres-
ence of an anomaly close {=0.6, however, is suggested
also by the nonmonotonic behavior @f,) around that tem-
perature: the size reduction of the long active chain occurs by
the production of several medium size rings that persist in
the system and enhan¢k, ).

We have computed the mass-fraction distribution, de-
fined as the percentage of monomers belonging to a ring
(P,(M)) or a chain P;(M)) of massM,?® and the results are
shown for well-equilibrated samples in Figs. 9 and 10. Sta-
tistical error bars are obviously more significant for indi-
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< ‘b‘ ', “ o Q ’, P E N 2 ) a function of packing fractiom; at T=3. Error bars are of the order of 200
s @ ‘-‘ 9 (AR T 8 0 monomers for the chain, and 2 monomers for the rings. Empty squares:
il Y P 0@ aa s, 2~ X et 4 maximum length of the active chain during our simulations.
* o Y . TS s uf) g'
- "l‘/ “a “ 167, <
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. ,"D R:? S SeSs ,"-',. S S shown byP,(M) andP;(M). The ring distribution shows a
[\ L > “, oo s b T high and narrow peak at loM, and a nearly constant back-
Zeoa ;xv",,":«' MR . . ground extending up to large sizes. The chain distribution
7= " s ~ . .. .
R - 7[&-“: (a) . has a broad peak for large sizes, and a definite shift towards
'*@ N O’QC? ’ "o . even largeM with increasing density andl is reflected in
a 9, a 4 - s Ao - L 4

(L) and(L,). The width of the mass distributiofimeasured
by the square root of the second momentR{M) and
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FIG. 8. Solid dots: average lengths of the chain and rings as a functidén of

yidual points in these two curves than for their averages dest packing fractiony=0.4. Error bars are similar to those of Fig. 4. Empty
fining (L,) and(L,), and we discuss only the major features squares: maximum length of the active chain during our simulations.
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FIG. 9. Mass-fraction distributions for ring®,(M), shaded ardaand FIG. 10. Mass-fraction distributions for rind®,(M), shaded ardaand
chains[ P,(M)] as a function of density at=3. chains[P,(M)] as a function ofT at »=0.4.

P,(M)] is a nonmonotonic function ofy, being slightly chemical species in order to stop the polymerization process

wider at intermediate densities than at either low or highat the point where good size selectivity accompanies suffi-

packing. ciently long polymer chains. This stage is reached for most
P.(M) andP,(M) broaden ag increases, as shown in materials well before equilibration is achieved.

Fig. 10. Both distributions span a wide size range in all  The size distributions of the rings and of the chpob-

cases, confirming that the size of rings and open chains flugained fromP,(M) by dividing by M and normalizing can-

tuates significantly at equilibrium for all systems that poly- not be approximated by the Flory—Schulz Law often associ-

merize. Such wide distributions probably arise because thated with living polymers. The distribution of the open chain

length of the active chain can increase or decrease by large centered on large values & and differs qualitatively

amounts with a single bond interchange. Systems that polyfrom the nearly exponential decay with increasing size pre-

merize by simple addition of monomers display narrowerdicted for other polymerization mechanisms and models, in-

size distributions. The link between broad size distributionscluding the results of recent nonmean-field theoffe$his

and polymerization is also confirmed by the fact that the sizalifference might be related to the different order of the tran-

ranges of rings and chains is always nearly the same, becausigion here(first orde) and in previous simulation&ontinu-

of their easy interconversion. Moreover, the two size distri-ous; the fact that the mass-fractidh(M) is peaked at large

butions approach each other at low density and temperatursizes for every system that polymerizes is a further indication

when the stability of the polymeric state is marginal, and thethat the transition is discontinuous.

interconversion between active chain and rings is apparently The degree of polymerization also shows subtle correla-

more effective. tions with structural properties, such as the radius of gyration
The widths of the mass fraction distributiéh (M) and  R,. This is defined by

P;(M) increase monotonically during polymerization. They N

start from ad-like distribution atM =4, are nearly propor- , 1 5

tional to the average length of rings and chains during the RQ:W; ((xi=x)%) 2

initial equilibration stages, and increase more rapidly later.

Industrial applications exploit similar properties of real and is directly related to the logw-behavior of the structure
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FIG. 11. Séquz;rg of _thle radiusfof g_yraticlfrler paﬁicle P‘S/M of rings FIG. 12. FractiorQ(M) (in %) of the system mass represented by polymers
(crossepand chaingcircles as a function of lengti. (either rings or open chainsf size larger thamM (see text 2D systems at
the packing fractions; indicated.

factor. RS increases substantially during polymerization,

leading to a large increase in the layscattered intensity. 0.6, 7=0.4, for which rings are a factor of 2 greaién

For all samples that polymerize in the present study, chains . .
(either open or cyclictend to be coiled, i.eRS/N is close to mas$ than the open chain. Further computations are needed

. : g . tp decide whether this anomaly is the result of an accidental
unity. It is not surprising that open chains are more extende .

. i : . uctuation or a feature related to the low temperature of the
than rings, especially for the smallest sizese Fig. 11 We

have also found that short open chains are significantly morS|mulat|on. An anomaly might indicate an incipient transition

extende hn ongones, probaly becauee of excluded v 1 LIPSV TS0 S St outrance e shunderce
ume effects. This property probably plays a role in determin-wh?ch it I?esides more often than usual in pol mefic samples
ing the equilibrium length distribution; the active chain re- poly PIES.

duces its length when the active head interacts with a particle _. Insight into _the poly_m erization process can als_o b_e
belonging to the chain itself, and this event is less likely ingamed by analyzing transient features that arise on activating

. the bond exchange mechanism or by computing equilibrium
extended polymers. The elongated structure of short chain . 2 . .
. . . . . ynamical coefficients. The most obvious such effect is the
then provides in-built protection against further length reduc- o . .
rogressive increase of the average potential energy, which

tion. The structure of open chains is often characterized aISBoIIows an approximately exponential relaxation 4
by the probability distribution for the end-to-end distance,l4) The en?r)gy rise i)s/ exppected since—for the g:';ame
a.nd we ha\(e f(.)un.d that the pigture of the polymer size Ioro:[erﬁperatures—long chains have a ,higher potential energy
vided by this distribution is similar to the one given Elﬁ

. o L that the original tetramers. More surprising are the size of
In practical applications it is important to know the frac- |, . ’ . . .
. . . . this energy increase and the monotonic relaxation. The first
tion of the reacting system comprising polymérags or

chaing with a molecular mass exceeding a given threshoIdShOW‘?’ th:at entropy rises qwck!y a_nd substantially during po-
. lymerization, since the combinatioR=U—TS must de-
In Fig. 12 we show for our model,

crease during the relaxation towards equilibrium. The

M
Q(M)=100- fo P(M")dM',

for five densities ail =3. With the exception ofy=0.1, all % ' ‘
systems contain a large fraction of long polymers. The frac- ®
tion of the system consisting of very short ringsl £4) S 20 ® T=3
(Fig. 13 provides an estimate of the portion of original - i . 1
tetramers that are degraded to even smaller species. These &
very short rings can be viewed as a failure of the polymer- 2" 10 .
ization process and always represent a sizable fraction of the i . i
total mass. Their number can be reduced by increasing the ° °
packing.

Despite their large size difference, rings and chains rep- 00 0 0'2 0‘4 0.6

resent an almost equal fraction of the total mass for all but
one of the polymerized samples, since the shorter length of n

the rings is compensated by their I.arger nu'mber-' The only g, 13, Fraction of the total mass represented by cyclic trimers as a func-
exception to this rule was found in the simulation |t tion of packing fractions; for 2D systems.
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FIG. 16. Evolution of the average length,) during a MC run upon ex-

FIG. 14. Potential energgaveraged over TOMC steps per particledurin ;
ota g Ps perp leduring panding a 2D system frony=0.15 to »=0.1 atT=3.

equilibration for a 2D system af=3 and »=0.4. The simulation starts
from a homogeneous liquid comprising cyclic tetramers and evolves to-
wards a polymerized state.

in the system, including the surviving oligomers. On the
) ) ~_ other hand, viscosity is affected by short and medium range
smooth and monotonic relaxation shows that pOIVmer'zat'or?nteractions, and depends more on packing than on polymer-
occurs without crossing significant barriers, but proceeds,ation. Although a precise comparison is prevented by the
downhill in the free energy landscape. _ simplified model we use and the difference in the polymer-
The size-dependence of the dynamical properties coulgha4ion mechanism, there are qualitative similarities between
provide a sensitive probe of the degree of polymerizationy; results and measurements of the diffu&orand
Examples are the diffusion coefficient and the viscosity COviscosity’® coefficients ina-methylstyrene during polymer-
efficient, which vary significantly and monotonically during ,ation.
polymerization (Fig. 19. The comparison for the original The large fluctuations in the polymer size distribution
oligomers (M =4) and the equilibrated polymerization sys- 5 ,ggest that polymerization in our model system should be
tem shows that diffusion is more sensitive to the degree Ofgyersible. This has been demonstrated by starting a MC run
polymerization(Table ). Large connected chains hamper of o an equilibrium configuration ay=0.15, T=3 (i.e.,
even prevent the long range mobility of all other molecules oy to the polymerization line and on the polymer sided
suddenly decreasing its density #5=0.1, thereby crossing
the polymerization liné’ The average length of the active
chain, shown in Fig. 16 as a function of the length of MC

20 L

0.0 }

st
06 ¢
0.4 |

0.2

0 1000
<L, >

2000
[monomers]

3000

run, decreases quickly, first following a nearly exponential
law, and then collapsing almost discontinuously.

2. Three-dimensional simulations

Simulations in 3D have been performedat0.03, 0.05,
0.1,0.2,0.3,0.5at=3,and afT=1, 2, 3, and 4 forp=0.4.
The much larger samples required to eliminate finite size
effects would lead to simulations at least one or two orders
of magnitude longer than th@lready time-consumingom-
putations performed here. Nevertheless, the results provide a
picture of qualitative behaviors and trends on going from two
to three dimensions. First of all, at equabnd » the model
displays a more pronounced tendency towards the polymeric
state in 3D than in 2D. The average length) of the active
chain, plotted as a function of the density in Fig. 17, is al-
ways greater in 3D than in 2D, although the existence of a
polymerization line at low density cannot be identified
unambiguously® The stronger tendency to polymerization is
also apparent in the rise of the potential energy during equili-
bration, which is at least a factor of 2 larger in 3D than in

FIG. 15. Diffusion coefficienD and viscosity coefficiens during polymer- ~ 2D. The mass-fraction distributions of rings and the open
ization atT=3 and»=0.4. Each point has been computed by MD at fixed chain are wider and smoother in 3D, although the overall
bonding pattern starting from configurations selected at regular interval : e i

Zshape of these functions is similar. For the same valuds of

during the MC runs. Each configuration is characterized by the length of th . T L. - .
active chain, given by the abscissa. The unit©ainds are defined by our ~ @nd », diffusion is easier in 3D and relaxation towards equi-
librium faster.

units, e=o=m=1.
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' ' bond interchange mechanism in a system of cyclic tetramers
6000 | o o | results in the rapid formation of many medium sizil (
~50) rings and a very long chaiicarrying the active head
for most of the thermodynamical conditions we have inves-
o tigated. In 2D we find a massive polymerization for densities
4000 | . . _ corresponding t@;=0.125, and the degree of polymerization
=l increases with increasing density beyond this point. Polymer-
° ization induced by density changes appears to be associated
with a weakly first-order phase transition, characterized by
e 2D 7 low hysteresis and large fluctuations in the size of individual
polymer chains. Polymerization is also enhanced by increas-
o 3D . . .
ing temperature, but the effect is much less important than
that of increasing density.
0.0 0.2 0.4 0.6 The equilibrium probability distribution for the size of
rings decreases rapidly with size for small valuedvpfand
displays a broad and structureless background up to large
FIG. 17. Comparison of the average length of the active chain as a functiosizes. The size distribution for chains has a broad peak at
of packing fraction in 2D and in 3D ak=3. large sizes in all systems that polymerize. Neither distribu-
tion functions can be approximated by the nearly exponential
. . . o decaying functions predicted for models @imethylstyrene.
The simulations in 3D and 2D show S|m|Ia_r|t|es as We”.Thermodynamic functions and transport coefficients display
as differences. The average polymer length increases Wltl%gular trends in the transient stage during which the size

'_Pr? reastlnrg Se:?:%hang, tor a Ie?serl drﬁg:ie’tiw:h :/r;(;:renflél??h distribution reaches equilibrium; potential energy and viscos-
€ saluratio € degree of polymerization evident a 'Taty increase monotonically during polymerization, while the
upper limit of the density and temperature ranges could b

due to finite size effects. The average size of rings is agai fffusion coefficient is reduced drastically. Three-
' 9 g 92:imensional systems show much greater tendencies to poly-

roughly two orders of magnitude smaller than the average . o ~ton than two-dimensional systems.

length of the open chain, butin 3D the total mass of the rings The present results differ from earlier studies of qualita-

is somewhat less than in the active chain. The computauopIVer different flexible living polymer models mainly in pre-

of the radius of gyration shows that the overall picture dls'.dicting a first order polymerization transition with increasing

cussed above for the 2D case is also valid in 3D. Changes Igensity. Mean-field studies and beyond for models appropri-

namical properti lymerization ar litativel .
dy amica’ prope ties due to poly < gto are qualitative Yate toa-methylstyrene have generally predicted a second or-
similar in 2D and 3D, but the quantitative effects are clearly o . : o
. er transition with a lambda anomaly in the specific feat.
enhanced in 3D because of the stronger tendency towards t S ;
e main differences are that the mechanism we have

polymerized state. adopted conserves the number of bonds in the system and
proceeds via the catalytic activity of a special particle. More-
IV. DISCUSSION AND CONCLUDING REMARKS over, it allows for the coexistence of rings and open chains
Equilibrium and nonequilibrium properties for systemsand assumes that the polymerization step is neutral concern-
of N Lennard-Jones particles connected by{1) harmonic  ing potential energy, so that differences from the results of
bonds have been investigated by MC and MD simulationsprevious models are to be expected.
Each particle forms at least one and at most two harmonic We now discuss the driving force behind the transition.
bonds, so that our systems comprise a variable number d¥e have noted that the model does not introduce a substan-
rings plus one open chain. The model allows the connectivityial thermodynamical bias with respect to the polymer size,
of the harmonic links to be interchanged by the interactiorwith the possible exception that very small rings are less
with oneactive particle at one of the free ends of the chain.favored. Since the potential energy rises upon polymeriza-
The rules governing the bond interchange model the nucledion, the transition must be due to an entropy contribution
philic attack of ring oligomers of BPA-PC; all harmonic related to the bond interchange mechanism. First, the mecha-
bonds are equivalent, their number is conserved during theism allows a wide range of polymer sizes to be explored,
simulation, and the energy barrier for bond interchange ighus increasing enormously the number of possible configu-
zero. We have investigated systems of 10 002 particles in 2bations (see the discussion of the 1D example of Fig. 4
and in 3D, with packing fractiong and temperature$ in Moreover, in dense homogeneous systems the number of
the ranges 0.0657%<0.5 and 0.6 T<4. long, open chains of bonds connecting nearest neighboring
Computations for systems comprising only rings of particles is exponentially larger than the number of short
length M, and excluding the bond interchange mechanismgyclic paths. The formation of long chains, however, reduces
show that thermodynamic propertiésverage potential en- the long range mobility of particle@s shown by the strong
ergy and Helmholtz free energy per LJ partjaliepend very decrease in the diffusion coefficigerthat is another crucial
weakly on the ring length, at least fél =10. Equilibrium  source of entropy. As a result, polymerization prevails at
dynamical propertieqdiffusion coefficient and viscosity high density, when long range mobility is already prevented
display larger but regular dependencesMnTurning on the by packing. The importance of the mobility of short chains at

<L{> [monomers]

n
o
o
o
T
o
[ ]
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low density is reflected in the decline of polymerization. The Aﬁ,.(t) 1 (M) (R (t+7)— R|(T)|2>
rapid increase in the number of long open paths with the Dy= IimT:? 2(NIM)d . (A2)
number of neighbors within a bonding distance also explains t=e =1 (
the greater tendency to polymerization found in three dimenThe two coefficients must be equal if the bonding configu-
sions. ration cannot change, because the displacement of each par-
Additional contributions will be provided by dynamical ticle from the corresponding center of mass is finite, and
effects, since the local mobility of particles is less CON-1A2(t)— A (t)]/t must vanish fot— . On the other hand,
strained in long open chains than in short cyclic ones. AgainAé andAZ, can differ if bonding in the system can change.
the optimization of local mobility(leading to polymeriza-  ~ The time dependence of the positions of the particles has
tion) prevails at high density, when long range mobility is peen simulated here by microcanonical MD at fixed bonding
ineffective. These considerations all suggest a similarity tmong the particles, and a linear approximation to the long
crystallizat_ionz,9 which occurs even for hard spheres when¢me pehavior ofA2(t) or A% (t) should provide an estimate
the potential energy is identically zero and so must be enpf the diffusion constant for the system under study. The two
tropy driven. Crystallization can be understood as a similayre equivalent in practice, and the estimate is reliable if both
competition between short and long range constraints, anflinctions approach linearity within the integration time in
this parallel supports our identification of polymerization asg,, simulations(~ 10° time steps, equivalent to 5000 time
a first-order transition. It also indicates why density is much,nit9) 32 This is true for small chainsN<20) for T=1 and
more important than temperature. 7=<0.5, but not for longer chains, especially at high packing.
The (first orde) polymerization transition displays very gq, longer polymers, we find thak(t) is almost linear
little hysteresis, as shown by the rapid depolymerization of &ready at short times, but the slope decreases slowly with
sample expanded below the transition density. Reversibilityy,creasing simulation time, indicating a diffusion coefficient

together with a low or vanishing polymerization enthalpy, that is much lower than the one we could estimate directly by
are properties shared by important biopolymers such as actigy (a1). On the other handy(t) is already linear at short
or tubulin, which polymerize and depolymerize in living times, and its slope corresponds well to the long time limit of

cells under the influence of subtle chemical signals in thgpe slope ofA%(t) (as we have shown faX=100), so we
presence of suitable catalydenzymes that reduce the po- ;se A2 (1) to estimate the diffusion constants for systems
tential energy barrier dramaticaff).Our model lacks essen- \ ith N=20 in Table I.

tial ingredignts (in_cluding rigidity or an e_nvin_)nment- Over a time span that increases vanAE,(t) is slightly
dependent interactigrof these systems, but it might shed |grger for longer chains than for smaller ones, i.e., over mi-
light on the driving force behind these processes. croscopic times, particles in longer chains explore a local

Our study suggests interesting directions for future work.gyironment that is larger than particles in shorter ones. The
Apart from the obvious extension to larger systems and adsstion of a monomer in a long chain is less constrained at

ditional active sites, there are questions concerning the eXigqort times by the slow motion of the center-of-mass, and the
tence, location and natuteontinuous or discontinuobsfa  oneony advantage is particularly true at high density, for
polymerization line in 3D. There are indicatiof®e Fig. 17 \hich long time diffusion is practically unimportant even for
of a polymerization transition qualitatively similar to that gnot chains. The bond interchange mechanism breaks the
observed in 2D, and this is supported by the fact that theg|ation between single particle diffusion and center of mass
mass fraction of rings grows when the density is reducedjispjacement even at long times, individual particles can hop
below 7=0.2. Furthermore, the effects of solvents and im-¢rom one (dynamically defineimolecular aggregate to an-
purities, and the interplay with other phase transitions aryther, andDp can be larger thaB,, . The difference can be
interesting fields. Our simulations do not reveal clear disco”rarge for highly polymerized samples, for which the time
tinuities corresponding to liquid—solid transitions, becausesaje gver which the molecular constraint affects the single
the system becomes microcrystalline, and disordered already, icle displacement becomes much longer than the lifetime
at medium range. of individual bonds. In such cases, there is a gain in entropy
because particles in long chains explore a wider portion of

the phase space, thus displacing the chemical equilibrium
APPENDIX: THE SELF-DIFFUSION COEFFICIENT even farther towards larger sizes.

We discuss here the connection of the present results to
the self-diffusion coefficient, which is defined for a system of *Comprehensive Polymer Scieneelited by G. Allen and J. C. Benington

N equivalent particles as (Pergamon, Oxford, 1989
2S. C. Greer, inAdvances in Chemical Physjasdited by I. Prigogine and
A%(t) 1 N <|ri(t+ T)— ri(T)|2> S. A. Rice(Wiley, New York, 1996, Vol. 94, p. 261; S. C. Greer, J. Phys.
Dp=lim =— , (A1) Chem. B102, 5413(1998.
oo L tis1 2Nd 3D. J. Brunelle, inRing-Opening Polymerization: Mechanisms, Catalysis,

) ) . . . Structure, Utility edited by D. J. BrunelléHanser, Muchen, Germany,
whered is the system dimensionality and the average is over 1993, p. 309.

the initial time 7. If these particles are grouped intdl/{(M) “In the industrial synthesis of polycarbonates, the polymerization process is

molecules of SiZM,Sl we can define a similar diffusion con- terminated at an early stage, in order to optimize the size distribution of
the polymer chains.

stant Oy) for the molecules in terms of the molecular sp gajione, B. Montanari, and R. O. Jones, J. Phys. Chert04 2793
centers-of-mas§R,,| =1,...,(N\/M)}, (2000; P. Ballone and R. O. Joneifjid. 105 3008(2001).
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ZLAlthough the ground state structures obtained by simulated annealing ap-
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be described as porous microcrystalline materials, with similar local coor-
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jlzln addition to the configurational entropy, there is an ideal contribution
that contributes little to the free energy difference at the densities and
temperatures of our study.

2The mass fractioP(M) defined in Sec. Ill is different from the size
probability distributionC(M) (defined as the concentration of polymers
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species. See Ref(19.

15The LJ potential is set equal to zero fox3c. It is replaced by a third
order polynomial for 2.8<r=<3¢ such that the potential and its first
derivative are continuous throughout.

For simplicity, we exclude the possibility of isolated particles.

28The region of very low density cannot be sampled efficiently by our simu-
lations because the frequency with which the active head collides with
other particles is too low to lead to equilibration within an acceptable
time.

The relation between polymerization and crystallization has been dis-

Nonvanishing bending and torsional force constants could introduce quali- ¢,ssed in early studies of the phase transition in actin, F. Oosawa, S.
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%A quantitative assessment of finite size effects that is planned will requir
very long computations, at least for some benchmark cases.
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30
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e31We restrict ourselves to the monodisperse case, but the generalization to

the polydisperse case is straightforward.
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and to allow a comparison of diffusion coefficients by MC simulations.
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