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The thermodynamics of homopolymers and clusters with square-well interactions of up to 64
particles are studied with constant-temperature discontinuous molecular dyn4bitd)
simulations; for comparison Monte Carl®dC) simulations are also reported. Homopolymers
composed of more than five beads are found to exhibit two or more equilibrium transitions. In the
long chain limit, these multiple transitions correspond to gas-to-liquid, liquid-to-solid, and
solid-to-solid transitions. In particular, the liquid-to-solid-like disorder-to-order transition for
isolated 32mers and 64mers is strongly first orl@modal energy distributionat the reduced
square-well diametex =1.5. As\ decreases from 1.5 to 1.3, the bimodal distribution becomes
unimodal. The use of Lindemann'’s rule for solids indicates that the structure formed right below the
liquid-to-solid transition temperature has a solid core but a liquid surface. Comparing the
homopolymer results with those for square-well clusters indicates that the bonding constraint in
homopolymers increases the temperatures of transitions but decreases their strength. The solid
structure of an isolated 64mer is nearly identical to that of a cluster of 64 beads. Possible approaches
to the experimental observation of the solid-state for an isolated chain are discussd®97©
American Institute of Physic§S0021-96007)52547-5

I. INTRODUCTION fixed bond length via Monte Carl@MC) simulation meth-
ods. Finally, we compare the thermodynamic results for iso-
Homopolymer transitions have been the subject of rejated 64mers with those for a cluster containing the same
newed theoretica** and experiment&*interest in recent number of SW atoms. This is expected to provide a deeper
years. These studit€®?*~?’have focused primarily on the understanding of the role played by bead-connectivity in ho-
second-order-like(except for stiff chain§°=3J coil-to-  mopolymer transitions. Moreover, it is of interest because it
globule collapse transitiof* In a previous papef, we permits a comparison with the multitude of results that exist
reported that in addition to the collapse transition, liquid-for clusters of Lennard-JonékJ) sphere$-4°
solid and solid-solid polymorphic transitions are found fora  The equilibrium mean-squared radius of gyration, inter-
freely-jointed off-lattice homopolymer chain consisting of 64 nal energy and constant-volume heat capacity are obtained
monomers(64me) with square-well interactions. Surpris- for square-well chains of length 3-8, 12, 16, 32, and 64 at a
ingly, the liquid-solid disorder-order transition was found to square-well diametex o= 1.50 where o is the square-well
be first-order. Although such complex homopolymer phasehard-core diameter. Comparing MC results with DMD re-
behavior had been suggested by thedfids and sults indicates that the thermodynamics of the flexible-bond-
experiment$??®?®2%it so far had been observed only in length model and that of the fixed-bond-length model are
relatively-esoteric homonuclear lattice-chain modélee  quantitatively the same except at low temperature. The mul-
self-attracting self-avoiding trail on the Sierpinsku gasRet, tiple equilibrium transitions reported earlier for a 64mer are
the two-dimensional self-attracting self-avoiding loS@mnd  also found for chains of lengtN=6 to N=64 (the longest
the three-dimensional lattice with attractive two-body inter-chain consideredas measured by the appearance of plateaus
actions and repulsive three-body interactidhs or peaks in the heat-capacity versus temperature curve. For
This paper provides the details of our previous briefan isolated 64mer, decreasing the square-well diameter from
publicatiort® describing the results of the study of an isolated\=1.5 to 1.3 weakens the liquid-solid transition; far
64mer modeled as a freely-jointed square-w8W) chain  =1.5, it is strongly first-order-like with a clear bimodal dis-
with flexible bond length that was simulated using the dis-tribution in the instantaneous potential energy at the transi-
continuous molecular dynami¢BMD) techniqué®~*°inthe  tion temperature, while fox =1.3, the bimodal distribution
canonical ensemble. It also presents results for the effect dfecomes a unimodal distribution. The transition behavior of
chain length, SW diameter, and bond constraints on the okan isolated 64mer is found to be similar to that of a cluster of
served homopolymer transitions. In addition to the flexibly-64 SW atoms; both exhibit multiple transitions and both have
bonded model® we also investigate chain models with a a first-order-like liquid-solid transition. The thermodynamics
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of a SW cluster is shown to be similar to that for LJ TABLE I. Character of polymer chain models.
clusteré®=*°and for lattice trees and lattice animais?!

. . . Chain model Lattice Stick Square-well Realistic
The paper is organized as follows. The models and simu- Y d
lation methods are described in Secs. Il and Ill, respectivelyBead positions  Discrete  Continuous  Continuous Continuous
The results are presented in Sec. IV and discussed in Sec. {pteraction Contaét  Contact Discontinuous  Continuous

In the Agpendix, the Spe.CiﬁC form of the V\{eighted h.iStO_gramaonly nearest neighbor interactions are included in model studies.
method? used for obtaining thermodynamic properties is de-
scribed.

Il. MODELS _ _
A square-well chain can be viewed as a model that

bridges the gap between a simple lattice chain model and a
The homopo]ymer is modeled as a free]y-jointed Square‘_‘realisticn chain model. Table | summarized the differences
well chain. The interaction between two nonbonded beads and similarities among four major types of polymer models:
andj is given by a square-well potential lattice chains, sticky chair?§;595quare—well chains, and ‘“re-
alistic” chains. The square-well chains are more realistic

A. The chain model

% r<o, than the lattice chains not only in that the beads are allowed
Uij(r)=y —€ O<I<Ao, (1) to be located anywhere in space but also in that the bead-
0, r>\o, bead interactions exist over a finite range. A sticky ctfin
and the interaction between two bonded beiadadi+1 is ~ (nonbonded beads interacting with a Baxter sticky
given by an infinitely-deep square-well potential, potential—an infinitely narrow and deep square well
potentiaf® can be viewed as a model that differs from the
©, r<(l=éo, lattice model only in the possible positions of the beads.
uﬁ?ﬂdl(r)z 0, (1-%o<r<(1+)o, 2

o, r>(1+d)o.

Here,o is the bead hard-core diamet&rr is the square-well
diameter,e is the square-well depth, and the bond length is
allowed to vary freely from (% 8)o to (1+ 6) o whereé is

the bond-length-flexibility parameter. This flexible square- A cluster is not stable in the vapor phase. In a LJ-cluster
well bond, sometimes called a “Bellemans” boritis intro-  simulation, the atoms are usually constrained to be inside an
duced to decouple multibody collisions into binary collisionsimpenetrable sphere, the center of which is located at the
between monomer beads or between a monomer bead and@ordinates of the center of mas®., the sphere moves with
solvent particle in the DMD simulatiof?. >® The flexible  the center of the clustgf! A typical radius for the sphere is
bond-length parameter is setde= 0.1 throughout this paper, 5o for clusters of up to 55 particlé§:* In this paper, we
except for the MC simulations which use a fixed bond-lengthuse a constraint potential that is somewhat different but is
model (6=0) to save computing time. Thus, the comparisonmore convenient for the DMD simulation. A SW cluster can
of the DMD results with the MC results for chains of the be viewed as a SW chain with a bond length that can vary
same length reveals how bond length flexibility affects thefreely from o to «. Thus, instead of using the Bellemans

B. The cluster model

properties of the chain. bond potential for chaingEqg. (2)], we employ
The simulations focus on the case in which the square-
well diameterio is equal to 1.5 for chains of various ©, r<o,
lengths except for 64mers. A 64mer is investigated Xor UR?le(r): 0, o<r<(1+é.)a, 3)
=1.3 and 1.5. The choice of thevalues reflects the fact that o, r>(1+46;)0.

the reduced square-well diameterfor real molecules is
around 1.4, based on fitting of experimental second-virialn other words, the thermodynamics of an unconstrained SW
coefficient data® cluster is obtained in the limif.— . Equation(3) was first

The simple square-well chain model is chosen in thisused by Rapport as a bond potential for a chaiith a small
study for the following reasons. First, the model is a reasonvalue of §,).>**° As in LJ clusters, the constraint parameter
ably realistic off-lattice model. It takes into account three 6. has to be large enough to allow free movement of the
important polymer features: bead connectivity, excluded volbeads but small enough to prevent beads from moving so far
ume, and bead-bead attraction. This chain model has be@&way from each other that they cannot recombine within the
used successfully to reproduce thermodynamic properties difetime of a simulation. We usé.=4 for a SW cluster of
alkanes ranging from methane to eicosah&econd, the 64 atoms. This value allows free movement of beads if the
model is computationally much less demanding than a modeadluster radius of gyration is less than &,5or Ré/Na2
with a continuous interaction potential such as the LJ poten<0.1, which is the case for a reduced temperatiife
tial. (For a system of 25 square-well chain butane moleculesskgT/e<<0.8. Although a largeb, is appropriate for higher
the DMD algorithm is about 40 times faster than the SHAKEtemperatures, the overall transition pattern is expected to be
algorithn"b.43 similar to that obtained af.=4.
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Ill. SIMULATION METHODS Molecular dynamics simulations are often performed in
a microcanonical ensemble, that is, an ensemble containing a
constant number of particles, constant total energy, and con-
Equilibrium MC simulations are performed in the ca- stant volumé® The details of the use of the DMD algorithm
nonical ensemblgconstant temperature, constant volume,for the case of a square-well chain in a microcanonical en-
and constant number of particleShe MC procedure is as semble can be found in earlier wotk**“°In a constant
follows. First, an initial configuration is generated from aenergy ensemble, however, a short isolated chain is not an
self-avoiding random walk. Then, chain monoméead$  ergodic system at low energies because the chain can be
are moved via the “translate-jiggle” algorithm of Dickman trapped permanently in a low-energy configuration if its ki-
and Hal?z in which the beads along the chain are ChOSGrhe'[iC energy is not h|gh enough to overcome the energy bar-
sequentially and subjected to a move if a random number iier. This problem may be remedied by placing the isolated
greater than a predetermined fractimg. 50%. When a  chain in a constant-temperature bath. The collision between
bead is subjected to a move, it undergoes a small indepefhe bath particles and the chain can help the chain to get out
dent random displacement in which the bond vector joiningof low energy traps. For this reason, we simulate the isolated
the chosen bead and its neighbor is normalized so that théquare-well chain in a “canonical” ensemble, that is, an en-
bond length is unchanged. After the move, the rest of th&emble with constant number of particléé, and constant
chain is translated so as to reconnect the chain. The Metrop@emperatureT; for an isolated homopolymer, there is no
lis algorithn?® is used to determine whether or not to acceptyolume constraint.
this move. The step size of a moving bead and the fraction of  Current constant-temperature MD techniques include
beads allowed to move are chosen to be between 0.8—0.5elocity-scaling’® stochastic collision method$,constraint
and 10%-50%, respectively, so that the acceptance rate glethod<® extended system methoffsand various hybrid
each move is around 1%-10%. MC methods®"® The Andersen stochastic collision
During the simulation, the statistical averages of themethod” is best suited for the present case. In the Andersen
mean-squared radius of gyrati®j, reduced internal energy method, an isolated chain is immersed in a constant tempera-
E* and the reduced heat capadijf are calculated from the ture bath of imaginaryghosi particles, a system that can be
following equations®* easily handled by DMD techniques. To our knowledge, this
is the first application of the Andersen method to DMD

N
Ri=( = [0 x0+ (i —ye) ™+ (3-2)%]) , (@  simulations.

A. Monte Carlo simulation

of The basic idea of the Andersen method is that particles
E experience random collisions with imaginary heat-bath par-
E*=< >Cf, (5) ticles (ghost particles which do not appear explicitly in
€ simulations. The Andersen method can be incorporated into
cx =C, /kg=BY(E?)y— ((E)ep)?], 6) DMD techniques by introducing a new type of collision—the

“bead-ghost” collision—in addition to core, bond, and
where() s denotes the configurational averaljeis the chain  square-well collisions. The “collision free” time for a par-
length,x;, y;, andz; are the coordinates for beadandx., ticle satisfies an exponential distributi6hThus, the time at
Y¢, andz; are the center of mass coordinates for the cHain, which a “bead-ghost” collision occurs is calculated from an
denotes the internal energg=1/kgT, Kg is the Boltzmann  exponential-distribution-random-number gener&tbt
constant, and is the temperature. Five independent runs of I
lengths ranging from 10to 10! Monte Carlo steps are con- P()y=ve ", (@)
ducted to obtain a 95% confidence limit for averages. Theyheret is the time since the previous ghost or real collision
simulation code has been tested against Taylor's exagindv is the mean bead-ghost collision rate. Most bead-ghost
results® for the internal energy, heat capacity, and radius ofzollisions occur at< 1/v.
gyration of an isolated square-well tetramer. Assuming that the ghost heat-bath particles are hard-
spheres which have the same size and mass as the polymer
bead, we can calculate the mean collision nateth a given
bead from the kinetic theory of gagés
Molecular dynamics simulation algorithms for chains in- T N oy,
teracting with discontinuous potentials such as hard-sphere v=Ngo16mkgT/m, ®)
and square-well potentials are different from those for chainsvheren is the number density of ghost particles amnds
interacting with soft potentials such as LJ interactions. Unthe mass of ghost particles or polymer beads. Equa8pis
like soft potentials, discontinuous potentials only exert forcesbased on the assumption that each polymer bead is connected
when particles collide. The binary collision dynamics for dis-to its own heat bath. For a single chain in a real solvent, the
continuous potentials can be solved exactly. Thus, the DMIbead-solvent particle collision rate is different for each
algorithnf®~%34%involves searching for the next collision bead. For example, the bead-solvent collision rate for the
time and collision pair, moving all beads for the duration of middle bead of a trimer is expected to be smaller than that
the collision time, and then calculating the velocity changedor the two end beads because the end beads shield the
of the colliding pair. middle bead. However, assigning different collision rates to

B. Discontinuous molecular dynamics
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each bead does not alter the equilibrium results though it is teq >Eit;

expected to change the kinetics. Thus, we use the same bead- E* =(E)i/e= T | Edt=———=, 9

ghost particle collision rate for all beads in this paper. The =g 70 !

value of the bead-ghost particle collision ratalso does not 1 (teq > EX,

affect the equilibrium result¥. It only changes the rate at (Ez)t=t— fo E2(t)dt= St (10
1

which the polymer beads explore configurational space and ed

reach equilibrium. For dynamic properties, if a collision fatewhereteq is the equilibrium simulation time £€3;t;), the
is too high, the simulation generates exponentially decayingummation is over all collisions after equilibratid, andt;
single-particle time correlation functiofisbut otherwise are the internal energy of the system and the time between
ghost collisions have only a small effect on time the (i—1)th collision and théth collision, respectively. The
correlations’® In general, we find that reduced ghost densi-replacement of the integrals in Eq8) and(10) by summa-
ties, ng = nga3, ranging from 0.05 to 0.5 yield a number of tions is exact because the internal energy of an isolated chain
ghost collisions that is 1%—10% of the total number of col-does not change between collisions. In a constant-
lisions; this is adequate to generate a highly accuratéemperature simulation, the constant-volume heat capacity
constant-temperature trajectory. The relative differences besan be obtained either from the temperature derivative of the
tween the average temperatures among independent runs &mergy or from the fluctuation in the internal enefgy.e.,

0, 1 F i -
less than 1%. The fluctuation of temperatutkmetic en 1 (7<E>t_ (<E2>t_<E>t2)

ergy, KB also accurately reproduces the kinetic contribution  ~* — — (11)
to the heat-capacity(ideal heat capacily ie., C * kg T kgT
= (KE) dT = ((KE?)— (KE)?)/kgT?=3NKkg/2, where

Unlike C, andE, the squared radius of gyration varies be-
tween collisions. To save computing time, the squared radius
h@f gyration is calculated via the configurational avergige.

v ot i ) (4)] rather than the time average; a configuration from the
=(E)/JT andC,”=KEx)/dT with (E), the average interal - p\p simulation is sampled every 100 or 1000 collisions.
(potentia) energy and E), the average total enerdy. The partition functiorz can also be obtained via DMD

In a constant-temperature DMD simulation, the ghosigimyations. Since square-well chain models have discrete

particles mimic real solvent particles. The randomly-energy levels, the partition functih can be expressed as
generated bead-ghost collision time for each bead based Qym over all energy levels as follofifs

Eq. (7) is recalculated only if the velocity of that bead is

changed due to collisioftore, bond, well or ghost collision 7 2 o B
If a bead-ghost collision occurs, the velocity of the bead that " 9k '
collides with a ghost particle is chosen afresh from the
Maxwell-Boltzmann distribution at the simulated tempera-WhereE, andgy are the energy and degeneracy factor for the
ture. Thus, the constant-temperature DMD algorithm differsenergy levek, respectively. The degeneracy factyris the
from the constant-energy DMD algorithfii*3“5only in the ~ SUM of contributions from the various configurations that

addition of a new collision type: the bead-ghost particle col-have the same energy. The contribution of each configuration
lision. depends on the volume of configurational space in which the

Various time-saving techniques that are used in thehain is free to move without changing its energy. The par-
constant-energy DMD algoritiffican also be applied to the tition functionZ can be calculated for any temperature if the
constant-temperature algorithm. These include the singld€MPerature-independent degeneracy fagpeare known. If
event time lis€® the neighbor list’ the link list”® the binary all energy levels have statistically significant populations at
tree minimum-time searcd, and the delayed position ON€ temperature, it is possible to extrggtfrom the prob-
update’® The single-event time list is found to be very useful ability distribution in simulation runs at that temperatéite.
for an .isolated short chainNi<100). In the single-event For chains with more than 5 beads, simulations at one tem-

time list®® the times of the soonest-to-occur collision for \?veeria;utreed i?stgo:arid?:ti%%vgsnagfd ?CI)I es)t(?rtaes._ -fl;glrjns the
each particle are stored. As a result, only the collision times. ghte 9 .cg,
. . - . simulations at several temperatures. In this work, the

of beads involving the last colliding pair needs be updated ; . :

. . Ferrenberg-Swendsen equation for the weighted histogram
We find that for an isolated square-well 64mer the comput- : o : . o
Lo . method is modified slightly in that the equation is based on a
ing time is reduced by a factor of 10 by the use of the single- . . .
event time list. The other techniques are not used in thinormallzed population rather than on an unnormalized one.
work because Ithe are suitable c?nl for systems of 300 oﬁr—he details can be found in the Appendix.

y y y Once the partition function is known, thermodynamic

H 3
more particles: . . - . guantities can be calculated from the relatfdns
Representative thermodynamic quantities for an isolate

(KE)=3NkgT/2. [It should be noted that the heat-capacity
C, reported in this paper is the excess heat-capacity over t
ideal term C!9; that is, C,=C'"-3Nky/2, where C,

(12

chain are the average internal energy and heat capacity. In A*=—-T* |n Z, (13
the DMD simulation, the reduced internal enefgly and the

average squared internal energfg?); can be obtained by E* — (T* ,9InZ 14
taking time averages over the equilibrium trajectdry =) aT* ’ (149
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ot JE* 15 0.5
v s 8mer
where T* (=kgT/€) is the reduced temperature and 0.4 | ©16mer
(=Ale) is the reduced Helmholtz free energy. v 32mer

Another important quantity is the bead-bead rms relative o 64mer

distance fluctuation, given by

B 2 E \/((rij>cf_<rij>cf)
“N(N-1) & (rij)et ’

wherer;; is the distance between beadandj. For a ho-
mopolymer,Ag as defined above contains a negligible con-
tribution from bonded beads~25/N=0.003). The rms
bead-bead distance fluctuatidrg is used to characterize the
liquid-solid-like transition in clusters or other systems with-
out crystalline ordef® It is related to a disorder parameter
A, which compares the atomic vibrational amplitude
(Ar2)2with the lattice constard of a crystal. According to
Lindemann’s rulé?82 there is a critical value oA, above
which a solid melts into a liquid since the vibrational ampli-
tude can no longer increase without damaging the solid lat-
tice. This critical value ofA, for simple infinite solids and
finite clusters is found to be 0.1-0.15 for a wide range of
substances with various interaction potentials and crystal
structure$3-8 |t has been shown that the critical ratio for
the distance fluctuatiomg is also around 0.1 for LJ

Ag (16)

clusters?648 R o e
Application of Lindemann’s rule to a finite irregular sys- 0.1 1 10
tem requires evaluation ¥ Reduced Temperature

2\1/2
A = <Ari >cf A = z A2 IM 12 1 FIG. 1. Monte Carlo simulation results for the normalized squared radius of
L~ a L7 i L J 17) gyration Ré/(azN) as a function of reduced temperatdré(=kgT/€) for
isolated square-well chains of different lengths. The exact result for an iso-
wherea= o, the near neighbor distande,is the position of lated 4m¢|(Ref. 15 is shown as a solid Ii_ne. Error bars are less thgn the size
. 2 _ 2 is th d of the points except as shown; dotted lines are results from spline fit.
beadi, (Arf)g [=((ri—(ri)e))¢] is the mean-square

fluctuation, andA is the Lindemann disorder parameter for

an individual bead. In the calculation ¢Ar?), the trans-  pendent rungstudent-T testis reasonably small or the total
lations and rotations of all configurations respect to the firshumber of collisions reaches 1 billion. For low temperature
configuration are removed by shifting the center of mass cosimulations, it is found necessary to anneal the random initial
ordinates to the origin and minimizing the root mean-squaredonfiguration from a high temperatu¢fer example T* =1)
deviation through finite rotatiorf§. The disorder parameter pefore performing an equilibrium simulation to avoid the
A for the whole chain or a part of chain is obtained from thesystem being trapped in local minima.

root-mean-squared averageA:\fi over the choseM beads.

The radial and bond-angle distribution functions are im-|v, RESULTS
portant |_nd|cators of the mtramo!ecu_lar struct.ure of a chaln.A_ MC results for chains of fixed-bond lengths
The radial and bond-angle distribution functions are calcu-
lated via a simple histogram meth&d. Figure 1 plots the Monte Carlo results for the normalized
The initial configurations of the DMD simulations are squared radius of gyratioRS/(azN) as a function of re-
obtained from self-avoiding random walks and the initial ve-duced temperatur&€* for chains of lengtiN=4, 5, 6, 8, 16,
locities are obtained from random numbers generated fro32 and 64 and reduced square-well diameterl.5. The
the Maxwell-Boltzmann distribution at the simulation tem- curves are sigmoidal in shape which indicates the presence
perature. The equilibrium results are obtained from five in-of a coil-globule or collapse transition. The MC simulation
dependent rungdifferent initial configurations and veloci- results for an isolated 4mer are in excellent agreement with
ties which last from 6 million to 1 billion collisions the exact results obtained by Tayldr.The Flory ©-
depending on the temperature and chain length. The first hatemperature for the infinitely-long square-well chain can be
of the collisions(equilibration are discarded. We increase estimated from the position of the intersection of tRg
the total number of collisions until the range of the 95%curves of the three longest chaif$6mers, 32mers, and
confidence limit on the heat capacities based on five indeé4mers that are simulated.Figure 1 showsT~2.5. An-
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FIG. 2. Average value of slope of IRf) vs In(N) over the chain lengths 16,
32, and 64 at ?/arious reducer(Jj tem??raf[r’re(,t\ge dotted line resultgfrom a 2 I n e ' »im)
spline fit and the dashed line indicates the approximate locatidrt, of 9"‘

- ‘ Qg‘%\ o 7mer
other method for estimating th®-temperature is to calculate ’9)-.’ 506% ¢ 6mer
the temperature at whicRZxN asN—;% i.e., at the®- 1302 %0 S, = Smer
temperature, the slope of Hﬁ) versus Inl) should approach } .-‘—"-:w ® 4mer

1 for long chains. Figure 2 shows the average slopes of
In(RS) versus Inl) over chain lengths ranging froihd= 16 to
N=64 at different temperatures. According to this criterion,
the ®-temperature is again around 2.5. More accurate assess-
ment of the®-temperature requires data on the radius of
gyration for longer chains. Th@&®-temperature estimated
here is in close agreement with the valueTgf~3 deter- ]

mined from the temperature at which the second virial coeff'C; 3; MC results for the reduced heat capacity per segragin

.. . . [=C,/(kgN)] as a function of reduced temperature for isolated square-well
ficient of square-well chains is zeféBased on the data for cnains of different lengths. The exact result for an isolated 4Ref. 16 is

the radius of gyration alone, it appears that the homopolymeshown as a solid line. Error bars are less than the size of points except as
transition atT’(f)~2.5 is a well-defined single-stage collapse shown; dotted and dashed lines are results from spline fit.

process and that there are no transitions below that tempera-

ture.

The heat capacity results for the isolated square-weltlence is also observed for the temperature location of col-
chains show a much richer and more complex transition patapse transition as indicated by tﬁtg curves. As the chain
tern than the radius of gyration curves. Figure 3 plots thdength increases th= 64, the plateau again becomes a peak
reduced heat capacity per be&};/N, as a function of the centered aT* =1.5. The low-temperature peak, on the other
reduced temperatur€* . C; is evaluated using the fluctua- hand, persists as chain length increases. Since the low tem-
tion equation her¢Eq. (6)]; C determined fromyE*/JT* perature peak is the heat capacity maximum, comparison of
is essentially the same. Again, the MC simulation results fofFigs. 3 and 1 indicates that at least for 6mer, 7mer, 8mer and
the heat capacity of an isolated 4mer agree with Taylor'sl2mer, the heat capacity maximum does not signal polymer
exact result$® exhibiting a well-defined single peak. How- collapse since the radii of gyration do not vary significantly
ever, as the chain length increases, this peak flattens out farith T* around the transition temperature. At the chain
5mers and then splits into two peaks for 6mers. The twdength of 12, there is an additional peak centeredlat
peaks shown in th&€, versusT* curve for 6mers clearly =0.27, suggesting that an isolated 12mer experiences three
signal the existence of two equilibrium transitions. As thetransitions. Similar behavior is also found for the 16mer; its
chain length increases further, the high-temperature pealfieat capacity has two plateau values at temperatures higher
flattens out into a plateau € /N~ 1.25 for chain lengths of than the heat-capacity-maximum temperature.

7, 8, 12, 16, 32; the position of the plateau is at a higher To take a closer look at the transition behavior for short
temperature for longer chains. Similar chain-length depenehains, we examine the transition of an isolated 6mer in de-

Reduced Temperature
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FIG. 4. MC results for reduced internal enerdy*(=(E)/e) and reduced
heat capacity per segment as a function of reduced temperature for an is =
lated square-well 6mer; dotted and dashed lines are results from spline fit E
tail in Fig. 4, which plots the energy and heat capacity as ¢ ‘
function of reduced temperature. At low temperatures, the 0.1 1 — — 10
simulation results for the internal energy approaeiO, Reduced Temperature

which corresponds to the maximum number of square-wel.
contacts possible for an isolated 6m@As the figure shows, FIG. 5. The reduced time-averaged internal endggy- ((E)/e) per bead,

the low-temperature peak in the heat capacity is located bene reduced heat capacit¢*(=C, /kg) per bead, and the reduced
tween the average energy values-08 and—10. Thus, the configurationally-averaged squared radius of gyraR§o? per bead for an
owtemperatue pealC, maximury signals the ransiion e e oy paronoer”
from the er_1ergy level of=9 to the_ energy level Qf_ 10, 5=0.1(Ref? 98 and 5=OB(R;‘.. 15 (the rigid-bond-length chgnplimbitare
while the high temperature peak signals the continuous Cokown as solid line and dashed line, respectively. The constant-temperature
lapse transition from high energy states to the energy level abMD simulation is conducted a$=0.1 (filled circles. The square-well

—9. It appears that as the temperature decreases, an isolaté@meter\o=1.50. Error bars are smaller than the size of points except as
6mer first collapses to the energy level 60 and then, as SNown:

the temperature is further reduced, the chain reorganizes it-

self into the lowest energy level of 10. We use the word
“reorganize” for the low-temperature transition since this i
transition occurs within a collapsed structure and involves d8duced heat capacit;

much smaller change in radius of gyration than the highconfigurationally-averaged squared radius gyratl%ﬁiq 3
temperature transitiofsee Fig. L per bead for an isolated trimer with bond-length flexibility

For chains with lengths of 16, 32 and 64, the MC simu-Parameter=0.1 and square-well diametar=1.5 are plot-

lations at low temperatures do not converge sufficientlyl€d @s & function of reduced temperatde The constant-
within a reasonable computational time. This is because thigmperature DMD simulation resultédenoted by filled
“translate-jiggle” moving algorithn$2 like many others®is  Circles are in perfect agreement W|th*the exact reéﬁtter

unable to handle compact high-density chain configurationgh® thermodynamic properti&s" andC; (denoted by solid

Although other MC moving algorithms such as the reptationln€S)- o . .
method®®2 the continuum-configurational-bias metii&d® There is slight difference, however, between the simula-

and the concerted-rotation met§6& might improve the tion results and the exact results for the radius of gyration

sampling efficiency for low-temperature compact configura-(Fig- 5). The simulation results for the radius of gyration are

tions, we use the DMD technique to obtain converged resultSlightly larger than the exact results at low temperature and
in this work. are very slightly smaller than the exact results at high tem-

perature. We attribute this small discrepancy to biased con-

B. DMD Results for chains with flexible bond lengths figuratipn sampling. The configurations, whi.ch were sampled
(A=1.5) from simulations every 100 or 1000 collisiorisee Sec.

] 1 B), are at a position where a collision has occurred be-

1. Trimer cause that determines the steps of a DMD simulation. This
The DMD code can be tested against the exact results fazonfigurational bias will lead to an overestimationRyf at

an isolated flexibly-bonded square-well trin%érin Fig. 5, low temperatures and an underestimation at high tempera-

the reduced time-averaged internal enekfy per bead, the

per bead, and the reduced
2

J. Chem. Phys., Vol. 107, No. 24, 22 December 1997

Downloaded 22 Feb 2008 to 152.1.209.194. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



10698 Zhou et al.: Thermodynamics of homopolymers

tures because of inclusions of too many configurations o R T T
beads at the boundary of the square-well interaction. Suc ; l
bias is most severe for a trimer because one or two out of th 8mer
three beads have collided. To verify this bias, we modifiec 2 02 | o
the program in that polymer beads are allowed to move ove N\bm , ‘
a random time interval that is less than the next collision &
time before the configuration is selected for the average 0.1 &g Faame .
With this modification, we find that the agreement for the . ’
radius of gyration between the simulation results and the i\
exact results improves. However, we do not employ this /
modification to save computing time. The bias introduced i<
very small for the trimers and is expected to be even smalle
for longer chains. 34
To illustrate the difference between the trimer with fixed L
bond lengths and the trimer with flexible bond lengths, we § R
also plot the exact restift for a chain with a fixed bond 0 — e
length (denoted as dashed lina Fig. 5. It shows that the
difference of thd?g and thermodynamic results between the
two chain models is small but detectable in an isolatec =1 | : -
trimer 28 E V e

/ oMC ]
21 * DMD -

C,/N
6/
o

2. Octamer (8mer)

The thermodynamic properties and radius of gyration for 0.1 1 10

an isolated square-well 8mer are shown as a function of re Reduced Temperature
duced temperature in Fig. 6. The MC simulation results
(6=0, denoted as open circlesire compared with . the FIG. 6. The reduced time-averaged internal endggjy=((E)/€) per bead,
constant-temperature DMD resu(#=0.1, denoted as filled e reduced heat capacitg? (=C, /kg) per bead, and the reduced
circles. The MC and MD results have the same qualitativeconfigurationally-averaged squared radius of gyraRgho? per bead for an
features for all quantities investigated although there arésolated freely-jointed square-well 8mer are plotted as a function of reduced
quantitative differences at low temperature. The internal entemperatureT* =(kgT/€). The MC simulation result forg=0 (open

. . . . _circles is compared with the constant-temperature DMD simulation results
ergy and radius of _gyranon for the ﬂeXIny'bonded Chamfor 5=0.1 (filled circles. The square-well diametero=1.50. Error bars
(DMD resulty are slightly smaller than the results for the are smaller than the size of points except as shown; dotted lines are results
rigidly-bonded chainfMC resultg at low temperature. These from spline fit.
energy and size reductions are caused by the ability of a
flexibly-bonded chain to reach a lower energy level than the
rigidly-bonded model since neighboring beads in a erxiny-and. a plateau ar* %06 The plateau tgmperatures for the
bonded chain experience smaller hard cores than those infI xibly-bonded and rigidly-bonded chains are the same but

rigidly-bonded chain. As temperature decreases, the reduc% N heat-capa_cny-vs-t_emperature peak for the flexibly-
internal energy(or the negative of the average number of _o_nded model is at a higher temperature than the peak for the
square-well overlaps approaches—17 for the rigidly- rlgldly-bond_ed model. In both the MC and DMD results, the _
bonded chain but approachesl8 for the flexibly-bonded heqt-capacny. peak corrgsp_onds (o a temperature range in
chain with 5=0.1. (For an even larges, the absolute value which the radius of gyration is nearly constant. This suggests

of the internal energy of a flexibly-bonded chain could reac fhat the he."".t'c‘;j‘?&c'ty peak dogs not S|gnql a polym.er col-
21, the maximum number of allowable square-well overlap apse transitioi®'%The plateau is the more likely candidate

for an 8men At high temperature, the internal energy and or the collapse transition which is characterized by a sudden
! reduction of the chain size. Figure 6 also suggests that the

radius of gyration seem to be independent of bond flexibility. -
Evidently, the tendency of flexibly-bonded beads to be fur-tWO transitions(represented by the plateau and the pdak

ther apart at high temperat$fes essentially cancelled by a square-well 8mer get closer together as the bond flexibility
the ability of the flexibly-bonded chain to reach a lower en-Parametem changes from 0 to 0.1.
ergy level than can the rigidly-bonded chain.

The heat-capacities for the flexibly-bonded and rigidly 3- 16mer
bonded 8mers are similar at high temperatures but the The equilibrium results for an isolated 16mer are shown
flexibly-bonded chain has a stronger low-temperature peak Fig. 7. Unlike the isolated 8mer, MC simulation is unable
than the rigidly-bonded chain. The stronger peak is causetb provide accurate low-temperature data within a reasonable
by the ability of the flexibly-bonded chain to reach a lower computing time. As was the case for 8mers, bond-length
energy than the rigidly-bonded chain. The heat-capacity oflexibility has little or no effect on thermodynamic properties
the isolated flexibly-bonded 8mer has a peaklat0.22  at high temperature. At low temperature, the internal energy
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FIG. 7. As in Fig. 6 except for an isolated 16mer. For the radius of gyration,

two MC results aff* =0.25 and 0.3 are nearly hidden due to overlap with FIG. 8. As in Fig. 6 except for an isolated 32mer. The solid states are
the DMD results. identified based ol values and are averaged over two or three indepen-

dent runs.(Only two or three out of ten independent runs yield “pure”
solid-like stateg.The inset shows the details of the low-temperature behav-
ior of the two states in equilibrium.

and radius of gyration for a flexibly-bonded chain are

slightly lower than those for a rigidly-bonded chain based on
the available data. For an isolated square-well 16mer, IW%

. onfigurations at the same temperature yield two distinct
plateaus appear on both the b/l C and DMD heat'Cap"’w*'ty'vséquilibrium states. In most cases, the two states are stable
temperature curves; one dt*~1 and the other afl

~0.4. As temperature decreases further. the heat-ca aciﬁ%/er 250 million equilibrium collisions while in certain runs,
L P ' P e system oscillates from one state to the other. One of the

i X = i i i -
reaches a maximum at . 0'.18' Agam.’ th's. maximum ap Fwo states is liquid-like because it has a high internal energy
pears to signal a reorganization transition since the radius-of- . . . o )

. : . apd highAg (~0.2) while the other one is solid-like with a
gyration change is small. The heat—ca_paqty data s_u_ggest thﬁ)wer internal energy and lodg (<0.1). Thus, we have a
the square-well 16mer has three equilibrium transitions. Th?wo-state liquid-to-solid transition occurring over a wide
first transition(starting at high temperatureorresponds to temperature ran tvoical bh f Il finit

" . S ) p ge, a typical phenomenon for a small finite
the collapse transition &t* ~1 which is characterized by a system(e.g. LJ cluster®)
sudden reduction of the polymer chain dimension, while the y e '
second and thirdat T* ~0.4 and 0.18, respectivelyre re-
organization transitions that allow the chain to reach a lower; o,
energy level. Three transitions are also seen for rigidly-

bonded 12mersFig. 3. The equilibrium results for 64mers are shown in Fig. 9.

Again, the sigmoidal shape of th‘eg VS temperature curve
indicates the presence of the well-known collapse transition.
The collapse transition is also indicated by a heat-capacity vs
Figure 8 shows the temperature dependence of the equiemperature peak at* =1.5, a very weak pealor plateal
librium properties for an isolated 32mer. The MC and MDin MD results and a stronger peak in MC results. As the
results for the heat capacity and internal energy agree wittemperature decreases further, the squared radius of gyration,
each other very well frorT*=0.45 toT*=5; no MC cal- which becomes nearly a constant @.059N), gives no indi-
culations were made beloWw* =0.45. AC, plateau afT* cation of any other transitions. However, a first-order transi-
~ 1.3 signals a collapse transition. As the temperature is lowtion is evident from the appearance of a “discontinuit{?*
ered further, there is a strong transition ©t~0.27. For in internal energy atT*~0.33. This “discontinuity”
*=0.24-0.27, different runs with different random initial [E* (T* =0.34)—E* (T*=0.32)~0.5N], is accompanied

4. 32mer
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FIG. 10. Reduced conformational free energyAj/T*) as a function of
conformational energy of individual energy statdobtained via weighted
histogram method, see Appengiat T*=0.336. The energy stat®

-6 ’ — ] — (Eg/e=—318) and the energy stafe (En/e=—287) are separated by a

0.1 . 1 10 free-energy barrier. The energy of the transition s@té /€, is —301.
Reduced Temperature

FIG. 9. As in Fig. 6 except for an isolated 64mer. The solid line is obtainedture' the chain fluctuates between two stable states that have
from the weighted histogram methdsee the Appendix different average internal energies.

To examine the nature of this first-order transition, we
calculate the rms-bead distance fluctuatidg,, as a func-
tion of temperaturdfilled circles, Fig. 13. At low tempera-
ture, Ag<<0.1, indicating that the homopolymer is in its
solid-like phase. As temperature increagkg,increases as a
result of stronger thermal fluctuations. NeBf~0.33, Ag
changes “discontinuously” from 0.06 t* =0.32 to 0.28 at
. T*=0.34. This indicates an order-disorder melting transi-
=0.336 between two energy levels, which we shall Zall tion. As temperature increases furthdrz reaches a maxi-

(EA.= —287e) andB (Eg= _3.186).(Fig' 1.0)' [Th? confqr- mum atT* ~ 2, which is between the high-temperature heat-
mational free-energy shown in Fig. 10 is obtained via the

. ) . . capacity peak* = 1.5 andT§, (=3). The decrease dfg at
weighted histogram method; see E45) in the Appendix] high temperature suggests that there are less fluctuations in
The energy difference between the energied ahdB, 3le, '9 peratu ugg uctuat :

explains the observed energy “discontinuityE* (T* the bead-bead distances for the random-coil states because

. the stretched chains are constrained by chain connectivity.
— _E*(T* — ~ . g
=0.34)-E*(T* =0.32) 0'5'\.12 The energy barner.between We also evaluate the Lindemann disorder parameter for
low-energy statd3 and transition stat€, Ec—Eg, is 17e.

. an individual bead, A, . Figure 14 showd\, as a function
Snapshots of the structures for energy levels A and-ig. . I . '
11) suggest that the latter has a hexagonal-like symmetr itfe distance of bead from*tfe chain center of mass at
while the former is more disordered. Structure C appears t =0.30, 0.3*2_and 0.34. AT*=0.34 (_above the transition
be somewhat elongated and more disordered than either A éc?_mperatureT __0‘336’ the system_ Is clearly liquid-like
B. The radii of gyratiorRS for the energy levels A and B are with A'-i>0'7’ @?ependent of the distance frorTl thg center.
calculated during one simulation &t = 0.33. R/ o2 for the Below the transition temperatui® =0.336, the interior of
energy level A is 3.514averaging over 5 million configura- the 64mer has a more-or-less constapt. The root mean-
tions) andR3/ o for the energy level B is 3.55@veraging ~ Squared average dfi , A, over the beads that are less than
over 18 million configurations thus, (RS)A—(RS)B is only  1.40 away from the center yields a value of 0.075. Thus, the
0.0402. This is why the radius of gyration data does notinterior of the 64mer satisfies Lindemann’s rule for a solid
provide strong evidence for the existence of the first-ordebelow the temperaturé* =0.30. HoweverA, for beads at
transition(Fig. 9). In Fig. 12, the instantaneous internal en- a distance more than Irdis 0.26 at the same temperature,
ergy is plotted as a function of number of collisioftisne) at ~ suggesting that the motion of beads at the surface is liquid-
T* =0.33. The figure shows that near the transition temperalike. For T* =0.32, similar behavior to that at* =0.30 is

by large(“infinite” ) value of the heat capacitfC; ~ 30N at
T*=0.33 and 0.34 in certain runsAt lower temperature,
there appears to be another transition.

The first-order transition in an isolated 64mer is further
verified by the appearance of the free-energy barrief*at
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FIG. 11. A snapshot of the structure for energy level A, C and B as labeled
The structure on the top shows the actual packing of the structure A. Al
other structures are shown in a cross-eyed stereo plot where the bead dia
eter is smaller than the actual diameter for a clear view.

observed except that, is somewhat larger for all values of
the distance from the center; e.g. for a distance less tha
1.40, A, =0.12. This suggests the critical value for Linde-
mann’s rule is~0.12 for the liquid-to-solid transition in the
interior of the 64mer. This critical value is in good agree-
ment with 0.125 found for a hard-sphere sdffd.

Figure 15 shows the bead-bead radial distribution func
tion and running coordination numbédefined to be the in-
tegral of the distribution function over the distahé®m five

10701

T'=0.33 (64mer)
340 T

320

300

280

Number of SW Overlaps

260
300

400
Millions of Collisions

500

FIG. 12. The instantaneous number of square-well overlaps as a function of
time (expressed in term of millions of collisionsor an isolated 64mer at
T*=0.33.

potential between nonbonded beads yields a discontinuity at
rlc=1.5. At T* =3.80, the running coordination number is
around 2 for the first peak af o between 0.9 and 1.1. This
simply states the fact that each bead is bonded with its two
neighbors. Beyond the first peak, the radial distribution func-
tion has only two weak peaks locatedrdtr=1.5 and 2.0
which signal the presence of bead-bead attraction and bead
connectivity, respectively. Below the collapse transition

(*=1.5)
Cluster

0.6

&0

<

0.2

0.0

05 1
Reduced Temperature

independent runs for an isolated 64mer at various reduce ..

temperatures. The radial distribution function is nonzer
starting fromr/oc=1—6=0.9. The bead connectivity pro-
duces peaks nearo=1, 2, and 3 while the square-well

J. Chem. Phys., Vol. 107, No
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FIG. 13. The relative rms bead-bead distance fluctuatigas a function of
reduced temperature for an isolated square-well 64mer calculated via DMD
simulations. Dashed lines serve only as a guide for the eye.
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FIG. 14. The individual Lindemann disorder parameﬁgras a function of

the distance of beadfrom the center of mass. FIG. 16. The bond angle distribution functions obtained from five indepen-
dent runs at various reduced temperatures for an isolated 64mer.

(T*=1.5), the overall structures of the radial distribution

functions atT*=1.0 and 0.35 are similar to the high- radial distribution function exhibits many more peaks than
temperature T* =3.8) structure but the former have more those forT*>0.33. The multiple peaks in solid structures
pronounced peaks ato=1.5 and 2.0. AfT* =0.35, which indicate that the motion of the beads is dominated by the
is above the liquid-solid transition temperature 0.336, theiprational motion. Based on the values of the running coor-
number of nearest neighbo(mcluding the bonded beads dination number for solid structures, each bead is surrounded
reaches 6. For the solid phasesTdt=0.32 and 0.20, the by 6 beads in the first layer (o~ 1.3) and another 6 beads

in the second layerr(c~1.7).

The bond-angle distribution functions at various tem-
peratures are shown in Fig. 16. At high temperature, the

107 ' LS T 0.2 distribution is relatively featureless. For structuresTat
5| T=3.80 1 ox =1.0 and 0.35below the collapse transitionthere are two
peaks at around 65° and 90°, respectively. This indicates that
10 § ey : : 0.0 there is some structure in the liquid-like homopolymer phase.
= /," Ta1.00 For the solid phases a* =0.32 and 0.20, additional peaks
.“g' 5t 102 appear around 120°, 135°, and 175°. The first two angles
3 ] signal hexagon-lattice and square-lattice symmetries, respec-
5 20 0.0 & tively. The near-linear 175° bond angle also indicates a
5 g highly compact lattice structure.
T 10 - 192 & A typical solid structure of a 64mer &t* =0.32 (right
8 20 00 g below the transitiopis shown in Fig. 17. The structure of an
o -8 isolated 64mer is a rather well-ordered 3-dimensional lattice
E 10 1o4 which mixes hexagonal and cubic lattice symmetry. This
@ mixing occurs because there is an accidental degeneracy for
20 0.0 A=1.5 with beads arranged in a square having the same
energy as beads arranged in a hexagon. As the temperature is
10 1 0.4 decreased below 0.2, this simple lattice structure undergoes a
~continuous polymorphic solid-solid transitigkig. 9) into a
0 0.0 more-spherically-shaped structure which has less symmetry

but a lower energyFig. 18. This polymorphic transition
may be categorized as a displacive polymorphic transifidn,

FIG. 15. The radial distribution functions and running coordination numbersIn which the Iow-temperature structure is more ordefreith

obtained from five independent runs at various reduced temperatures for & [OWer entropy but has lower symmetry than the high-
isolated 64mer. The dashed lines are running coordination numbers. temperature structure.
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FIG. 17. A cross-eyed stereo plot of a typical snapshot of the 64mer a
T*=0.32.

The chain-length dependence of the simulation result:
can be summarized as follows. As the chain length increase
the number of transitions increases from one for the 3mel
4mer and 5mer, to two for the 6mer, 7mer, and 8mer, and t
three for the 12mer, 16mer, and 64mer. Although the 32me
only exhibits two transitions, a third transition could occur at
T*<0.24, the lowest temperature investigated here. A
chain length increases from 32 to 64, the temperature ¢

which the liquid-to-solid transition occurs increases, along 0.1 1 10
with the strength of the transition. Meanwhile, the tempera- Reduced Temperature

ture range over which two states coexist becomes narrowe |
in accord with the fact that the temperature range is expected

FIG. 19. The DMD thermodynamic results far=1.3 are compared with

to approach zero for a chain composed of an infinite numb%e results foi = 1.5.

of particles.

C. DMD results for A=1.3 (64mer) (not shown. A weaker low-temperature transition is also re-

It is of interest to know how a change in the square-wellflected in the rms bead-bead distance fluctuatigncurve
diameter affects the transition behavior of a square-wel(OPen circles shown in Fig. 13; the quantithg gradually
chain. In Figure 19, the DMD results for radius of gyration, Passes the critical value of 0.1 78t <0.25 rather than sud-
heat-capacity, and internal energy of an isolated 64mar at denly, as is the case of=1.5 atT*~0.33. Despite the
=1.3 are compared with those at=1.5. As the figure Significant difference in the traq;ition str(_angth at low tem-
shows, the internal energy at=1.3 is always higher than Peratures, the values of the radii of gyration for 1.5 and
that at\ = 1.5 because of the lower overall attraction in the 1.3 are nearly the same arount=0.35. This suggests that
former model. As has been observed for short chirss, the range of attractiorinot just packing is crucial for a
shorter-ranged attraction leads to a stronger gas-to-liquidStong trgnsition to a soli'd' in a finite system. The relatively-
like collapse transition at a lower temperature. However, it iixed liquid-to-solid transition temperature and the decrease
somewhat surprising that the low-temperature transitior? the gas-to-liquid transition temperature with decreasing
weakens from a bimodal energy distributitiiist-order-like; ~ Suggest that the two transitions might combine into one if the

see Fig. 1Dat A =1.5 to a unimodal distribution at=1.3 ~ square-well diameter were to decrease further.
To see if there is a difference between the low-

temperature solid-like structures of the 64mer witk 1.5
and those of the 64mer with= 1.3, the comparison between
the radial distribution and angle distribution functions at
T*=0.2 is made in Fig. 20. The number of peaks in the
radial distribution forn=1.3 is less than the distribution
function for A\=1.5. This suggests that at*=0.2, the
64mer forA=1.3 is less “solid”-like than the 64mer with
A=1.5, even though\g<0.1 for both cases. The running
coordination forh=1.3 is 5 for the first and second peaks,
which is smaller than 6 fon=1.5. The angle distribution
FIG. 18. A cross-eyed stereo plot of the structure of a low energy statgurther shows S|gn|f|c§1nt structural differences. The bond
(E* =—342) found in 1 billion collisions of a simulation annealing from angles of the 64mer with =1.5 have a large probability to
T*=1.0 toT*=0.05. be at 90° while the probability of the 64mer with=1.3

J. Chem. Phys., Vol. 107, No. 24, 22 December 1997

Downloaded 22 Feb 2008 to 152.1.209.194. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



10704 Zhou et al.: Thermodynamics of homopolymers

20 — . : .
:: [ =15 / «— Coordination Number

3 / 1
1“r '/ \« =13 ]

12 + k

Coordination Number
H

0.04
0.03 -

0.02 -

Angle Distribution

0.01 |

1.0

4 0.9

0.8
0.7
0.6
0.5
04

403
102
404
5 0.0

0.00
Angle (Degfee)

FIG. 20. The radial distribution and bond angle distribution functions from
five independent runs &t* =0.2 for the cased =1.3 and 1.5 as labeled.

40 60 80 100 120 140 160 180

Cluster

N
¥

13

E/N

-6.5 |4‘1.1.11.|||4'
00 02 04 06 08 1.0 1.2 14 16 1.8 2.0

Reduced Temperature

uonnquisia 1e1peY

20 — T r T 1.0
i CIus_ter (r=0.27) | 0.8
————— Chain (T =0.25)
16 | 108
14 107
g 2
E2t = {08 &
4 i ” ‘G’
St H 105 @
ﬁ ¥ ‘| =—‘..
£ [ ,'\ (-2
o8t v £
R s
6 r / A
i
4l A
/ )
\ i
2 /
i d A
¥ b/
o L

-
N F

rlo

FIG. 22. The radial distribution functions of cluster and chain obtained from
five independent runs.

having a 90° bond angle is nearly zero. This is because 90°
bond-angle yields a square-well overlap when1.5 but not
when\=1.3.

D. Square-well cluster of 64 square-well beads

The mean-squared radius of gyration, the heat-capacity
and internal energy for a square-well cluster composed of 64
beads are compared in Fig. 21 with results for a 64mer
square-well chain having the same square-well diameter
=1.5. The chain and the cluster have similar values of the
radius of gyration at temperatures bel@¥=0.8. ForT*
>0.8, both models experience a sudden increase in the ra-
dius but the increase in the cluster size is much stronger
since the cluster experiences no bond constraffitse sud-
den increase irRé for chains is not visible in this figure
because of the scale; readers are referred to Fig. 9 instead.
The absence of “bond” constraints in a cluster also leads to
stronger gas-liquid and liquid-solid transitions at lower tran-
sition temperatures. From the chain to the cluster, the gas-
liquid-like transition temperature decreases fréin=1.5 to
T*=1.25 and the liquid-solid transition temperature de-
creases from 0.336 to 0.28. Since there are fewer constraints,
a lower temperature is required to induce transitions. The
overall transition patterns of an isolated cluster and chain are
similar even though the bond constraint in the chain signifi-
cantly weakens the gas-to-liquid like collapse transition.

The solid structure of the cluster is remarkably similar to

FIG. 21. The DMD results for the thermodynamics of a square-well clusterthat Qf a SW chain. Figure 22 shows that the running coor-
of 64 beads are compared with those results for a square-well chain of 6dination numbers for the two systems are the same and the

beads. The linegexcept for the radius of gyratiprare obtained via the
weighted histogram methotsee Appendix The lines for the radius of
gyration serve only as a guide for the eye. The internal energy of the chain
here also includes the neighboring bond-energy68e) to facilitate com-

parison.

radial distribution of the cluster is nearly identical to that of
a chain except that the peaks for the cluster are sharper.
The thermodynamic results for the SW cluster are quali-
tatively similar to those for the LJ cluster. Both exhibit two
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transitions that correspond to gas-to-liquid and liquid-to-indicate the existence of long-lived kinefi@and equilibrium
solid transitions for the bulk pha®&and both liquid-to-solid-  intermediate€3?° Microcalorimetric measurements  of
like transitions are first ordér. poly(N-isopropylacrylamide and polyN-isopropylmetha-
crylamide also show that these homopolymer transitions can
have the “two-state” and “domain” character of coopera-
tive transitions?®> More recently, a solid-to-solid polymor-
The present results show that an isolated square-well hgdhic transition was predictétt for particles interacting with
mopolymer chain exhibits multiple equilibrium transitions square-well or square-shoulder potentials in two dimensions
similar to SW and LJ clusters. In contrast, most previousand observed® in a confined colloid suspension of un-
homopolymer simulatiorfg#~6:8-1013,14,19,104-11599,100,116-120 charged polymethylmethacrylate spheres that exhibited first-
(except those for relatively esoteric lattice chainorder liquid-to-hexatic and hexatic-to-“solid” transitions.
modeld”*3y have only found a single transition. This can This suggests that the solid-solid polymorphic transition
be explained as follows. The majority of the previousfound here for a SW homopolymer is real. Our recent simu-
simulationg:26-9-11,13,19,104,106-108,110-112,116-}19 e focused lations of heteronuclear 46mers further suggest that the
primarily on the chain dimensional quantities, such as thesolid-solid polymorphic transition in the interior of the col-
radius of gyration and end-to-end distance. As demonstrateldpsed globule coincides with the liquid-to-solid transition of
here, they are not good indicators of a liquid-solid-like the whole chain based on Lindemann’s rtfglt is to be
and/or a polymorphic solid-solid transition since the varia-noted that a corresponding phase complexity is found for a
tion in the radius of gyration for these transitions is verycluster of 55 LJ atoms which coexist in three phases: liquid,
small (e.g., the difference irRS is ~0.0402 for the liquid-  surface-melted solid, and solid at certain temperattfres.
to-solid transition of 64mer Further, there is a lack of heat- One question about the complex homopolymer phase
capacity data, which are a sensitive indicator of differentdiagram presented here is whether it is caused by the short
transitions, due mainly to the difficulty associated with ob-range and discontinuous feature of the square-well potential.
taining converged resulf§.Most of the existing heat capac- We cannot give a direct answer because the DMD simula-
ity calculations deal with lattice modef$?>11311°As we  tions are required to obtain well converged results for the
have shown, decreasing the range of the attractive interactidhermodynamics. However, the physical origins of all the
(i.e., the well width weakens the liquid-solid-like transition. transitions have been identified; they are a gas-to-liquid-like
Thus, nearest neighbor interactions in lattice models, whicltollapse and a liquid-to-solid transitions of the chain interior
have a well width of zerdor, equivalentiyh =1), may have (Fig. 14 for the first two transitions at high temperatures
weakened the liquid-to-solid transition so much that it isand, possibly, a freezing transition of the liquid surf&céor
masked by the collapse transition. In an off-lattice MC simu-the low-temperature ‘“polymorphic” transition. In other
lation of heat-capacities as a function of temperaturewords, there is no “strange” or unphysical transitions due to
Milchev et al® used a Morse potential whose attractionthe square-well potentials. It is known that the critical phe-
range is short X~1.25) and did not find a liquid-to-solid nomena predicted for a fluid composed of particles interact-
transition. Karasawa and Goddard'ffl calculated the heat- ing with a square-well potentis* are as realistic as those
capacity for isolated polymethylene; however, their resultgredicted for a fluid composed of particles interacting with a
are not accurate enough to determine if there is multilJ potential. Moreover, we have shown that the phase be-
transition behavior. Baumgaer obtained heat-capacities for havior of SW clusters is isomorphic with that of LJ
isolated LJ chair§1® which indicated that there was only clusters*®*” Furthermore, the heat-capacity peak for LJ
one transition. He suggested that this transition is a liquidehains was identified as the liquid-to-solid transit?én®In
solid-like transition because the temperature at which the@ther words, a LJ chain has at least two transitions: the col-
heat-capacity exhibited a maximum was much smaller thatapse and liquid-to-solid transitions even though the former
the ®-temperature T* =~3.7) and because the change in theis not strong enough to produce a heat-capacity peak. Thus,
radius of gyration was very small. His suggestion is in ac-it is likely that the phase behavior observed for SW chains is
cord with our findings. It is interesting to note that his heatphysically meaningful.
capacity results did not show any trace of a collapse transi- To observe a liquid-to-solid transition for an isolated ho-
tion. This may be caused by the fact that the liquid-to-solidmopolymer in an experiment, the transition temperature
transition masked the collapse transition. Recentlypdz should be around room temperatur&~300 K). For a
found that the J-walking Monte Carlo method yielded a first-64mer, this requires a square well depthe
order liquid-to-solid like transition with a bimodal distribu- [ =kg(T/T*)yand, to be equal to 1.8 kcal/mol, which is
tion of energy for a cluster of 55 LJ atoms while the standarchearly 20 times stronger than 0.1 kcal/mol, the typical well
Metropolis MC method generated a weaker transition with adepth for the interaction between methylene groups in
unimodal distribution of energf?. Thus, it is unclear whether vacuum[CHARMM (Ref. 125 parameter set 1&Ref. 126].
the transition found in LJ chains would be changed by use oSuch a large well-depth would require the use of a ho-
a different MC algorithm. mopolymer composed of different monomers, perhaps in-
The existence of complex-phase behavior for isolatedolving aromatic groups. For a collapse transition Tg}
homopolymer chains is supported by several recent light=300 K, however,e is only required to be 0.2 kcal/mol.
scattering experiments on pON-isopropylacrylamidgthat  Such an interaction strength can be easily achieved by dis-

V. DISCUSSION
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solving the homopolymer in an unfavorable solvent. This  The weighted histogram method is a least-square optimi-

explains why the polymer collapse transition is easier to obzation method to extract the degeneracy factggsfrom

serve than a polymer disorder-to-order transition. simulations at several temperaturds, 1=1,2,...L) from
While it may be difficult to show experimentally that the formally exact expression

multiple equilibrium states in homopolymers exist, proteins L

have been found to have a complex phase diagram with de- E P(T)

natured states, disordered molten globule states, and unique i=

native state$?” That a corresponding thermodynamic com-  %=T (A2)
plexity is found in homopolymer simulations may suggest > e AEh

that multiple states are an essential property of many macro- =1

molecules. whereg, = 1/kgT, andf, is an optimization parameter, which

Note added in proofit is interesting to note that Nelson s related to the Helmholtz free energy at temperafyreia

et al?® have recently made phenylacetylene oligomers that = — g A(T,). This equation is a slightly modified version
form stable helices inVOIVing Strong StaCking interactions be'of the origina' Ferrenberg_SWendsen equaﬁ%n:

tween the aromatic groups. This supports our suggestion that
homopolymers involving aromatic interactions could have
liquid to solid transitions at room temperature.

L
> t(T)
=]

k= (A3)

i :
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APPENDIX: THE WEIGHTED HISTOGRAM METHOD
FOR DMD SIMULATIONS
. ) ) 100 / ]
Consider a system which h&senergy levels each with
energyE,, k=1,2,... K. The probability(normalized popu-
lation) of statek at a given simulation temperaturg,
1 1 1 o 1 1 1
P«(T)), can be obtained from DMD simulations, 300 290 T 0
t(T)) EJe
KT =1 (T (A1)
eq ' FIG. 23. The logarithm of the degeneracy factpr(normalized byg, at

wheret,(T,) is the total time during which the system is in E = — 335 as a function of the reduced energy leigl/ e for a 64mer with

the energy staté andteq(T|) is the total equilibrium simu- N=1.5. Each dot corresponds togdlscrete energy level. The mcr'em'ent from
one energy level to the nearest higher level is alwayEhe normalization

|atKion time at temperatureT,. Obviously, one has yseq here is only for the purpose of convenience since only the relative
2= 1P(T)=1. values forg, can be obtained from the weighted histogram method.

J. Chem. Phys., Vol. 107, No. 24, 22 December 1997

Downloaded 22 Feb 2008 to 152.1.209.194. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



Zhou et al.: Thermodynamics of homopolymers

Oncef, is known, the degeneracy factgg can be calculated

10707

22B_ Chu, I. H. Park, Q. W. Wang, and C. Wu, Macromolecu?€s 2833

from Eq. (A2). Then, the partition function at any tempera- , (1987.

ture can be calculated from E@L2) and all other thermody-

namic properties can be obtained from E¢k3), (14) and
(15). To determing| andg,, Egs.(A2) and(A4) are solved
iteratively with energy-population simulation da®a(T,) as

input. The detailed procedure is as follows. First, an initial

guess forf| is made(f,=0 is usedl andg, is calculated from
Eq. (A2). Then, a new improved guess féy is obtained

3K. Kubota, S. Fujishige, and I. Ando, J. Phys. Ché, 5154(1990.

24E. 1. Tiktopulo, V. E. Bychkova, J. Ricka, and O. B. Ptitsyn, Macromol-

ecules27, 2879(1994.

25E. |. Tiktopulo, V. N. Uversky, V. B. Lushchik, S. I. Klenin, V. E. Bych-

kova, and O. B. Ptitsyn, Macromolecul28, 7519(1995.

. Chu, Q. Ying, and A. Y. Grosberg, Macromolecul® 180(1995.
2TM. Nakata, Phys. Rev. B1, 5770(1995.

28C. Wu and S. Zhou, Macromolecul@s, 8381(1995.

2C. Wu and S. Zhou, Phys. Rev. Lef7, 3053(1996.

26

[oe]

from Eq. (A4). The iteration continues until the differences };P- G. de Gennes, J. Phy§rance Lett. 36, LS5 (1975.

betweenf, values from two successive iterations are less;,
than 0.01%. It should be noted that only relative valueg,of

C. B. Post and B. H. Zimm, Biopolymefs3, 1487(1979.
. Y. Grosberg and D. V. Kwznetsov, Macromolecul®s 1970(1992.

33M. A. Moore, J. Phys. AL0, 305 (1977).

are obtained sincg, multiplied by any constant can satisfy 3. C. Sanchez, Macromoleculd®, 980(1979.

both Egs.(A2) and (A4).

35y, Zhou, C. K. Hall, and M. Karplus, Phys. Rev. Left7, 2822(1996.

A: _ _ % u, ¢
To facilitate the comparison between different energy - M- Lifshitz, A. Y. Grosberg, and A. R. Khokhlov, Rev. Mod. Phy),

683 (1978.

states, one defines the conformational free energy for energyr . Finsy, M. Janssens, and A. Bellemans, J. Phy8, 5106 (1975.

level k,

BAL"= —In(gee P = BE,—In g. (A5)

38E. Orlandini, F. Seno, A. L. Stella, and M. Tesi, Phys. Rev. L&#.488

(1992.
3°R. Bradley, Phys. Rev. B8, R4195(1993.
0B, J. Alder and T. E. Wainwright, J. Chem. Phyd, 459 (1959.

Since A=E—TS, one can also define the conformational 1y . wood,Fundamental Problems in Statistical Mechanics(Morth-

entropy for the individual energy levél as
SEM=kg In g. (A6)
Investigation ofAS°" and S{°" as a functiorE, is one of the

Holland/American Elsevier, Amsterdam, New York, 197p. 331.

42D, C. Rapaport, J. Comput. Phy&4, 184 (1980.

43J. Liu, T. L. Bowman II, and J. R. Elliott, Jr., Ind. Eng. Chem. R&3,
957 (1999.

443, W. Smith, C. K. Hall, and B. D. Freeman, Phys. Rev. Le8. 1316

methods for determining if there is a free energy barrier be- (1995.

tween energy level¥® Figure 23 shows the logarithm of the

degeneracy factog, as a function ofg, for a 64mer with
A=1.5. The concave-upward shape of thgyrcurve around
E,= —300¢ indicates a first-order transitidf i.e., such a
In g, dependence combined with BE, yields a barrier in
the free energyEq. (A5) and Fig. 10Q.

1|. Szleifer, E. M. O’'Toole, and A. Z. Panagiotopoulos, J. Chem. P83s.
6802(1992.

2A. Rey, J. J. Freire, M. Bishop, and J. Clarke, Macromolec@gsl311
(1992.

3H. S. Chan and K. A. Dill, J. Chem. Phya9, 2116(1993.

4J. M. Victor and J. B. Imbert, Europhys. Left4, 189 (1993.

SA. Milchev, W. Paul, and K. Binder, J. Chem. Ph{@8, 4786(1993.
SA. Sikorski, Polymer34, 1271(1993.

"H. H. Gan and B. C. Yu, J. Chem. Phyi00, 5922 (1994.

8p. Grassberger and R. Hegger, J. Chem. Ph§8. 6881(1995.

9A. M. Rubio, J. J. Freire, J. H. R. Clarke, C. W. Yong, and M. Bishop, J.

Chem. Phys102, 2277(1995.

10A. M. Rubio, J. J. Freire, M. Bishop, and J. H. R. Clarke, Macromolecules®*N. Metropolis, A. W. Rosenbluth, M. N. Rosenbluth, A. H. Teller, and E.

28, 2240(1995.

11G. Tanaka and W. L. Mattice, Macromolecul28 1049(1995.

2A. Byrne, P. Kiernan, D. Green, and K. A. Dawson, J. Chem. Phg8.
573(1995.

133, Ma, J. E. Straub, and E. I. Shakhnovich, J. Chem. Ph§8, 2615
(1995.

43, W. Smith, C. K. Hall, and B. D. Freeman, J. Chem. Pl 5616
(1996.

“6R. S. Berry, T. L. Beck, H. L. Davis, and J. Jellinek, Adv. Chem. Phys.

70B, 75 (1988.
4’R. E. Kunz and R. S. Berry, Phys. Rev. Léti, 3987(1993.
D. Frantz, J. Chem. Phy&02, 3747(1995.
E. Lopez, J. Chem. Phy%04, 6650(1996.
50D, S. Gaunt and S. Flesia, PhysicalA8 602 (1990.

S. Gaunt and S. Flesia, J. Phys24, 3655(1991).

M. Ferrenberg and R. H. Swendsen, Phys. Rev. 16&t1195(1989.
53A. Bellemans, J. Orban, and D. V. Belle, Mol. Phg8, 781(1980.
54D. C. Rapaport, J. Phys. A1, L213(1978.
55D. C. Rapaport, J. Chem. Phyal, 3299(1979.

%6A. E. Sherwood and J. M. Prausnitz, J. Chem. PHyis 429 (1964.

57C. P. Bokis, M. D. Donohue, and C. K. Hall, Ind. Eng. Chem. R3S;.
1290(1994).

58M. Banaszak and Y. C. Chiew, Phys. Rev4& 3760(1993.

9y, Zhou, C. K. Hall, and G. Stell, Mol. Phy&6, 1485(1995.

0R. J. Baxter, J. Chem. Phy49, 2770(1968.

61J. K. Lee, J. A. Barker, and F. F. Abraham, J. Chem. PBs.3166
(1973.

52R. Dickman and C. K. Hall, J. Chem. Phy&5, 4108(1986.

Teller, J. Chem. Phy21, 1087(1953.

84H. L. FriedmanA Course in Statistical Mechani¢®rentice—Hall, Engle-
wood Cliffs, 19885.

%M. P. Allen and D. J. TildesleyComputer Simulation of Liquidéxford
University Press, Oxford, 1987

8. V. Woodcock, Chem. Phys. Lett0, 257 (1971).

1y, A. Kuznetsov, E. G. Timoshenko, and K. A. Dawson, J. Chem. Phys.5"H. C. Andersen, J. Chem. Phyz2, 2384(1980.

103 4807(1995.

15M. P. Taylor, Mol. Phys86, 73 (1995.

16M. P. Taylor and J. E. G. Lipson, J. Chem. Phy84, 4835(1996.

17y, A. Kuznetsov, E. Timoshenko, and K. A. Dawson, J. Chem. Ph§4.
336 (1996.

18y, A. Kuznetsov, E. Timoshenko, and K. A. Dawson, J. Chem. Ph§4.
3338(1996.

19M. wittkop, S. Kreitmeier, and D. Qiiz, J. Chem. Phys104, 3373
(1996.

%8W. G. Hoover, Annu. Rev. Phys. Che34, 103(1983.
93, Nose, Mol. Phys52, 255 (1984).
"OM. Krajci, Comput. Phys. Commur2, 29 (1986.

"IM. E. Clamp, P. G. Baker, C. J. Stirling, and A. Brass, J. Comput. Chem.

15, 838(1994.
2B. M. Forrest and U. W. Suter, J. Chem. Phy61, 2616(1994).
8D. G. Gromov and J. J. de Pablo, J. Chem. PH@R 8247(1995.
"R. D. PresentKinetic Theory of Gase@icGraw-Hill, New York, 1958,
p. 32.

26, Luna-Bacenas, G. E. Bennett, |. C. Sanchez, and K. P. Johnston, J°D. J. Evans and G. P. Morriss, Comput. Phys. Ref297 (1984.

Chem. Phys104, 9971(1996.
213, Doniach, T. Garel, and H. Orland, J. Chem. PH5, 1601(1996.

763. M. Haile and S. Gupta, J. Chem. Phy$, 3067(1983.
T7L. Verlet, Phys. Rev159, 98 (1967).

J. Chem. Phys., Vol. 107, No. 24, 22 December 1997

Downloaded 22 Feb 2008 to 152.1.209.194. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



10708

8B, Quentrec and C. Brot, J. Comput. Ph¢8, 430(1975.

3. J. Erpenbeck and W. W. Wood, Modern Theoretical Chemistry
edited by B. J. Bern¢Plenum, New York, 1977

80A. M. Ferrenberg and R. H. Swendsen, Phys. Rev. 164t2635(1988.

81F, A. Lindemann, Phys. Z11, 609(1910.

82|, Cartz, Proc. Phys. Soc. London, Sect68& 957 (1955.

83]. H. Bilgram, Phys. Refl53 1 (1987.

84H. Lowen, Phys. Rep237, 249 (1994.

85F. H. Stillinger, Scienc@67, 1935(1995.

8F. H. Stillinger and D. K. Stillinger, J. Chem. Phy&3, 6013(1990.

87W. Kabsch, Acta Crystallogr. 82, 922 (1976.

8p. G. de GennesScaling Concepts in Polymer Physi@@ornell Univer-
sity Press, Ithaca, 1979

893, Wichert and C. K. Hall, Macromolecul®¥, 2744(1994.

90F. Leontidis, J. J. de Pablo, M. Laso, and U. W. Suter, Adv. Polym. Sci.
116, 283(1994).

9!R. H. Boyd, Macromolecule82, 2477(1989.

92N. G. Almarza, E. Enciso, and F. J. Bermejo, J. Chem. PB§s4625
(1992.

93J. 1. Siepmann, Mol. Phy€0, 1145(1990.

943. 1. Siepmann and D. Frenkel, Mol. Phyrs, 59 (1992.

7. J. de Pablo, M. Laso, and U. W. Suter, J. Chem. P9%2395(1992.

%L, Dodd, T. D. Boone, and D. Theodorou, Mol. PhyS§, 961 (1993.

L. Dodd and D. Theodorou, Adv. Polym. Sdi16, 249 (1994).

98y, Zhou and M. Karplus, Mol. Phys89, 1707(1996.

9A. Baumgatner, J. Chem. Phyg2, 871(1980.

100A, Baumgatner, J. Chem. Phyg.3, 2489 (1980.

01For a finite system, a “discontinuity” reflects a smooth transition in a
very narrow temperature range.

102 A. Young and B. J. Alder, J. Chem. Phy0, 1254(1974.

103\, J. Buerger, inPhase Transformations in Solidsdited by R. Smolu-
chowski, J. E. Meyer, and W. A. WeyWiley, New York, 195].

104F, L. McCrackin, J. Mazur, and C. M. Guttman, Macromolecife859
(1973.

J. Chem. Phys., Vol. 107, No.

Downloaded 22 Feb 2008 to 152.1.209.194. Redistribution subject to AIP

Zhou et al.: Thermodynamics of homopolymers

105K, Kremer, A. Baumgartner, and K. Binder, J. Phys. ¥5, 2879(1981).

106C. M. Guttman, F. L. McCrackin, and C. C. Han, Macromolecul&s
1205(1982.

107\, Bruns, Macromolecule$7, 2826(1984.

108yy. Bruns and W. Carl, Macromolecul@d, 209 (1991).

109 Kolinski, J. Skolnick, and R. Yaris, J. Chem. Phg§, 3585(1986.

10, Kolinski, J. Skolnick, and R. Yaris, Macromolecul@6, 438 (1987.

111, Naghizadeh and J. Kovac, Phys. Rev. L&8, 1710(1987.

1123, P. Downey and J. Kovac, Macromoleculs; 3013(1990.

1134, Meirovitch and H. A. Lim, J. Chem. Phy82, 5144(1990.

14¢. C. Sorensen and J. Kovac, Macromolecids3883(1997).

115%. Yuan and A. J. Masters, J. Chem. Ph9d, 6908 (1991).

116) Webman, J. L. Lebowitz, and M. H. Kalos, Macromolecules 1495
(1981,

117M. Bishop and J. Michels, J. Chem. Phyi, 447 (1986.

1183 J. Freire, J. Pla, A. Rey, and R. Prats, Macromolecl8ed52(1986.

197, Rey, J. J. Freire, and J. G. de-la Torre, Macromolec@i@s2385
(1987.

120N, Karasawa and W. A. Goddard IlI, J. Phys. Cheéf, 5828(1988.

121p_Bladon and D. Frenkel, Phys. Rev. Lét, 2519(1995.

1227 H. Marcus and S. A. Rice, Phys. Rev. LéffZ, 2577(1996.

123y Zhou and M. Karplus, Proc. Natl. Acad. Sci. USi press.

124, Vega, E. de Miguel, L. F. Rull, G. Jackson, and L. A. McLure, J.
Chem. Phys96, 2296(1992.

1258, R. Brooks, R. E. Bruccoleri, B. D. Olafson, D. J. States, S. Swami-
nathan, and M. Karplus, J. Comput. Chetn187 (1983.

126E. Neria, S. Fischer, and M. Karplus, J. Chem. Phy85 1902
(1996.

1270, B. Ptitsyn, Adv. Protein Cherd7, 83 (1995.

128N, Go, Int. J. Peptide Protein Reg, 313(1975.

1293 C. Nelson, J. G. Saven, J. S. Moore, and P. G. Wolynes, Scidtice
1793(1997.

24, 22 December 1997

license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



