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First-order transition of a homopolymer chain with Lennard-Jones potential
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(Received 5 April 2000; accepted 13 June 2000

The thermodynamics of a homopolymer chain with the Lennard-Jdd¢potential was studied by

the multicanonical Monte Carlo method. The results confirm there indeed exists a liquid—solid-like
first-order transition at lower temperatures for a free-joint chain, revealing that the transition is a
characteristic of a homopolymer chain, independent of the algorithms and potential used in
simulation. © 2000 American Institute of Physids§0021-96080)50534-(

I. INTRODUCTION N-1 N-2 N
In addition to the temperature and solubility dependent H= 21 Ui+ 21 j=i2+2 Eij-

of second order coil-to-globule transitiof,both theoretical

and experimental studies suggested more complex behaviotd this study, we simply set=1 ando=1.

for a homopo|ymer in So|uti0ﬁ__9 Recenﬂy’ Zhowet a|_10v11 In the MetrOpO”S algorithm, the evolution of conforma-
used the discontinuous molecular dynamip$/D) simula-  tion of a polymer chain is allowed with a probability
tion to show that there exists a first-order liquid—solid-like €XP(~AE/kgT), whereAE is positive, reflecting an attractive
transition for a square-well free-joint homopolymer chain.€nergy between two segments. At low temperatures, the
Noguchi et al}? observed the similar behavior for a freely Probability is so small that it is difficult, if not impossible, to
jointed square-well homopolymer chain with a bending po_sample sufficient configurations for an accurate statistical
tential by multicanonical Monte Carlo simulation. peZ°  calculation:® To overcome this difficulty, we used the mul-
found that the application of J-walking Monte Carlo methodticanonical Monte Carlo algorithm's;* in which all ener-

on a cluster of 55 LJ atoms also yielded a liquid-to-solid-like9ies have an equal weight in the multicanonical ensemble, so
transition. However, two questions remained, namelythe energy is forced into a one-dimentional random walk, so
whether the transition is induced by the discontinuous feathe system can overcome any energy barrier.

ture of the square-well potential, and how it will change if I multicanonical algorithms, the Pgocexp(a(E)
different MC algorithms are used. We present our recentt B(E)E) is used, unlike exp SE) which is used in the Me-
Monte Carlo simulation on a free-joint Lennard-Joried) ~ tropolis algorithm, whereE is the configuration energy.

homopolymer chain and address these two questions. ~ The values ofa(E) and B(E) are determined as follows.
Perform a canonical Monte Carlo simulation witN

energy bins at sufficiently high temperature, e.ggl
Il. MODEL AND SIMULATION =kgT(=1000, to approximat®g(By,E) with a histogram
. ) Pe(Bo,Ei) (i=1,2,...N), and determine the histogram
The conformation of a homopolymer chain made upof made ofE,,,, at which the histogram reaches its maximum.
segments is defined bycoordinates , r,, ... r of beads  The simulation is limited in the energy rangesE .y, out-
in a three-dimensional space. In this study, the off-latticesige of which 8(E)=0 and «(E)=0. Therefore,3(E;)E;
Monte Carlo model developed by Binde!ral.“wgs used, N _ 4(E)=In(P(B,, E))+consty;. The parameters(E;)
which each randomly selected bead on the chain was allowegl,q «(E;) are obtained from a straight-line connection be-
to move around its position with a restriction of the bondyyeen two adjacent pointsE(,y;) and €.1.,Yi:+1). The

fluctuation between 1.001 ) and 0.999 [yix). The inter-  etropolis criterion of the transition probability(E—E’)
action potential between two successive bonded segmenis defined as

was treated abl (1) =k(I —1,)?, wherek is a constant, set as

a unit, andl, is the equilibrium distance between the seg- W(E—E')=1 if A=B(E’)—-B(E)<0,
ments, which is set as 1 A. The interaction potential between A e A ,

two nonbonded segments and j is defined asE; W(E—E")=e it A=B(E')—B(E)>0,
=y (alr;)*—(olr;;)®], wherer;(=|r;—r;|) is the inter-  whereB(E)=[ 8o+ B(E)JE+ «(E). In this way, the prob-
segments distance, angland o are two adjustable param- ability distribution is flatter and the low energy region is
eters controlling, respectively, the energy scale and the inteexplored as the iteration number increases. The iteration
action length between two segments. The system has gtops when the obtained probability distribution is reason-
Hamiltonian of ably flat in a chosen energy range. It is expected that near the
ground state, such a flat distribution would abruptly go to
aAuthor to whom correspondence should be addressed; electronic mai#€T0 like a step function, a criterion for an optimal choice of
hjliang@ustc.edu.cn B(E) anda(E). With a pair of optimal3(E) anda(E), we
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can make a long production run. On the basis of this run, noéxistence of this first-order transition in terms of bimode
only the global-energy minimum, but also the canonical dispotential energy distributiori(E) at transition temperature
tribution at any temperature as long g% B, can be deter- of KgT=0.32. It shows that two stable state coexist at tran-
mined by a reweighting technique as follows: sition temperature. Following Zhoet al.>!° we can at-
B(E)— BE tribute the lower energy peak to solid and the higher energy
e P E) auid. | : i
peak to liquid, i.e., a homopolymer chain at the transition

ceB®-FEp (E)’ temperature is either liquid-like or solid-like, or in other
words, the solid and liquid states coexist in a dynamical
equilibrium. The unimode distribution df(E) at kgT=0.2
and 0.4 indicates that when below and above the transition
temperature, the polymer chain is in its solid and liquid
I1l. RESULTS AND DISCUSSION states.

Figure 3 is the typical snapshot of the 30mer Lennard-
ﬂones homopolymer chain frozen. Similar to the result of

PB(B!E): s

where theP,(E) is the probability distribution in the mul-
ticanonical ensemble.

Figure Xa) shows that the 6mer has a similar thermody-
namics behavior as the square-well 6mer obtained by Zho
et al®>%in a DMD simulation. The two heat-capacity peaks
clearly indicated the existence of two equilibrium transitions.
The simulation of a longer 30mer chain shows that the lower
temperature peak is much shardétig. 1(b)], while the 045
higher temperature peak overlaps with the lower temperature
peak and becomes a shoulder. For a 30mer homopolymer
chain, the decrease of reduced temperakig€ from 2.0 to @0.30 i
0.5 led to the drastic decrease of the system enErfpm =
—52.75 t0 —100.41, and the radius of gyratic(rRS) from
=6.01 to 2.03, indicating the chain collapse. Therefore, the
high-temperature peak corresponds to the coil-to-globule 015 |
transition. Further decrease of the temperature led to a dis-
continuous energy change ET=0.32, revealing a first-
order transition, but has less of an effect(@,). The sud-

den change of energy iS. more cIearI)_/ reflected by_the loWE|G. 2. potential energy distributiai(E) for 30mer homopolymer chain at
temperature heat-capacity peak. Figure 2 confirms theifferent temperature.
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ten globule and between molten globule and uniform globule
resemble that between gas and liquid and between liquid and
solid.
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FIG. 3. A typical snapshot of the 30mer after being frozen. The potential
energy of the polymer chain at this conformation-418.37.
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