
First-order transition of a homopolymer chain with Lennard-Jones potential
Haojun Liang and Hanning Chen 
 
Citation: The Journal of Chemical Physics 113, 4469 (2000); doi: 10.1063/1.1288186 
View online: http://dx.doi.org/10.1063/1.1288186 
View Table of Contents: http://scitation.aip.org/content/aip/journal/jcp/113/10?ver=pdfcov 
Published by the AIP Publishing 
 
Articles you may be interested in 
New approach to the first-order phase transition of Lennard-Jones fluids 
J. Chem. Phys. 120, 7557 (2004); 10.1063/1.1687682 
 
Density of states of a binary Lennard-Jones glass 
J. Chem. Phys. 119, 4405 (2003); 10.1063/1.1594180 
 
Collapse of Lennard-Jones homopolymers: Size effects and energy landscapes 
J. Chem. Phys. 116, 2642 (2002); 10.1063/1.1435572 
 
Solid–liquid phase equilibrium for binary Lennard-Jones mixtures 
J. Chem. Phys. 110, 11433 (1999); 10.1063/1.479084 
 
On the excess enthalpy and volume of two-component Lennard-Jones fluids in supercritical region: Is the mixture
of simple liquids simple? 
J. Chem. Phys. 107, 3121 (1997); 10.1063/1.474665 
 
 

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

137.195.150.201 On: Sat, 11 Oct 2014 02:30:37

http://scitation.aip.org/content/aip/journal/jcp?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/1017745580/x01/AIP-PT/JCP_ArticleDL_1014/AIP-2293_Chaos_Call_for_EIC_1640x440.jpg/47344656396c504a5a37344142416b75?x
http://scitation.aip.org/search?value1=Haojun+Liang&option1=author
http://scitation.aip.org/search?value1=Hanning+Chen&option1=author
http://scitation.aip.org/content/aip/journal/jcp?ver=pdfcov
http://dx.doi.org/10.1063/1.1288186
http://scitation.aip.org/content/aip/journal/jcp/113/10?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/120/16/10.1063/1.1687682?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/119/8/10.1063/1.1594180?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/116/6/10.1063/1.1435572?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/110/23/10.1063/1.479084?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/107/8/10.1063/1.474665?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/107/8/10.1063/1.474665?ver=pdfcov
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Haojun Lianga) and Hanning Chen
The Open Laboratory for Bond-Selective Chemistry, Department of Polymer Science & Engineering,
University of Science and Technology of China, Hefei, Anhui, 230026, People’s Republic of China
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The thermodynamics of a homopolymer chain with the Lennard-Jones~LJ! 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 Physics.@S0021-9606~00!50534-0#

I. INTRODUCTION

In addition to the temperature and solubility dependent
of second order coil-to-globule transition,1,2 both theoretical
and experimental studies suggested more complex behaviors
for a homopolymer in solution.3–9 Recently, Zhouet al.10,11

used the discontinuous molecular dynamics~DMD! simula-
tion to show that there exists a first-order liquid–solid-like
transition for a square-well free-joint homopolymer chain.
Noguchi et al.12 observed the similar behavior for a freely
jointed square-well homopolymer chain with a bending po-
tential by multicanonical Monte Carlo simulation. Lo´pez13

found that the application of J-walking Monte Carlo method
on a cluster of 55 LJ atoms also yielded a liquid-to-solid-like
transition. However, two questions remained, namely,
whether the transition is induced by the discontinuous fea-
ture of the square-well potential, and how it will change if
different MC algorithms are used. We present our recent
Monte Carlo simulation on a free-joint Lennard-Jones~LJ!
homopolymer chain and address these two questions.

II. MODEL AND SIMULATION

The conformation of a homopolymer chain made up ofn
segments is defined byn coordinatesr 1 , r 2 , . . . ,r n of beads
in a three-dimensional space. In this study, the off-lattice
Monte Carlo model developed by Binderet al.14 was used, in
which each randomly selected bead on the chain was allowed
to move around its position with a restriction of the bond
fluctuation between 1.001 (l max) and 0.999 (l min). The inter-
action potential between two successive bonded segments
was treated asU( l )5k( l 2 l 0)2, wherek is a constant, set as
a unit, andl 0 is the equilibrium distance between the seg-
ments, which is set as 1 Å. The interaction potential between
two nonbonded segmentsi and j is defined as Ei j

5h@(s/r i j )
122(s/r i j )

6#, wherer i j (5ur i2r j u) is the inter-
segments distance, andh and s are two adjustable param-
eters controlling, respectively, the energy scale and the inter-
action length between two segments. The system has a
Hamiltonian of
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N21
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N
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In this study, we simply seth51 ands51.
In the Metropolis algorithm, the evolution of conforma-

tion of a polymer chain is allowed with a probability
exp(2DE/kBT), whereDE is positive, reflecting an attractive
energy between two segments. At low temperatures, the
probability is so small that it is difficult, if not impossible, to
sample sufficient configurations for an accurate statistical
calculation.10 To overcome this difficulty, we used the mul-
ticanonical Monte Carlo algorithms,15,16 in which all ener-
gies have an equal weight in the multicanonical ensemble, so
the energy is forced into a one-dimentional random walk, so
the system can overcome any energy barrier.

In multicanonical algorithms, the PB}exp(a(E)
1b(E)E) is used, unlike exp(2bE) which is used in the Me-
tropolis algorithm, whereE is the configuration energy.
The values ofa(E) and b(E) are determined as follows.
Perform a canonical Monte Carlo simulation withN
energy bins at sufficiently high temperature, e.g.,b0

21

5kBT051000, to approximatePB(b0 ,E) with a histogram
PB(b0 ,Ei) ( i 51,2, . . . ,N), and determine the histogram
made ofEmax at which the histogram reaches its maximum.
The simulation is limited in the energy rangeE<Emax, out-
side of whichb(E)50 and a(E)50. Therefore,b(Ei)Ei

2a(Ei)5 ln(P(b0, Ei))1const[yi . The parametersb(Ei)
and a(Ei) are obtained from a straight-line connection be-
tween two adjacent points (Ei ,yi) and (Ei 11 ,yi 11). The
Metropolis criterion of the transition probabilityw(E→E8)
is defined as

W~E→E8!51 if D[B~E8!2B~E!<0,

W~E→E8!5e2D if D[B~E8!2B~E!.0,

whereB(E)5@b01b(E)#E1a(E). In this way, the prob-
ability distribution is flatter and the low energy region is
explored as the iteration number increases. The iteration
stops when the obtained probability distribution is reason-
ably flat in a chosen energy range. It is expected that near the
ground state, such a flat distribution would abruptly go to
zero like a step function, a criterion for an optimal choice of
b(E) anda(E). With a pair of optimalb(E) anda(E), we
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can make a long production run. On the basis of this run, not
only the global-energy minimum, but also the canonical dis-
tribution at any temperature as long asb>b0 can be deter-
mined by a reweighting technique as follows:

PB~b,E!5
eB(E)2bEPmu~E!

(EeB(E)2bEPmu~E!
,

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

III. RESULTS AND DISCUSSION

Figure 1~a! shows that the 6mer has a similar thermody-
namics behavior as the square-well 6mer obtained by Zhou
et al.9,10 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 sharper@Fig. 1~b!#, while the
higher temperature peak overlaps with the lower temperature
peak and becomes a shoulder. For a 30mer homopolymer
chain, the decrease of reduced temperatureKBT from 2.0 to
0.5 led to the drastic decrease of the system energyE from
252.75 to2100.41, and the radius of gyration^Rg

2& from
56.01 to 2.03, indicating the chain collapse. Therefore, the
high-temperature peak corresponds to the coil-to-globule
transition. Further decrease of the temperature led to a dis-
continuous energy change atKBT50.32, revealing a first-
order transition, but has less of an effect on^Rg&. The sud-
den change of energy is more clearly reflected by the low-
temperature heat-capacity peak. Figure 2 confirms the

existence of this first-order transition in terms of bimode
potential energy distributionf (E) at transition temperature
of KBT50.32. It shows that two stable state coexist at tran-
sition temperature. Following Zhouet al.,9,10 we can at-
tribute the lower energy peak to solid and the higher energy
peak to liquid, i.e., a homopolymer chain at the transition
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 off (E) at kBT50.2
and 0.4 indicates that when below and above the transition
temperature, the polymer chain is in its solid and liquid
states.

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

FIG. 1. Reduced temperature (KBT)
dependence of heat capacity (Cv), and
potential energy ~E!, and average
squared radius of gyration (^Rg

2&) of a
Lennard-Jones homopolymer chain
with different lengths.

FIG. 2. Potential energy distributionf (E) for 30mer homopolymer chain at
different temperature.
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Zhouet al.,10 the solid three-dimensional structure shows the
mixes of the hexagonal and cubic lattice. The only different
is there are some irregular parts contained in the solid struc-
ture of a Lennard-Jones chain.

Further, this first-order transition of an isolated ho-
mopolymer chain at lower temperatures can be attributed to
the existence of a molten globule state between two well-
known coil and uniform globule states, which was observed
in simulation and real experiments.7–9 One of the features of
the molten globule state is that its center has a higher density
than its periphery. The collapse of a coil into a molten glob-
ule results in a significant volume change, while the transi-
tion from a molten globule to a uniform globule involves
little volume change.

In summary, on the basis of our simulation, we are able
to conclude that the transitions between the coil and the mol-

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 is2118.37.
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