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First-Order Disorder-to-Order Transition in an Isolated Homopolymer Model
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The thermodynamic behavior of an isolated freely jointed homonuclear square-well 64mer chain is
studied by discontinuous molecular dynamics simulations. It is shown that there are three transitions
that can be described as gas-liquid, liquid-solid, and solid-solid polymorphic transitions. The liquid-
solid-like transition is a first-order (two-state) disorder-to-order transition. Implications of the results
for protein folding are briefly discussed. [S0031-9007(96)01199-4]

PACS numbers: 61.41.+e, 64.70.—p, 87.15.By, 87.15.He

Although isolated homopolymer thermodynamics isThe code was verified by comparing the thermodynamics
dominated by the second-order (except for stiff chainspbtained from simulations with exact results on an iso-
coil to globule transition (at the® point) [1-3], the lated flexibly bonded trimer [15]. The 95% confidence
possible existence of more complex behavior has beelimit (student-T test) for averages is obtained based on
suggested by theory [4] and experiments [5,6]. Sdive independent runs of6—1000) X 10° collisions, of
far, such complex behavior has not been observed iwhich the first half of the DMD collision events (equi-
homopolymer simulations except for relatively esotericlibration) is discarded. We use a square-well diameter
lattice chain models [7—9]. In this Letter, we show that alo = 1.5¢ since the reduced square-well diametefior
simple off-lattice model of an isolated finite homopolymerreal molecules is arountl4 based on fitting experimental
chain can have gas-liquid, liquid-solid, and solid-solidsecond-virial coefficients [16].
polymorphic transitions. Moreover, the liquid-solid-like In this Letter, we describe the thermodynamics. Ho-
transformation is found to be a first-order-like transition. mopolymer transitions are often characterized by the

The homopolymer is modeled as a freely jointedmean-squared radius of gyratioﬂf, [2]. However, the
square-well chain in which nonbonded beadsnd ;  radius of gyration may not provide useful information on

interact via a square-well potential the possibility of a liquid-solid-like and/or a polymorphic
o0, r<o, solid-solid transition during which the variation in the

uij(r) = {—e, o<r <Aoo, (1) radius of gyration of an isolated chain is very small.

0, r> Ac. Liquid-solid-like and/or polymorphic transitions can be

investigated via the temperature dependence of thermo-

dynamic properties such as the internal enefggnd the

heat capacityC,. The reduced internal enerdy for an

bond °°’ r<(l-38)o, isolated chain is obtained by taking the time average over

upgri(r) =10, (1 =08 <r<(+do, (2) the equilibrium DMD simulation and the reduced heat ca-
* r>(1+ ). pacity C; is obtained from the energy fluctuations accord-

Here, o is the bead hard-core diameteis is the square- ing to [17]

Bonded beads andi + 1 interact via an infinitely deep
square-well potential

well diameter, andt is the square-well depth. The bond «  (E) «  Cy

length between two neighboring beads is allowed to vary E" = e ¢, = kg

freely betweer(l — 8)o and(1 + &8)o with § the bond- (E2), — (E)?)

length-flexibility parameter. A flexible bond length is = (kB—T)Zt’ 3

introduced to decouple multibody collisions into binary
collisions between monomer beads or between a monomerhere( ), denotes a time average.
bead and a solvent particle in the molecular dynamics In Fig. 1, the reduced heat capacity, per bead, the
simulation [10]. reduced internal energf™ per bead, and the reduced
The square-well chain model of length 64 (64mer) withsquared radius of gyratioR§/02 per bead of an iso-
bond-length-flexibility paramete8 = 0.1 is investigated lated 64mer are shown as functions of reduced tem-
via a discontinuous molecular dynamics (DMD) simula-perature T* = kT /€). These results are obtained via
tion technique [11]. We use DMD because it is signifi-averaging oveB X 10° to 600 X 10° (depending orT"*)
cantly faster than the corresponding Lennard-Jones (LBquilibrium collisions per run. Fdr* < 0.35, it is found
polymer dynamics [12]. The DMD simulation is con- necessary to anneal the random initial configuration from
ducted in the canonical ensemble with the system temhigh temperature before conducting an equilibrium sim-
perature fixed by Andersen’s ghost-solvent method [13]ulation [14]. For comparison, Monte Carlo (MC) sim-
Details of the simulations will be reported elsewhere [14].ulation results [14] for an isolated freely jointed 64mer
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FIG. 2. The population of different energy levél, at the
transition temperaturd”” = 0.336 obtained via the weighted
-3 r 0.3 histogram technique [36]. Other parameters as in Fig. 1.
-4r 02 existence of two stable states with different internal ener-
gies at the transition temperatufé = 0.336 [14].
-5 0.1 To examine the nature of the first-order transition, we
‘ ] calculate the root-mean-square bead-distance fluctuation
-6 | ‘ 0.0 [20] which is defined as
0.1 1‘ 10
T > V2o = i)
FIG. 1. The reduced heat capacity per be&d/N, the A= N(N — 1) Z (ri;) ) (4)
reduced internal energy per bead'/N, and the reduced i<j ijref

squared radius of gyration per beﬁg/Noz, as a function . . - _—
of reduced temperaturé® for an isolated square-well 64mer. [A as defined here contains a negligible contribution

For comparison, the Monte Carlo simulation results [14] forfrom bonded beads~(26/N = 0.003).] The value of
an isolated square-well 64mer with fixed bond length are alsd\ drops from 0.28 af™ = 0.34 to 0.05 at7T* = 0.32.

shown; the square-well diametarr = 1.50 was used. Error Since A < 0.1 indicates a solid phase (Lindemann rule)

bars are less than the size of the points except as shown. Thgq 291 the first-order transition observed is a disorder-
solid lines are obtained from a weighted histogram techniqu Y o L s ) "
o-order transition, similar to the liquid-solid transition

[36]. Dashed line f0|R§ serves only as a guide for the eye. | -1 e Al - .
in an infinite system. The liquid-solid-like transition in

the homopolymer is confirmed by other quantities such as
with fixed bond length are also shown fag < 7* < 10.  radial and angle distribution functions [14].
The sigmoidal shape of th%ﬁ/Na2 vs temperature curve  The “solid” structure of the 64mer &* = 0.32 is a
indicates the presence of a collapse transition with aather well-ordered three-dimensional lattice which mixes
O temperature offg =~ 3 [14,18]. The collapse tran- hexagonal and cubic lattice symmetry (see Fig. 3). This
sition is also indicated by a heat capacity vs temperaeccurs because there is an accidental degeneracy fer
ture peak atT* = 1.5 which is a very weak peak (or 1.5 with the beads arranged in a square having the same
plateau) in the DMD results and a stronger peak in MCenergy as the beads arranged in hexagon. The simple lat-
results. As the temperature decreases furtﬁ%y/,Na2 tice structure undergoes a continuous polymorphic solid-
becomes nearly constant (aroumé5) and there is no in- solid transition (Fig. 1) into a more spherically shaped
dication of any other transition. However, a first-orderstructure which has less symmetry but a lower energy
transition is indicated by the appearance of a “disconas the temperature decreases further. This polymorphic
tinuity” [19] at T* = 0.336 in E*. This discontinuity transition may be categorized as a displacive polymorphic
[E*(T* = 0.34) — E*(T* = 0.32) = 0.5N] is accompa- transition [23], in which the low-temperature structure is
nied by a very large (“infinite”) peak in the heat capacity more ordered (with a lower entropy) but has a lower sym-
(C;, ~ 30N atT* = 0.33 and0.34 in certain runs). The metry than the high-temperature structure.
first-order transition is verified by the appearance of two Thus, the isolated square-well 64mer can exhibit three
separate peaks in the energy population (Fig. 2) and ththermodynamic transitions. The first one is the well-
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ecule can exist in a denatured state (random coil), a col-
lapsed globule state (which may have some order), and
the unique native state; the latter has solidlike proper-
ties [29] and has been described as an aperiodic crystal
by Schrodinger [30]; i.e., there is no long-range order in
the unique structure, although short-range structural reg-
ularities (e.g.,a-helices) are found and have been well
characterized [31]. The gas to liquidlike collapse transi-
tion in the homopolymer corresponds to the hydrophobic
collapse to a disordered globule found in at least some
proteins [32] and observed as the first step in some lat-
tice simulations of protein folding [33]. The liquid-to-
solid transition in the homopolymer can be identified with
the collapsed globule to native state transition in the pro-
tein. Both are finite-system first-order-like transitions in
the sense that two states are involved with a low prob-
ability region in between [32]. With this identification,
the major difference between a protein and the homopoly-
mer studied here would be that the former has a solidlike
ground state that is unique due to the heterogeneity intro-
duced by the amino acid side chains, while the latter has
a multiplicity of essentially equivalent solidlike states and

FIG. 3. A typical snapshot of the 64mer &t = 0.32. The exhib'its a polymorphism [34], which is very unusual in
diameter of beads (0.16) is smaller than the actual diameter (Hjroteins [35], if it exists at all.
for a clear view._ (This structure is drawn BgGL, a program The phase behavior of proteins and homopolymers
developed by ASali.) appears to be qualitatively similar. As in the protein
molten globule [28], the radius of gyration in the liquid
state of the 64mer is only about 15% larger than that in the
known collapse transition which is similar to a gas-solidlike states. The “liquid” state is stable over a wide
liquid transition [24]; the collapse transition and the gas-temperature rangel'{ from 0.33 to~1; see Fig. 1). In
liquid transition both involve significant volume changes.terms of the physical temperature, a homopolymer whose
The second transition is a liquid-solid-like disorder- liquid-to-solid transition occurs at 300 K does not unfold
order transition and the third transition is a polymorphicinto a random coil until 900 K. This corresponds to the
transition from a compact lattice to a compact orderedact that protein thermal denaturation in the accessible
globule. Consequently, an isolated homopolymer camemperature range produces collapsed species [28].
exist in at least four states: a random coil (“gas”), a In future publications, we shall present the details of
disordered compact chain or disordered molten globul¢his work and its extension to the kinetics of homopoly-
(“liquid™), a lattice (“solid I"), and an ordered globule mers. DMD simulations of analogous heteropolymer sys-
(“solid 1I"). tems with unique proteinlike ground states are in progress.
One question about the complex homopolymer phase We thank Dr. C.L. Brooks, Dr. H.S. Chan, Dr. M.
diagram presented here is whether it is caused by the digaylor, Dr. S. Smith, Mr. P. Gupta, and Mr. H. Gulati
continuous feature of the square-well potential. We canfor helpful discussions and/or comments. The work at
not give a direct answer because the DMD simulation ifHarvard was supported by the National Science Founda-
required to obtain well-converged results for the thermo+tion. The work at NCSU was supported by the Direc-
dynamics. However, the critical phenomena predicted fotor, Office of Energy Research, Basic Sciences, Chemical
a fluid composed of particles interacting with a square-Sciences Division of the U.S. Department of Energy, and
well potential [25] are as realistic as those predicted foby the National Science Foundation. We also thank the
a fluid composed of particles interacting with a LJ poten-Donors of the Petroleum Research Fund administered by
tial. Also an analogous complex phase diagram is foundhe American Chemical Society for partial support of this
in simulations of LJ clusters [26,27]. The present resultsvork and the North Carolina Supercomputing Center for
for square-well homopolymers may well be found in more200-h time on their Cray Y-MP and T-90 supercomput-
realistic homopolymer models and even in real polymersers. This material is based upon work supported by a
It is of interest to compare the homopolymer thermo-fellowship from the Program in Mathematics and Molec-
dynamics with protein folding. It has been shown ex-ular Biology at the University of Berkeley, which is sup-
perimentally [28] that as a function of temperature (orported by the National Science Foundation under Grant
other solution conditions, e.gpH), a single protein mol- No. DMS-9406348. The majority of the calculations at
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Harvard were conducted on HP 90035 and DEC Al- [19] For a finite system, a discontinuity reflects a smooth

pha workstations. transition in a very narrow temperature range.
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