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The structural transformation in the coil-globule transition of a single flexible lattice chain has been
investigated using dynamic Monte Carlo simulations. The results based upon ensemble averaging
illustrated that for the homopolymers with limited chain length, an intermediate state with a
dense-core and molten-shell structure reversibly occurs in the transition region. It was attributed to
a special microphase separation behavior in an isolated coil, performing with densifying the dense
core and contracting the thin shell. The continuous appearance of the size transition and its tendency
to discontinuity at the theta temperature with the chain length approaching infinity were illustrated
by the coexistence curves of the monomers with limited chain length. A possible explanation and its
implications to the general mechanism of protein folding are also discussed.99® American
Institute of Physicg.S0021-960808)50933-§

I. INTRODUCTION In this paper, we have performed dynamic Monte Carlo
simulations of a single homopolymer chain on the lattice

A flexible homopolymer is a chainlike entity consisting space, in order to illustrate the special structure of the inter-
of many identical chemical residu¢salled monomepsco-  mediate state. As we shall see in Sec. Ill, the results show
valently bonded together and suspended singly in a polymethat this equilibrium state containing the distinct core-shell
dilute solution. It is a small system in comparison with thestructure can only occur after ensemble averaging, and can
concentrated polymer solutions or their bulk state, but is stilbe explained as the result of a microphase separation behav-
complex due to its high molecular weight and chain flexibil- ior in an isolated coil. The variability of the chain length for
ity that can generate a tremendous number of probable coithe sample system was explored in order to understand the
formations. Change in the solvent thermodynamic conditiorimportance of the theta point. Furthermore, the implication
or, equivalently, the system temperature will make the singlef the microphase separation behavior to the protein folding
chain collapse from a coil state to a globule stetdJp to s also discussed in Sec. Ill. Section IV gives our conclu-
now, almost all of the reports on this phenomenon describegdions.
it to be a direct transition between these two stdtéSome
early scientists regarded it as a first-order phase transitio
due to its similarity to the gas-liquid transition in thermody-
namic nature, but later, scientists became convinced that it Lattice chain models have been widely and successfully
should be a second-order or quasi-second-order phase tramsed to represent flexible chain systems. A definite number
sition. This conviction is supported not only by mean-field of consecutive occupations on the lattice sites can represent a
theory, but also by the experimental fact that the size transihomopolymer chain, where the occupied sites represent iden-
tion is not really sharp for limited chain length systems.tical monomers and the other empty sites represent voids or
However, the coil-globule transition is just a phenomeno-solvent molecules.
logical definition based upon the change in coil size, rather A dynamic Monte Carlo simulation method was em-
than a thermodynamic definition of phase transition. So thiployed to move the chain along the lattice sites without self-
transition process needs further investigation from the viewerossing, and each step of the motion is generated through a
point of structural transformation within the coil. microrelaxation mod&lwhich obeys periodic boundary con-

In the experiments, the stable globule state of the isoditions in a cubic box. The model we have used can be
lated chains is very difficult to approach without any aggre-described as a single-site bond fluctuation model with the
gation or precipitation of the solute molecules in the pooraddition of a slithering diffusion terminated by extending the
solvent. Recently, a stable intermediate state has been ohearest kink conformation along the chdas illustrated in
served in the vicinity of the size transition region by light Fig. 1). This model has proven to be highly efficient in re-
scattering, which was explained as a model containing #axing local chain conformation on the lattice. Since the
dense-core and molten-shell structfirand as the so-called monomers are always located on the lattice sites with the
“disordered molten globule” state for an isolated chéin. coordination number 26, the distance between sitesdB
Generally, the molten globule state has been readily found ishould be defined by the minimum walk steps, which may
protein folding and is of importance for some physiological either be along the lattice grid or along the diagonal lines. On
processe8 but its thermodynamic basis is not yet clear. the Cartesian reference frame, this distance will be the maxi-
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FIG. 2. The heating and cooling curves of the mean square radius of gyra-
tion vs reduced temperatures. The error bars that are less than the symbol
size are not shown.

FIG. 1. Schematic presentation of the microrelaxation model. The solid . .
circles represent monomers connected by solid bonds, the dashed lines @éion at each step will correspond to a very slow cooling

new bond positions produced in a step of model evolution, and the arrowprocess. To provide further details, we first let the system
are the directions of monomer jumping. relax for 6x 10° MCS at each step, then the structural prop-
erties are calculated as an ensemble average result over a
subsequent 10 000 observations of the sample system with a
mum absolute value ofx—Xxg), (Ya—Yg) and @a—zg). 100 MCS interval for each. The reversed heating process was
So the sites which have the same distance to the same origitso performed with a stepwise decreas®HT in units of
nal site form a cubic box on the lattice space. If the mas®9.01 from 0.195 in order to check the reversibility of the
center of a coil is approximated to the nearest-neighbor sitestates obtained in the cooling process.
the radial distribution of the monomers and the radius of
gyration of this coil can thus be properly calculated.
The sample system was generated by presetting a regwt. RESULTS AND DISCUSSION
larly folded chain containing 512or 256, 128, or 64 for
variability of the chain lengthmonomers on a 64-sized cu-
bic latticel® then permitting it to relax to the equilibrium
state under athermal solvent conditions. The dynamic relax- The coincidence of the cooling and heating curves in the
ation time is about 148 Monte Carlo stgipsCS), which was  coil size has been obtained in Fig. 2, which implies that at
calculated from the integration of the nonlinear relaxation each temperature step the coil size has approached its equi-
curve of the square radius of gyration up to 1000 MCS, withlibrium value. Just as with the observations of past experi-
the curve averaged over 10 000 individual observationsments and simulations, the size transition is not really sharp.
Even though the relaxation is so fast, about B® MCS The structural information of the coil includes the spatial
was still done to make sure of the equilibrium for the sampledistribution of the monomers and their exact physical states.
system. Here, 1 MCS was defined as the averaging oncthe latter can no longer be properly described by the density
attempt of each monomer for jumping. or monomer concentrations because the monomers are dis-
The athermal equilibrium state can be regarded as a statdbuted inhomogeneously on the space. The physical states
with infinitely high temperature. Through a step cooling pro-of the monomers can be divided into their energy states and
cess starting from this state, the chain began to collapse. feir momentum states. Here, we only pay attention to the
well-known METROPOLISimportance sampling methbdwas  exact energy state of each monomer, which is the occupation
employed which sets the movable probability as 1 if thenumberqg of the nonbonded monomers on its coordination
energy barriere of each microrelaxation step is less thansites and can range from 0 to 24 for the middle monomers or
zero, or as expfe/kT) otherwise, whilek is the Boltzmann from 0 to 25 for the chain-end monomers.
constant andr is the temperature. The energy barrier was  Furthermore, the “phase” terminology should be recon-
determined by the cohesive energy char§efor each sidered. It is ‘a portion of a physical systetliquid, gas,
monomer-solvent contact multiplied by the pure number ofsolid) that is homogeneous throughout, has definable bound-
such contacts generated in each microrelaxation step, whilaries, and can be separated physically from other phaSes'.
B=E, s (Emmt Esg/2 according to the quasichemical Here, the homogeneity refers to the exact physical states of
approximationt? Here, E represents the two-bead cohesivethe monomers, but not the density.
energy and the subscripta and s represent the monomer We take three typical states into consideration for the
and solvent molecule, respectively. So the van der Waalsollapse transition process. The results are shown in Fig. 3.
interaction between monomers was expressed as a hard cofhe snapshot of the coil state at the reduced temperature
repulsion plus the nearest-neighbor attraction. If we assumB/kT=0 clearly shows the inhomogeneity of the monomer
that B is always positive and insensitive to the temperaturedistribution and the anisotropy of the coil shapes. But the
the stepwise increase of the reduced temperaiiel in  energy state distributions of the monomers located at the
units of 0.005 from zero with about 2610° MCS relax-  different radial distance are quite similar after ensemble

A. Collapse transition of the single chain with 512
monomers
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namic radiusR;,. Therefore one can observe a valley of the
ratio Ry /Ry, at the size transition region by light scattering

experiment
238" If mean values are employed to represent the exact en-
10 20 30,40 50 60 Y ergy states of those monomers at each radial distance, the

radial distribution of the energy states changing with the sys-
FIG. 3. The snapshot and the energy stapedistribution along the radial tem temperatures can thus be obtained in Fig. 4. The coex-

distance(r) of the sample coil for three typical statgs,is the monomer . ti h ith distinct tat | | in th
population counted from 10 000 observations, the solid lines are drawn 4Sting phases wi Istinct energy states cléarly occur in the

induce the eyesta) at B/kT=0; (b) at B/kT=0.190; (c) at B/kT=0.045.  Size transition region.
Along the radial distance, the wide transition range be-
tween coexisting phases does not mean a thick interface.
averaging. So we can say that the energy state of the mond+is is due to the ensemble average over the anisotropical
mers is homogeneous within the coil, and this state is calledhapes of the dense cores with reference to the mass center
the coil phase. of the individual coils.

The snapshot of the globule stateBtk T=0.190 clearly From Fig. 4, one can also find that the size of the dense
shows the chain conformation as a small dense sphere. There is not sensitive to the system temperature, and the mi-
energy states of the monomers within this sphere are alscrophase separation behavior is performing mainly through
homogeneous except for the thin surface layer of the spheréhe core being densified and the shell contracted simulta-
This state can be called the globule phase. neously. This may be due to the following mechanism;

The snapshot of the coil state BtkT=0.045, which is  When a coil collapses below the theta temperature, it will
just located at the size transition region, shows some cilia ohave lower conformational entropy of the chain. Parts of the
loops of the partial chains surrounding a relatively densechain that locate at the coil surface may expand to release the
core, and sometimes looks like a crab. After ensemble aveconformational entropy. They are quite stable and generate a
aging, the energy state distributions of the monomers ardilute shell after ensemble averaging. When the system tem-
quite similar to each other in the vicinity of the coil mass perature becomes lower, the driving force to the monomer
center, but apparently different from those far from the masgondensation is larger. It makes the core be further densified
center, the latter seem to keep still in the coil state. We camand only the shorter part of the chain can expand on the coil
thus define these two distinct distributions of the physicalsurface, others will be attracted into the dense core. Thus the
states along the radial distance as coexisting two phases. thickness of the shell becomes smaller, until almost all the

The change of the thermodynamic condition, whichmonomers are attracted into the dense core.
drives the single chain to collapse, also drives the phase If we choose the mean values g@fat the radial distance
separation behavior in the concentrated polymer solutions. If=1 to represent the physical state of the dense core and that
the phase separation behavior is considered to be the perfaat r=10 to represent the physical state of the molten shell,
mance of the monomers and solvent molecules, it is possibl#e coexistence curves can thus be drawn in Fig. 5. The
that this behavior can also exist in the single coil. In thatcoexistence states are stable over the whole temperature
case, the size of each phase may be so small that, referring tange due to their overlap with the results obtained from the
the similar case of diblock copolymers, it would be better toheating process.
refer to it as a microphase separation behavior. From Fig. 5, three typical kinds of chain states can be

The spatial distribution of the monomers within the mol- observed over the whole temperature range. At the first
ten shell is very inhomogeneous and sparse just like thetage, the monomers within the isolated coils remain in a
monomers in the coil state. So the stretched cilia or loopfiomogeneous physical state until the second stage where the
may contribute little to the radius of gyratioRy for the  microphase separation process takes place within each coil;
whole coil, but have apparent contribution to its hydrody-after all the monomers have moved into the dense core, they



J. Chem. Phys., Vol. 109, No. 9, 1 September 1998 Wenbing Hu 3689

0.12 TABLE |. Athermal coil sizes on the 32-sized cubic lattice with the density
0.101 0.9375.
g 0¥ @j NGRS R RUR) (RIS
= 0.06 e
0.04] 2 o ®° 4 4.25 0.793 5.36 0.264
8 8 10.2 1.82 5.60 0.260
0.024 § 16 22.7 3.88 5.85 0.259
0.00- , , ‘ , 32 47.4 8.00 5.93 0.258
0 5 10 15 20 25 64 99.6 16.5 6.04 0.262
<q> 128 196 327 5.99 0.257

FIG. 5. The coexistence curves of the monomers in the sample coil. The
open circles and triangles denote the mean values of the energy state at
radial distancer=1 andr =10, respectively, in the cooling process; the

crosses denote the corresponding results in the heating process. mers. Here, we use an alternative definition which considers
the theta state of the chain as the unperturbed state according
to their equality in the coil size.

become homogeneous again within the dense sphéres The unperturbed chains contain a linear scaling law of

third stage. their mean square radius of gyration to the chain length.

From Fig. 5, one can also find that the beginning of theFigure 6 clearly shows this linear scaling relation existing at
distinct two-state coexistence seems to originate in the vicinthe state point with the reduced temperature 0.032 and the
ity of the critical point of the coexistence curves. This mayratio 0.26. This scaling relation has been demonstrated not
be the reason why the size transition of a flexible chain alonly by the experiments but also by the recent off-lattice
ways appears to be continuous or to be a second-order phagmnte Carlo simulation’ The coil sizes along each cooling
transition. curve in Fig. 6 are stable according to their overlap with the
corresponding heating curve.

We also performed the simulations of the athermal mul-
tiple chain systems with the density up to 0.9375. The mean
square end-to-end distan¢R?) and the mean square radius

In the classical mean-field lattice theory, the theta pointof gyration(R¢) are calculated from enough observations of
where the excess entropy of the chain is just compensated hiffe multiple chain systems to make sure that the statistical
its excess internal energy, has been found to be just the critiincertainty of R?) should be less than 1%. Each observation
cal point of the condensation transition of the polymer solu-has a 500 MCS interval to the next in order to eliminate their
tion when the chain length approaches infinity. Does it stillsystem correlation. The results averaged over more than
have any physical importance to the collapse transition of th&000 chains are shown in Table I, where the TQRSWR@
limited chain length systems? We can study this problem bynd the size scaling of the chains has demonstrated their
changing the chain length doubly. Gaussian-like unperturbed state in the bulk system. The

The experimental definition of the theta point is the statemean value of the rati(jq5>/(|\|_ 1) is 0.26, which identifies
while the second virial coefficient vanishes. But this defini-the above simulation result of the single chain system.

tion has caused some disputes because the third virial coef- The coexistence curves with different chain length can
ficient is not really vanishing at this timé The theory®and  pe obtained in the same way. In Fig. 7, only the dense side of
the simulation¥’ have also found that the theta state tem-the coexistence curves are drawn for clarity. One can find
perature will be changed with a chain length according to thehat, above the theta temperature, the energy states of the
experimental definition. In fact, as we have discussed abovenonomers with different chain length are similar in the coil
this definition is not so good for the dilute polymer solution state, but below it, the diversity immediately occurs. This
due to the spatial inhomogeneous distribution of the monoimplies that the theta point still has critical importance to the
collapse transition of the limited chain length systems.

B. Collapse transition of the single chain with
different chain length
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FIG. 6. The cooling curves for the ratio of the mean square radius of gyra-

tion to the chain length with the different chain length. The denoted number$IG. 7. The dense side of the coexistence curves for the coil with the
are the numbers of the monoméion the chain. The crossed lines indicate different chain length. The data are read at the radial distance and the

the position of the theta point. line indicates the position of the theta point.
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From Fig. 7, one can also find that, the longer the chainThe intermediate state contains a distinct core-shell structure
the narrower the transition region. Can we conclude that thafter ensemble averaging, and is attributed to a microphase
collapse transition will tend to be really sharp if the chainseparation behavior in the coil. The coexistence curves of the
length approaches to infinity? This may be possible if wemonomers are quite unusual and demand further consider-
think that the microphase separation behavior in the isolatedtion from the thermodynamics of the small systems without
coil originates from its limited chain length and its interface any assumption of the smooth spatial distribution of the mat-
to the pure solvent according to our above explanation.  ter.

When the supercooling with reference to the theta tem-  The microphase separation behavior in the single coil
perature is not high, the critical size of the nuclei will be socan be explained as the conformational entropy release of the
large that nucleation in the small coil becomes impossiblepartial chains on the coil surface. It stabilizes the intermedi-
An alternative path may occur before nucleation, that is theate state of the coil and makes the size transition appear
microphase separation behavior within the coil. This behaveontinuous.
ior generates a stable intermediate state in the collapse tran- The critical importance of the theta point to the collapse
sition process, while partial chains expand on the surface itransition of the limited chain length systems may exist. At
order to release the conformational entropy. The thickness dhis critical point, the collapse transition tends to be really
the molten shell depends on the density of the monomers isharp when the chain length approaches infinity.
the core. Shorter chains will have difficulty densifying the The above results may supply us a new way of analyzing
smaller core and then contracting the thin shell unless undehe thermodynamics of the molten globule state in protein
higher supercooling, so it performs the collapse transitiorfolding.
over a wider temperature range.
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