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Molecular dynamics study of the structure organization in a strongly coupled chain
of charged particles
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The dynamical and equilibrium properties of a strongly coupled chain of charged particles~polyampholyte!
submerged in an immobile viscous medium are studied using the molecular dynamics simulations. The
polyampholyte relaxes to an equilibrium conformation typically in 300vpe

21 due to folding of the chain for low
temperatures, and expands several times faster for high temperatures, wherevpe is the plasma frequency.
Three regimes with distinct conformations as stretched, oblate, and spherical are observed under the Coulomb
force at high, medium, and low temperatures, respectively. The change in the conformations is considered to
minimize the free energy through the electrostatic potential. The root-mean-squared size of the polyampholytes
in these regimes is scaled, respectively, asRg;N1/2, (NT)1/3, and N0.3T0.821.0, whereN is the number of
monomers on the chain andT the temperature. The crossover point of the regimes is characterized by the
unique values of the monomer distance 2Rg /N1/3, being insensitive to the length and stiffness of the chain. The
present results agree well with the Flory theory in the high and medium temperature regimes. The densely
packed state at low temperatures is first obtained here without the use of the lattice model. The transition
among the different regimes under the Coulomb force is exactly reversible. However, the transition under the
cooperation of the Coulomb force and the attractive short-range force exhibits a hysteresis against successive
changes in temperature.@S1063-651X~97!13111-7#

PACS number~s!: 36.20.Ey, 52.25.Wz, 61.25.Hq, 64.60.Cn
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I. INTRODUCTION

The strongly coupled Coulomb systems are found in c
densed matter, highly compressed laser-irradiated plas
and the stellar interiors@1–3#. In these circumstances, th
Coulomb interactions organize the structure of matter
determine their equilibrium properties. The polyampholyte
be studied in this paper is the charged chain that is compo
of a random sequence of positive and negative monom
that have little net charges on the chain@4#. These mono-
mers, which represent a group of atoms or molecules,
connected by the molecular binding force of the entro
elasticity type. The polyampholyte is an idealization of m
terial gels and polymers@5,6#, and proteins in biochemica
systems@7#. Such polyampholytes are usually submerged
a viscous medium~solvent!, which works as a thermal res
ervoir to exert random thermal forces and frictions on the

The properties of the polyelectrolyte that is the chain
charged monomers of the same sign were extensively stu
to theoretically understand dissolution of the homogeneou
charged polymers in solvents@8# and physical behaviors o
DNA @9#. However, the polyampholytes remained infr
quently studied until quite recently because of their compl
ity due to inhomogeneity of the charge sequences. The
theoretical study of the polyampholytes using the Coulo
force can be found in Ref.@10#. Recently, the two-parametri

*On leave from the Institute of Biochemical Physics, Russ
Academy of Sciences, Moscow 117977, Russia.
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Flory theory was developed to explain both the polyelect
lyte and polyampholyte regimes of charged chains@11#. On
the other hand, extensive numerical studies were perform
by means of the Monte Carlo simulation with the latti
model @5# where static properties of the polyampholyt
were examined using the energy principle to obtain the low
energy state.

For the polyampholytes, the number of charged mo
mers in the Debye sphere is typically not very large and m
be as small as of the order of unity. This is why the polya
pholyte chain is not considered a continuous medium,
sharp contrast with ordinary high temperature plasmas@12#.
For this reason, the direct Coulomb interactions between
charged monomers play major roles in the structure org
zation, which need to be calculated with high accuracy
numerical computations. The dynamics of the polyamphol
chain with finite size monomers is governed by the elect
static and thermal interactions, as characterized in the c
pling constantG5e2/aT, and also by the stiffness of th
chainv/a3. Here,e is electron charge,a the monomer dis-
tance,v the volume of the monomer, andT the temperature
in the energy unit (kBT if T is measured in degrees, withkB
the Boltzmann constant!. We remark here that, since we a
going to study the global structure of the polyampholytes
stated in the Introduction, it is reasonable to use class
mechanics, not including quantum mechanical effects.

Molecular dynamics~particle simulation!, which is a tool
adopted in this study, integrates Newton’s equations of m
tion in time to trace the dynamical evolution of theN-body
system. With the method, we are able to study dynam

n
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56 5799MOLECULAR DYNAMICS STUDY OF THE STRUCTURE . . .
and equilibrium properties, including reaction and relaxat
processes along the dynamical paths. The aforementio
Monte Carlo simulation with the lattice model@5# was useful
in studying the static properties of flexible polymers w
v/a3<1. However, it did not include dynamical effects an
may have eliminated the densely packed state of stiff po
mers at low temperatures, which is presented in this stu

Therefore, the issues of the polyampholytes to be stud
here by molecular dynamics simulations are the formation
equilibrium conformations and dynamical paths toward su
states under the long-range Coulomb force and other sh
range forces. Further, the dependence of the final equilibr
states on the initial conformations and randomness of
charge sequences is examined, as well as the reversibili
the transition among the equilibrium states that is invoked
temperature changes. The last issue relates to an existen
the metastable states or the local energy minima.

The outline of this paper is the following. In Sec. II, th
equations used in the present molecular dynamics sim
tions are presented. We include~1! the long-range electro
static ~Coulomb! force, ~2! the harmonic binding force be
tween the adjacent monomers, and~3! the random therma
kicks and the frictional force originating from the surroun
ing medium. In Sec. III, we will examine the dynamics a
equilibrium of a chain of chargedN-body system. The relax
ation to equilibrium conformations occurs in~200–300! vpe

21

due to folding of the chain, and the expansion at high te
peratures is several times faster, wherevpe is the plasma
frequency. Three temperature regimes of the polyamphol
with different conformations and parameter dependences
observed. The free energy is minimized by the change in
conformations through the electrostatic potential. Go
agreement between the molecular dynamics simulation
the Flory theory of the polyampholytes@11# is obtained in
the high and medium temperature regimes. On the o
hand, the densely packed compact state at low tempera
is discovered in the present study, which does not adopt
lattice model~Sec. III B!. Then, in Sec. IV we add the shor
range attractive force to find the cooperative effects of
long- and short-range forces. A hysteresis of the transi
path among the equilibrium states is demonstrated. Sectio
will be the summary and conclusion of this paper.

II. EQUATIONS OF MOTION

For the purpose of studying the dynamical evolution a
equilibrium properties of the polyampholytes@13#, we solve
the equations of motion for the positions and velocities of
N monomers. The equations for thei th monomer
( i 51, . . . ,N) is written as

m
dvi

dt
5FLR~r i !2

3T

a2
~2r i2r i 112r i 21!1Fth2nmvi ,

~1!

dr i

dt
5vi . ~2!

The electrostatic Coulomb force, which is a long-ran
force, is given by
n
ed
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FLR~r i !5(
j

ZiZje
2

ur i2r j u2
r̂ i j . ~3!

Here,r i andvi are the position and velocity of thei th mono-
mer, respectively,m, Zi are mass and charge state (Zi561
is assumed!, r̂ i j is a unit vector along (r i2r j ), andn is the
friction constant. In Eq.~3!, the Coulomb force is summe
over all the possible monomer pairs, and the harmonic sp
force connecting the monomers is calculated pairwise. T
thermal forceFth that acts on the monomers is generat
using random numbers with a Gaussian distribution in e
time step. The frictional constantn is chosen such that th
average kinetic energy of the monomers equals 3/2T @7#. The
thermal and friction forces exerted by the surrounding m
dium serve to maintain the kinetic energy of theN-body
system at the thermal equilibrium level.

It is emphasized that the monomers on the chain can
cupy any point in the six-dimensional space (r ,v), unlike the
lattice model@5#. This turns out to be important especial
for the densely packed states in the low temperature reg
to be presented in Sec. III, because the exclusion effect of
neighboring monomers becomes apparent in such states
minimum distance allowed for any pair of monomers
acol50.2a or 0.5a, below which the monomers are elas
cally scattered. The stiffness of the chain in our simulat
then becomesv/a35(p/6)(acol /a)3;0.00420.065, where
v5(4p/3)(acol/2)3 is the exclusion volume of the monome
The chosen stiffness well represents those values obtaine
laboratory experiments, i.e.,v/a3<0.2 for most flexible
monomers, andv/a3;0.003 for double helix DNA@7#.

All the simulation quantities in Secs. III and IV are no
malized as nondimensional ones~the quantities with carets!:

r5ar̂ , v5avpv̂, t5 t̂vp
21 , ~4!

with vp5A4pn0e2/m being the plasma frequency andn0
the initial number density of~positively! charged monomers
If we assume nearly neutral polyampholytesn0a3;1/2, then
we havevp;(2pe2/ma3)1/2. For the CH2 monomers with
a55 Å and e50.1 esu, we havevp;231012 s21

(vp
21;0.5 ps! and the coupling constantG;1 at room tem-

perature. Under this normalization, the equations of mot
are written as~the caret is suppressed hereafter!

dvi

dt
5FLR~r i !2

3

4pG
~2r i2r i 112r i 21!1Fth2jvi , ~5!

dr i

dt
5vi , FLR~r i !5

1

4p(
j

ZiZj

ur i2r j u2
r̂ i j . ~6!

We see in Eq.~5! two nondimensional parameters,

G5
e2

aT
, j5

n

vp
. ~7!

The other important parameter is the exclusion lengthacol ,
or the stiffness of the chainv/a3 in the nondimensiona
form, which arises from geometrical exclusion of adjace
monomers.G is the so-called coupling constant, which is a
inverse of temperatureT. In high-temperature plasmas, th
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5800 56TANAKA, GROSBERG, PANDE, AND TANAKA
conditionG!1 is always satisfied to ensure shielding of t
electric field beyond the Debye length@12#. However, the
Debye shielding is incomplete in the polymer system as
Debye sphere contains only few charged monomers.

III. DYNAMICAL AND EQUILIBRIUM PROPERTIES
DUE TO THE COULOMB FORCE

A. Dependence on the charge imbalance

The temporal evolution of the polyampholyte chains a
their equilibrium properties under the long-range Coulo
force are examined with various amounts of charge imb
ance. The temperature for the run depicted in Fig. 1
T51/2T0 ~the coupling constantG5e2/aT52), the exclu-
sion length isacol50.2a, and the friction constant isj50.1,
where the base temperatureT0 corresponds to
G05e2/aT051. The net charge of this chain consisting
256 randomly distributed charged monomers is 1.6%. In F
1 and the following figures, the plusses and circles on
chain represent the positive and negative monomers, res
tively. For the chosen parameters, the initial conformation
Fig. 1~a! is organized to be a spherical and compact glob

FIG. 1. The time sequential plots of the 256-mer polyamphol
chain at~a! t50, ~b! t550vpe

21 , and ~c! t5600vpe
21 of molecular

dynamics simulation. The parameters areT51/2T0, acol50.2a, and
the charge imbalance is 1.6%. The1 and dot on the chain represe
positive and negative monomers, respectively.
e
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in a few hundred times the inverse of the plasma frequen
The conformation atvpet550 shown in Fig. 1~b! is already
close to the final and equilibrium conformation of Fig. 1~c!.

The time histories of the kinetic energy, the elas
~spring! energy, the electrostatic potential, and the gyrat
radius defined by

Rg5S 1

N(
i

~r i2^r &!2D 1/2

~8!

are depicted in Fig. 2 for the above polyampholyte cha
where^r & stands for the gravity center of all the monome
The average kinetic energy per monomer is held const
Wkin;3/2T, by the thermal kicks and the frictional force, a
seen in Fig. 2~a!. The elastic energy that is proportional
the mean square of the average distance between the
nected monomers,̂(Dr )2&, increases quickly in the initia
transient phase oft<20vpe

21 . Beyond this time, the energ
equipartition is satisfied during the run,Wkin;Wspr. Also,
the electrostatic potential and the radius relax to equilibri
values, whose relaxation (e-folding! time t rel;280vpe

21 is
long compared to that of the elastic energy. Oscillating flu
tuations withtN52565 ~130 – 170! vpe

21 are observed for
N5256 in Figs. 2~c! and 2~d!, whereas the oscillation perio
for N564 is tN564;80vpe

21 . The oscillation period is pro-

e

FIG. 2. The time histories of~a! the kinetic energy,~b! the
elastic energy,~c! the electrostatic potential, and~d! the gyration
radius~the root-mean-squared size! of the polyampholyte shown in
Fig. 1.
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56 5801MOLECULAR DYNAMICS STUDY OF THE STRUCTURE . . .
portional toAN, implying that the mass~length! of the os-
cillating arm~a part of the chain! is proportional to the total
mass~length! of the chain.

The observed two relaxation mechanisms in the short a
long time scales, respectively, are the local adjustment of
connected monomer distances by elasticity, and the glo
structure organization due to folding of the chain under t
Coulomb force.

Figure 3 shows variability of the equilibrium conforma
tions due to the charge imbalance and the time histories
the corresponding gyration radius for the 256-mer chai
The net charges are~a! dN/N51.6%, ~b! 6.3%, and~c!
14.1%. @The scale of the three-dimensional plot~c! is re-
duced to about half the real size.# The chain collapses to
Rg;2.3a for the small net charge case~a!, but it swells to
Rg;13a for the significantly non-neutral case~c!. The equi-
librium conformation for the small net charge case is
spherical and compact globule. For this case, the attrac
force by the elasticity that is provided by the harmon
springs overcomes the electrostatic repulsive force. The
ration radius for the case with intermediate charge imbala
in Fig. 3~b! undergoes amplitude oscillations whose period
200vpe

21 . When the charge imbalance is larger, the gyrati
radius increases monotonically in time and the chain b
comes highly stretched, as shown in Fig. 3~c!. The relaxation

FIG. 3. The equilibrium conformations and the time histories
the gyration radius for the 256-mer chains withacol50.2a and

T5
1
2 T0. The charge imbalance is~a! dN/N5 1.6%,~b! 6.3%, and

~c! 14.1%. The conformation for~c! is reduced to 53% that of the
real size.
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time of the structure for these 256-mers ist rel5 ~200 – 300!
vpe

21 . The criterion for the collapse and expansion of t
polyampholytes against the charge imbalance agrees
that obtained by the Monte Carlo simulation@5#. A simple
theory based on the energy principle and valid for the n
neutral polyampholyte predicts that the transition betwe
the compact and stretched configurations occurs at
charge imbalance ofdN;AN. Indeed, the free energy i
given by the sum of the electrostatic and elastic terms,

F5Q2/R1~3T/2!NR2/a2. ~9!

If the charge imbalanceQ scales asQ;eNa, then by mini-
mizing the free energy with respect to the average mono
distanceR, one obtainsR;(e2a2/3T)1/3N(2a21)/3. In order
for the polyampholyte not to collapse or expand, one m
have a51/2. The critical radius is Rc;(e2a2/3T)1/3

5a(G/3)1/3. In the present simulation, the excess cha
dN5N1/2 corresponds todN/N5 0.063 at which the transi-
tion of the equilibrium conformations did occur, as in Fi
3~b!.

For the runs shown above, the connected-monomer
tances are nearly constant atd;1.6a during the time evolu-
tion, while the polyampholytes either collapse or expand
pending on the amount of their charge imbalance. Thus,
large change in the structure is due to folding or unfolding
the chain. For the case with a small net charge, it is poss
for the charged monomers to find their optimal positions
that one charged monomer is nested among those with
opposite charge sign to minimize the electrostatic ener
Loose aggregates of the positively and negatively char
monomers are created.

The effects of the electrostatic force on the equilibriu
properties are further studied in a statistical fashion. A se
the 300 non-neutral polyampholytes of 64-mers having r
dom conformations and charge sequences is generated a
initial condition of molecular dynamics simulations. Th
temperature of the system isT5(1/5)T0 ~corresponding to
G55), and the exclusion length isacol50.5a.

Figure 4~a! depicts the generated case distribution of t
polyampholyte chains against their net charge, which is
sentially a Gaussian distribution centered atdN50. The
critical charge imbalance for the 64-mers is calculated to
dNc /N;0.13. The gyration radiusRg at equilibrium in Fig.
4~b! is smallest when the polyampholyte is charge neut
When the charge imbalance exceeds the critical valueN1/2,
the size of the polyampholyte increases drastically. For
ample, the equilibrium gyration radius atdN/N;0.31 is 3.8
times that of the neutral case, whereas the connected m
mer distancêDr &[@( i(r i 112r i)

2/N#1/2 in Fig. 4~c! is only
1.1 times that of the neutral case. Similarly, the volume^V&
that is a sum of the small cubes (2a)3 occupied by at leas
one monomer of the chain becomes 1.7 times that of
neutral case. The observed relationRg

3@^V& shows that large
increase in size with temperature is due to unfolding of
chain. ~The gyration radius is related to the volume b
^V&;Rg

3 if the polyampholyte is spherical, but it tends
give the largest distance between the monomers if the c
is highly stretched.!

The average electrostatic potential depicted in Fig. 4~d! is
defined by

f
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F5(
i j

ZiZje
2/ur i2r j u. ~10!

The potential measured from the bottom~charge neutral
case! increases with the amount of charge imbalance,DF
;5.031022 as the charge imbalance increases from null
dN/N50.31. The elastic energy,Wspr5(3T/2a2)^(Dr )2&,
increases byDWspr;1.431022, which is a quarter of the
increase in the electrostatic potential. Thus, the electrosta
force is greatly contributing to organizing the structure of th
polyampholytes when the temperature is low,T<T0, or
G.1.

We note in passing that the sign of the potentialF is
negative as a whole. However, if we limit the summatio
over the monomer pairs withur i2r j u>2Rg /N1/3, the sign of
the potential turns out to be positive~repulsive! for dN@1.
This procedure excludes a large contribution of the agg
gated monomer pairs to the electrostatic potential. Th
large-scale potentialFL actually organizes the global struc
ture of the polyampholytes.

When the temperature is high, the magnitude of th
changes in the gyration radius, the monomer distance, a
the electrostatic potential against the charge imbalance
small compared to their counterparts shown in Fig. 4. Bu
the overall tendency stays qualitatively the same. Also, w
remark that the equilibrium properties of the polyampholyt
presented in Sec. III do not depend on the initial conform
tions. Although the details of each final conformation a
affected by the charge sequence, the deviation in the qua
ties shown in Fig. 4, for example, is eliminated by an e
semble average of the measured data of each run over all
runs with randomly generated sequences that constitute
Gaussian distribution in thermal equilibrium.

B. Temperature dependence

Now we trace the dynamical evolution of the polyam
pholytes under various temperatures and retrieve their eq

FIG. 4. ~a! The case distribution of non-neutral 64-mer chain
against the charge imbalance. The equilibrium values of~b! the
gyration radius,~c! the connected monomer distance, and~d! the
elastic energy against charge imbalance. The parameters
T/T051/5 andacol50.5a.
o
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librium properties. Figure 5 depicts the typical equilibrium
conformations in the high and low temperature regimes a
the corresponding velocity distribution functions for the ne
tral 256-mers withacol50.5a. For T/T052 shown in Fig.
5~a!, the equilibrium conformation is quite stretched. Th
time evolution of the gyration radius for the high temperatu
regime varies substantially depending on the charge
quences. Generally, a fast expansion takes place, typicall
tex;50vpe

21 , which is accompanied by slow amplitude os
cillations of the gyration radius. The radius oscillates b
tweenRg;10a62a in the time period of about 300vpe

21 in
Fig. 5~a!. The velocity distribution functions for this case ar
anisotropic and deviating from the Maxwellian distribution
being consistent with large time variability of the conforma
tion.

On the other hand, the gyration radius for the low tem
perature caseT/T051/8 decreases monotonically with th
e-folding time t rel;200vpe

21 , which is significantly slow
compared to the expansion at high temperatures. The e
librium conformation thus reached is shown in Fig. 5~b!,
which is spherical and compact. The velocity distributio
functions for this case are nearly Maxwellian. During th
collapse the chain becomes multiply folded, but the distan
between the connected monomers is shortened only a li
The charged monomers tend to be loosely aggregated
form neutral clusters; the effective interactions are reduced
the dipole interactions. When the number of monomers

are

FIG. 5. The equilibrium conformations of the neutral 256-m
chains with acol50.5a, and corresponding velocity distribution
functions in the x, y, z directions for ~a! T/T052 and ~b!
T/T051/8. The maximum and minimum of the velocity plots ar
six times the thermal speed.
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56 5803MOLECULAR DYNAMICS STUDY OF THE STRUCTURE . . .
small (N564), the gyration radius decreases in a simi
time scale as for the long chains. The relaxation time of
global structure is thus independent of the number of
monomers~the length! of the chain.

In order to eliminate the aforementioned deviations ori
nating from randomness of the charge sequences, mul
runs for the same set of the parameters are made sta
from random conformations and charge sequences. Then
measured data such as the kinetic energy and the gyra
radius are averaged over these runs. Also, other series of
are performed for various values of the temperature, the
clusion length, and the number of monomers on the cha

Figure 6 is the linear-scale plot of~a! the kinetic energy,
~b! the electrostatic potential,~c! the connected-monome
distance, and~d! the gyration radius, for the 256-me
polyampholyte chains withacol50.5a, each of which is plot-
ted against the temperatureT5e2/aG. Each point in the fig-
ure is the average over ten different runs. Energy equipa
tion is established between the kinetic and elastic ener
over the wide temperature range; they are proportional to
temperature,Wkin;Wspr;3/2T}G21, due to the random
thermal kicks and the frictional force exerted by the su
rounding medium. However, there occurs a slight offset
low the 3/2T line for the elastic energy atT/T0,1. This is
because the elastic energy,Wspr5(3T/2a2)^(Dr )2&, is af-
fected by contraction of the connected-monomer dista
(^(Dr )2&)1/2 in the low-temperature regime, especially
T/T0,0.5. However, the decrease in the gyration radius
generally much greater than that in the connected-mono
distance when the temperature is lowered. Conseque
folding of the chain is responsible for the global structu
changes. On the other hand, contraction of the connec
monomer distances is not small at low temperatures w
the polyampholyte is very stiff,v/a3<0.005.

The contraction of the connected-monomer distance
easily understood. When the Coulomb energy is negligib
the balance 3/2T;Wspr determines the distance as^Dr &;a.
However, whenuFu>Wspr>3/2T, an addition of the attrac-
tive force between the positively and negatively charg

FIG. 6. The temperature dependence of~a! the kinetic energy,
~b! the electrostatic potential,~c! the connected-monomer distanc
and~d! the gyration radius of the neutral 256-mers withacol50.5a.
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monomer pair reduces the distanceDr . This occurs for
T<T0 ~or G>1), as shown in Fig. 6~c!. Alternatively, this is
directly proven by omitting the Coulomb force and makin
the simulation runs in various temperatures; the connec
monomer distance is found to remain the same in the
sence of the electrostatic force.

The magnitude of the electrostatic potential (F,0) in-
creases as temperature is lowered, as depicted in Fig.~b!.
This is consistent with reduction of the average monom
distance 2Rg /N1/3. The large-scale potentialFL defined be-
low Eq. ~10! is measured to be a fraction of the avera
potentialF, but it stays negative~attractive! for the neutral
polyampholytes. We note that the low and medium tempe
ture regimes are characterized by dominance of the elec
static potential over the kinetic energy, which stabilizes
neutral polyampholytes.

To obtain the precise functional form, the gyration radi
for theacol50.5a case already depicted in Fig. 6 is plotted
logarithmic scales against temperature and the numbe
monomers on the chain. Figure 7 shows the temperature
pendence for the 64-, 128-, and 256-mers where three
gimes are found in the temperature domain joined
T/T0;0.3 and 1.0. The ellipticity, which is the ratio of th
size of the polyampholyte measured along the long axisRi to
that perpendicular to itR' , increases linearly fromRi /R'

;1.3–2.2 against the temperature changeT/T0; 0.1–1. The
ellipticity stays constantRi /R';2.2 in the high temperature
regimeT/T0>1. At the crossover point of the low and me
dium temperature regimes, the ellipticity isRi /R';1.8. The
shape of the polyampholyte in the medium temperature
gime is very oblate but not stretched unlike the conformat
in the high temperature regime.

The dependence of the gyration radius on the numbe
the monomers on the chain is plotted in logarithmic sca
for the three temperature regimes in Fig. 8. With Figs. 7 a
8, the functional form of the gyration radius is compiled

FIG. 7. The temperature dependence of the gyration radius~the
root-mean-squared size! in logarithmic scales for the neutral 64
128, and 256-mer polyampholytes withacol50.5a. Three different
regimes are identified at low, medium, and high temperatures.
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be Rg;N0.25T0.8, Rg;N0.33T0.33, and Rg;N0.5 in the low,
medium, and high temperature regimes, respectively.
low temperature regime is thought to be affected by the s
ness of the chains since the exclusion length is not sm
compared to the intermonomer distance 2Rg /N1/3 ~the expo-
nent toN should be larger than 1/3 for very largeN). The
electrostatic potential for the same series of runs is depi
in Fig. 9. Again, three regimes are found in the electrosta
potential that exactly correspond to those in Fig. 7. The tr
sition of the conformations among the stretched, oblate,

FIG. 8. The dependence of the gyration radius on the numbe
monomers on the chain in logarithmic scales atT/T050.2, 0.5, and
2.0 for the neutral polyampholytes withacol50.5a.

FIG. 9. The magnitude of the electrostatic potentialuFu against
temperature in logarithmic scales for the polyampholytes depic
in Fig. 7. Three regimes corresonding exactly to those of Fig. 7
identified at low, medium, and high temperatures.
e
f-
ll

d
ic
-
d

spherical ones is manifested in the different functional
pendence of the electrostatic potential. The free energ
thereby minimized at each temperature. The electrostatic
tential in the medium temperature regime of Fig. 9 is fitt
by uFu;T20.44, which is independent of the number of th
monomers.

The gyration radius for the small exclusion leng
acol50.2a is plotted also in logarithmic scales in Fig. 1
Three regimes are again identified, with the crossover p
of the regimes located this time atT/T0;0.8 and 2.0, about
twice greater than for theacol50.5a case. The gyration ra
dius is scaled asRg;N0.3T1.0, Rg;N0.4T0.4, andRg;N0.6 in
the low, medium, and high temperature regimes, resp
tively. The electrostatic potential in the medium temperat
regime is fitted byuFu;T20.95. For the stiff chains, the de
pendence on the temperature and the number of the m
mers is more sensitive than for the flexible chains.

When we compare the two series of the runs presente
Figs. 7–10, it is found that the functional form of the gyr
tion radius,Rg;TaNb, is universal in the medium tempera
ture regime witha;b;1/3. These values are not sensitiv
to the exclusion length or the number of monomers
N.43. The short chains withN543 seem to be somewha
different from the long chains probably because the num
of the monomers on the polyampholyte surface is a little
many to deal with the volume interactions. For the dens
packed compact state in the low temperature regime, the
ponent to temperature depends on the exclusion length,
the stiffness of the polyampholytes. The exponent to te
perature for the long chains (N.43) is a;0.8 for acol50.5
anda;1.0 foracol50.2a. This tendency is qualitatively rea
sonable since the stiff polyampholyte with small exclusi
radii can be more densely packed as the monomers c
closer to each other at low temperatures.

A remarkable fact is that, while the temperatures for t
crossover point of the regimes depend on the exclus

of

d
re

FIG. 10. The temperature dependence of the gyration radiu
logarithmic scales for the neutral 64-, 128- and 256-mer polya
pholytes withacol50.2a.
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length, the gyration radius there is the same between the
with different exclusion lengths if the number of the mon
mers is fixed~Table I!. Even more remarkably, the crossov
point of the regimes is characterized by the unique value
the average monomer distance, 2Rg /N1/3, being independen
of both the exclusion length and the number of the mo
mers on the chain, as depicted in the bottom rows of Tab
The implications are~i! the free energy of the polyampholyt
is written mainly as the function of the average monom
distance,~ii ! each selected conformation minimizes the fr
energy in that temperature regime through the electros
potential.

We interpret that the high and medium temperature
gimes observed in the molecular dynamics simulations c
respond, respectively, to the unperturbed (t.t1) and
polyampholyte (t,t2) regimes of theu solvent of the Flory
theory for which the second virial coefficient vanishes@11#.
Indeed, for the charge neutral case, the theory provides
spherical polyampholyte with its radius scaled asR;N1/2 in
the first regime andR;(NT)1/3 in the second regime, in
good agreement with the analysis for Figs. 7, 8 and 10. O
difference is that the shape of the polyampholyte in the h
temperature regime is stretched by molecular dynamics.
since no principal axis exists as the conformation is hig
variable in time, the time average will result in the relati
^L&;^D&.

The previous Monte Carlo simulation with the lattic
model showed two regimes, the high and medium temp
ture regimes@5#. However, the exponents to the temperatu
for the gyration radius and the electrostatic potential w
appreciably small compared with the long-chain cases of
molecular dynamics simulations. For example, the gyrat
radius in the medium temperature regime is read
Rg,MC;T0.20, instead ofRg,MD;T1/3 of the molecular dy-
namics simulation~the long chains!. Finally, the low tem-
perature regime was not detected in the lattice model si
lation since it incorporated the self-avoiding features
adjacent monomers.

C. Reversibility under the Coulomb force

The response of a single polyampholyte against suc
sive temperature changes is studied in this subsection.
use a charge neutral, 64-mer chain with the exclusion len
acol50.2a. The temperature is changed either slowly or ra
idly in the following manner:T/T052→0.2→2.

Figure 11 depicts the time histories of the kinetic ener
the elastic energy, the gyration radius, and the applied t

TABLE I. The characteristic value of the temperatureT, the
gyration radiusRg , and the average monomer distance 2Rg /N1/3 at
the crossover point of the low and medium temperature regimesL-
M ), and the medium and high temperature regimes (M -H).

L-M M -H Remarks

T 0.3T0 1.0T0 acol50.5a, N5256
0.8T0 2.0T0 acol50.2a, N5256

Rg 6.0a 8.6a acol5(0.2a,0.5a), N5256
2Rg /N1/3 1.9a 2.7a N5256

2.0a 2.7a N564
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perature from top to bottom, respectively. When the te
perature is lowered and then raised quickly with the tim
constant 50vpe

21 as shown in the left column, the kinetic an
elastic energies follow the temperature change without t
delay. But, the size of the polyampholyte does not follow t
change immediately. The folding of the chain occurs rat
slowly with the time constantt rel;200vpe

21 for the 64-mers;
the expansion takes place faster withtex;50vpe

21 . These
time scales are the same as those for the 256-mers in F
~Sec. III B!.

On the other hand, when the temperature is chan
gradually with the time constant 400vpe

21 , which is long
compared with the relaxation time of the chain, the gyrat
radius of the polyampholyte changes closely following t
instantaneous value of the temperature, as depicted in
right column of Fig. 11. This simple experiment reveals th
the conformation of the polyampholyte is exactly reversib
under the Coulomb force~cf. hysteresis in Sec. IV!. The free
energy has only one minimum with respect to the monom
separation. Unfortunately, we cannot compare dynamics
of this section with the theory of kinetics of flexible cha
collapse@14#, because Eq.~1! implies immobile solvent and
thus hydrodynamic interaction of monomers is left beyo
the scope of the present study.

IV. COOPERATION OF LONG- AND SHORT-RANGE
FORCES

It is known theoretically and by experiments that comp
tition of the attractive and repulsive forces generates as
metry in the phase transition@6#. Here, we reproduce such
process in the molecular dynamics simulation by introduc
the second local minimum to the free energy. The sho
range attractive force that corresponds to a negative valu
the second virial coefficientB,0 ~poor solvent! may be

FIG. 11. The time histories of the kinetic energy, the elas
energy, the gyration radius, and the applied temperature, from
to bottom in this order. The left and right columns correspond
rapid and slow temperature changes, respectively.
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5806 56TANAKA, GROSBERG, PANDE, AND TANAKA
modeled by the force that operates between the two mo
mers placed within a certain distance,

FSR~r !5H 2 f 0r̂ for r ,aSR,

0 otherwise.
~11!

Including the Coulomb force and the short-range force giv
by Eqs.~3! and~11!, the molecular dynamics simulations ar
performed.

Figure 12 depicts the time histories of the gyration radi
and corresponding final conformations of the neutral 64-me
for ~a! the force constantf 0510, ~b! f 0515, and~c! f 0515
without the Coulomb force. Other parameters areaSR50.5a,
acol50.2a, andT/T051. The figure shows that the equilib-
rium conformation is not affected by the short-range forc
when the force is weak,f 0, f 0

crit;13, for ~a!. Otherwise for
case~b!, the gyration radius is reduced fromRg;3a to 1.2a
in the time interval oft;50vpe

21 . The attractive force results
in a compact conformation when it dominates over the Co
lomb force at the short distance,r<aSR. When the long-
range force is omitted, on the other hand, the reduction of
radius still occurs but slowly int;100vpe

21 as shown in Fig.
12~c!. Thus, the cooperation of the Coulomb force and th
short-range force is nonlinearly additive in the sense that
Coulomb force brings the monomers to a short distan
where the short-range force is operative. The time const
of the collapse is expected to be progressively large as
range of the forceaSR is reduced.

The observation that the size of the polyampholyte
drastically reduced by addition of the short-range force im

FIG. 12. The equilibrium conformations and the time history o
the gyration radius for~a! the force constantf 0510, ~b! f 0515, and
~c! f 0515 without the Coulomb force.
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plies that there will be a hysteresis against successive t
perature changes under the long- and short-range force
the following run, the temperature is raised gradually
t51000vpe

21 as T/T051→2 in the first stage, and is then
lowered to the initial valueT/T052→1 in the second stage
~Fig. 13!. During this operation, the size of the polyam
pholyte increases suddenly atT;1.4T0 in the first stage, as
shown in the right column of Fig. 13. Both the volume an
the gyration radius undergo amplitude oscillations arou
^V&;32a3 andRg;4a. The polyampholyte once expande
maintains such a conformation until the temperature fa
down to as low asT;1.1T0 in the second stage. The shrink
ing process occurs in a short time interval. The final gyrati
radius thus reached is the same as the initial one.

The above transition process invoked by the temperat
change is plotted as the (T,Rg) diagram in the left column of
Fig. 13. The data points are sampled in every 50vpe

21 after
the initial transients have subsidedt>200vpe

21 , and are pro-
cessed with broad-window smoothing of 300vpe

21 for the
phase with expanded conformations. A hysteresis of the tr
sition path is seen in the figure. More precisely, when t
temperature is raised, the transition path takes the lo
branch rightward starting at (T0,1.2a) and jumps up sud-
denly to Rg;3a at T;1.4T0; in the reverse way, the path
takes the upper branch leftward and then steps down abru
asRg;3a→1.2a at T;1.1T0.

It is remarked that the transition temperature is unique
the given set of parameters ofaSR, acol , and f 0; the tem-
perature at which the shrinkage occurs in the second s
does not change when the temperature is lowered twice m
rapidly. The hysteresis of the transition path, which is caus
by the cooperation of the long and short-range forces
clearly contrasted with the exactly reversible process un
the Coulomb force only~Sec. III C!.

V. SUMMARY AND CONCLUSION

Using the molecular dynamics simulations, we studied
this paper the dynamical evolution and the equilibrium pro
erties of the polyampholytes in terms of charge imbalan
temperature, length, and stiffness of the chains. The poly
pholytes submerged in the immobile viscous mediu
evolved following Eqs.~1!–~3! to reach thermal equilibrium

f

FIG. 13. The diagram of the gyration radius versus temperat
for a single 64-mer polyampholyte under the Coulomb and sh
range forces in the left column. The time histories of the volum
the gyration radius, and the applied temperature for the same
from top to bottom in the right column.
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56 5807MOLECULAR DYNAMICS STUDY OF THE STRUCTURE . . .
while receiving random thermal kicks and the frictional dr
force. The major observations under the Coulomb inter
tions ~i! and the Coulomb and short-range forces~ii ! were as
follows:

~ia! The equilibrium conformation was stretched and o
cillating in time when the amount of charge imbalance e
ceededN1/2, for which the large-scale potential was positi
~repulsive!. The oscillation period of the gyration radius wa
proportional to the total length~mass! of the chain. Other-
wise for a small net charge, the conformation was station
and compact.

~ib! Three regimes with different conformations and p
rameter dependences were identified in the temperature
main under the Coulomb force. The polyampholyte w
spherical, oblate, and stretched in the low, medium, and h
temperature regimes, respectively. The gyration radius
scaled asRg;N0.2520.3T0.821.0, (NT)0.3320.4, andN0.520.6 for
the exclusion radiiacol5 0.2a–0.5a. The electrostatic poten
tial showed three regimes exactly corresponding to thos
the temperature. The free energy was considered to be m
mized by the electrostatic potential through the change
the conformations. The crossover points of the regimes w
characterized by the unique values of the monomer dista
2Rg /N1/3, although the stiffness of the chain affected t
transition temperatures across the regime boundaries.

~ic! The nearly neutral polyampholytes relaxed to t
equilibrium conformations int rel5 ~200–300!vpe

21 due to
folding of the chain at low temperatures. The expansion
the polyampholyte occurred more rapidly intex;50vpe

21 for
high temperatures. The relaxation time of the global struct
was independent of the number of the monomers on
chain. Under the Coulomb force, the transition among
regimes with different conformations was exactly reversi
with temperature.

~ii ! The cooperation of the short-range and Coulo
forces acted to organize the structure of the polyamphol
A compact conformation was obtained for the temperatu
where stretched conformation was normally expected.
hysteresis of the phase transition path against succes
temperature changes was demonstrated by the molecula
namics simulation.

The densely packed compact state for the low temp
tures was identified, as summarized in~ib!, owing to the
molecular dynamics simulation, which allowed dense
packed conformations in the configuration space, unlike
lattice model. However, this densely packed state may
necessarily occur for all the polymers, especially for tho
associated with large side chains.

It is remarked that with the scaling of~ib!, there were
ys
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deviations for the short chains withN543 and when the
monomer distance was comparable to the exclusion len
2Rg /N1/3;acol . The latter was considered as being due
geometrical exclusion of the adjacent monomers. The form
might be due to that the number of the surface monom
was too large to deal with the volume interactions of t
Coulomb force.

In the molecular dynamics simulations, the evolution
the polyampholytes was traced in time by integrating Ne
ton’s equations of motion with a finite time stepDt. The
range of the temperature that was suitable for the simulat
was rather limited, 0.1<T/T0<3, due to the necessity of
small time step forT/T0@3, and the numerical fluctuation
associated with dynamical motions of the monomers
T/T0!0.1.

Nevertheless, good agreement was found between the
lecular dynamics simulations and theu solvent of the Flory
theory of the polyampholytes. Namely,~i! stretched confor-
mations were obtained for the non-neutral polyamphol
with dN.N1/2, ~ii ! the high and medium temperature r
gimes were identified with the correct scaling for the gy
tion radius,~iii ! the transition among the different regimes
the polyampholyte showed the hysteresis, as predicted w
the attractive and repulsive forces coexist. The scalingRg
}N1/3 represents the maximal packing in the thre
dimensional case.

On the other hand, differences were found between
present study and the Monte Carlo simulation with the latt
model. The temperature dependences of the gyration ra
and the Coulomb potential were much milder for the Mon
Carlo simulation. This was attributable to the fact that t
densely packed state of the stiff polyampholytes (v/a3!1)
was not treated adequately by the simulations that ado
the lattice model, although the lattice model was useful
modeling the volume exclusion effects due to large s
chains of the polymers. By contrast, the molecular dynam
simulation allowed the monomers to occupy any point in
phase space unless explicitly prohibited by the poten
function. It is emphasized that the choice of the stiffne
parameter in our study,v/a3, is in good accordance with th
real laboratory and biological polymers.
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