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Abstract

The behavior of polyampholytes over a wide range of temperatures is studied with
the use of molecular dynamics simulations. Tt has been found that biased fluctua-
tions of charge density due to aggregation of oppositely charged monomers causes
the Coulombic interactions more attractive than repulsive for a globally near-neutral
polyampholyte. Such a polyampholyte collapses to a globule, in which the poly-
mer chains inter-penetrate with each other and reptate through the whole globule.
It further condenses to an NaCl-like cubic crystal for widely extensible chains, but
crystallization is suppressed for finite extensible chains. Hysteresis in the volume-
temperature diagram is prominent for multichain polyampholytes, which is absent
for individual chains. Multichain effects always dominate over the single-chain effects
in swelling processes of polvampholytes. A non-neutral polyampholyte still forms a
globule if the amount of charge offset is less than 1N'/2 (N: the number of charged
monomers) at low temperatures. Otherwise, it consists of scattered chains and is
swollen. At high temperatures, it shrinks to the thermal state where the Coulomb
force plays little role. A polyampholyte with slight charge offset has a non-monotonic
(re-entrant) phase boundary with temperature. These results in the temperature
domain are in good agreement with polyampholyte experiments with variable salt

concentrations.
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1. Introduction

Condensation and swelling behavior against
temperature and salt ionic strength are im-
portant subjects of polyampholytes, which
are heterogeneous polymers consisting of
linked monomers of both positive and neg-
ative charges'. A study on these subjects of-
fers us informations of thermodynamical and
dynamical properties of polyampholytes, in-
cluding their internal structures of formed
charge complexes (aggregates), the way of
chain reptation in a globule, and stability of
such structures. This clarifies the roles of
long-range Coulomb forces in a constrained
heterogeneous charged system of three di-
mensions.

The Coulomb forces have both repulsive
and attractive parts for polyampholytes. The
former arises from unbalanced excess charges,
and is predominant for non-neutral polyam-
pholytes.  The latter arises from biased
charge density fluctuations due to the for-
mation of charge complexes of positive and
negative monomers. Resultant interactions
between the electric dipoles of the complexes
are attractive. The formation of such com-
plexes was directly measured’, and is bet-
ter seen in the pair correlation functions in
this paper. Moreover, we should note that
the attractive force overcomes the repulsive
force for block copolymers with alternating
charged blocks whose chains are all neutral
(cf. Fig.7 of Ref.7).

The statistical properties of the single-
chain polyampholytes were well studied in
the framework of Debye-Hiickel theory2, and
the Flory-type free energy theory®. An
early numerical study of single-chain polyam-
pholytes was performed by the Monte Carlo
simulations under a lattice model*. It found a
collapsed globule for neutral polyampholytes
and a self-avoiding stretched coil for non-
neutral polyampholytes. Later, the impor-
tance of multichain effects in the semi-dilute
and dense regimes of polyampholyte solution

was pointed out analytically, which showed
the limitation of the single-chain theories in
realistic applications®.

Statistical and dynamical properties of
polyampholytes for both the single-chain®
and muoltichain? cases were investigated
with the molecular dynamics simulations in
the full three-dimensional space (non-lattice
model). Another molecular dynamics simu-
lation was done to examine the effect of ap-
plied electric field on the stretching behavior
of polyampholyte®.

In the former studies by molecular dynam-
ics simulations®’, a very compact and dense
globular state was discovered by means of
the non-lattice model. It was shown that
the attractive nature of the Coulomb forces
for the globally neutral polyampholyte arises
from the formation of complexes of positive
and negative monomer pairs. A multichain
polyampholyte showed larger swelling than
its single-chain counterpart because of cre-
ation of large void space among the chains”.
‘Thermodynamical stability of the globule
at low temperatures against thermal agita-
tions was proved numerically and theoreti-
cally. Also, salt ions were demonstrated to
disintegrate a collapsed globule by migrating
inside and screening the electric field; dynam-
ical processes including the relaxation time
were shown to be adequately studied only
by kinetic tools such as molecular dynamics
simulations’.

Experimentally, the swelling behavior
of polyampholyte polymers and gels has
been studied by changing salt concentra-
tion over several orders of magnitude at
fixed temperature®="'. There, it was shown
that globally neutral polyampholytes occupy
small volumes at low salt concentration, and
swell monotonically with addition of salt.
By contrast, non-neutral polyampholytes are
swollen at low salt concentration, and they
shrink to the same volume as that of the neu-
tral ones at high salt concentration.



The low temperature behavior of non-
neutral polyampholytes was previously stud-
ied by the Monte Carlo simulations®. How-
ever.
single-chain cases and adopted the lattice
model, which becomes veryv inaccurate as
monomers are condensed at low tempera-
tures. For this reason. numerical studies in
the full three-dimensional space are more ap-
propriate.

these simulations considered only

In passing, we remark similar controlling
roles of temperature and salt ionic strength.
The major role of the salt ions is screening
of the electric field, which modifies the elec-
trostatic potential as ¢ ~ (1/r)exp(—7/A),
where A, = (ekpT/dme?(Z3n, + ng))/? is
the Debye screening length in the presence
of salt ions, with e electrical permitivity of
surrounding medium, kg the Boltzmann con-
stant, 1" temperature, e the unit charge, n;
and Z, the density and valence of salt ions,
no the density of polyampholyte. This re-
duces the electrostatic energy by a factor
(As/Ap)? ~ 1/(1+ Z2n,/ng). Thus, the elec-
trostatic coupling constant, which is the ratio
of the electrostatic energy to that of thermal
energy, 1s modified as

T = (e?/eakgT){X:/ p)* (1)
= (Ag/a)(A/Ap)* x 1/Z{n.T,

where a is the unit length, and Ag the Bjer-
rum length. The electrostatic coupling con-
stant is the most important parameter to de-
scribe the role of the Coulombic interactions
in charged systems®.

In this paper, we will study the behavior of
multichain polyampholytes, focusing on the
effects of temperature (or the Bjerrum length
Ag ~ T71) over a wide range, with the use
of molecular dynamics simulations. In order
to quantify the swellings of polyampholytes,
we measure the gyration radius of the system
(all chains) Ry sys, and that of each chain Ry

averaged over the chains.

| 1/2
Rg.sys = (:\‘—, Z(r]_ <r >)2) . (2)

7=1
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Ry = kYA (N Z(I‘J— <r, >)2) (3)
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where r, is the coordinate of the j-th parti-
cle, < r > and < r, > are the mass centers of
all the monorners and the s-th chain, respec-
tively, and N, N, and N, are the numbers
of all the monomers, chains, and monomers
per chain, respectively. We define the filling
index

¢ = NCI/3R9,1/R SYS- (4)

The condition { > 1 means that the chains
are overlapped and form a globule, whereas
for ¢ < 1 the chains are scattered across the
whole allowable domain. We also measure
the average distance of connected monomers
dp--p, the electrostatic energy

1
W, = N Z z Zizjez/eir, —r;l, (5)

[ -1

and the time fluctuations of the monomer dis-
tance,

SR = mﬁzzam/ <1y >, (6)

L )

where r,, = |r,—1,|, and 7, is its time (root-
mean square) fluctuations.

We will show that, by decreasing tem-
perature, a globally charge-neutral polyam-
pholyte collapses monotonically to a compact
globule, in which chains are inter-penetrating
with each other and reptating around the
whole volume of the globule. By further cool-
ing. it turns into an ordered structure close
to the NaCl crystal. The multichain effect is
shown to cause polyampholytes much larger
volume changes than the single-chain effect
does. Irreversibility of the volume change is
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a pronounced feature of multichain polyam-
pholyte, which is manifested in hysteresis in
the system gyration radius.

Also, the bare behavior of non-neutral
polyampholyte in the absence of counteri-
ons is studied. Even a non-neutral polyam-
pholyte forms a globule if the global charge
offset is less than NY2. Otherwise, it is
swollen at low temperatures, and shrinks
monotonically to a volume similar to that of
the neutral ones at high temperatures. The
volumetric changes of slightly non-neutral
polyampholyte are reentrant; first shrinking
and then swelling with the increase in tem-
perature.

In Sec.2 of this paper, the equations of mo-
tion adopted in the present study are given.
Condensation behavior of globally charge-
neutral polyampholytes at very low temper-
atures is shown in Sec.3. Swelling behavior
of non-neutral polyampholytes is described in
Sec.4. Sec.5 will be a summary of this paper.
The effects of counterions that neutralize and
modify the polyampholyte structure will be
studied in the sequel paper.

2. The Equations of Motion

The multichain polyampholytes adopted
in this study consist of six 32-mer chains.
The initial configurations of the chains are
generated by random walks, and the charge
sequence on each chain is also picked at
random. When the global (overall) charge
neutrality constraint is imposed, half the
monomers of the whole polvampholyte are
assigned positive charges and the other half
negative charges. These given charges are
then well shuffled in terms of the monomer
indices to realize random sequences on any
part of the chains. The polyampholytes thus
prepared are submerged in a Langevin fluid.
The dynamical motions of monomers are gov-
erned by the Newton-Langevin equations of

motion®7,

dv; 3kpT
m*&-t— = FLR(ri) —_ ﬁ;—(Zrz — I
d
—ri_i) + Fp — vmv; — %, (7)
dri
dai = Vj. (8)

Here, r; and v; are the position and velocity
of the i-th monomer (¢ = 1 ~ N), respec-
tively, m is the monomer mass, T the tem-
perature, a the normalization length (which
is close in value to the bond length of the
monomer pairs), and » the friction constant.
The Coulomb force F g, which is an electro-
static long-range force, is obtained by sum-
ming over all the possible monomer pairs,

Zszez
€fri— P

Fre(r)=>"

3

fi}v (9)

where Z; is a charge state (Z, = +1),
the electrical permitivity, and £,; a unit vec-
tor along the line (r; — r;). The last term
of Eq.(7) represents the short-range force
(mostly repulsive) due to the Lennard-Jones
potential,

st =] ()"~ (=)}, o

where ar; is the exclusion radius. Here, we
set ary = a and Uy = e%/12¢ar;; when two
monomers make a close encounter of distance
T ~ arj, they repel each other in an elastic
fashion. The potential Eq.(10) represents a
good solvent (the second Virial coefficient is
positive} for the temperatures T/T; < 1.

In Eq.(7), a harmonic spring that is widely
extensible is adopted to account for the con-
nection of two adjacent monomers. Com-
bination of finite eztensible bonds and im-
penetrable monomers (Eq.({)) are also used
in Sec.3 to delineate the effect of monomer
bonds in the condensation process. The ther-
mal force Fyy, that exerts random kicks on the
monomers is generated with the use of ran-
dom numbers with a Gaussian distribution in

€
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each time step. The strength of the thermal
kicks is controlled in such a way that the av-
erage kinetic energy of the monomer equals
%k g1 in balance with the momentum absorp-
tion by the immobile solvent®. (Energy units
are hereafter used in which the temperature
T stands for kg1, with kg the Boltzmann
constant. )

Several series of runs are performed for
globally neutral and non-neutral polvam-
pholytes that have different initial configura-
tions and charge sequences. Typical charge
sequences of the chains of such polyam-
pholytes are tabulated in Table I, which are
used in the runs of Figs.1, 3 and 10. To exam-
ine the temperature effect, the whole system
is cooled gradually as T(¢) = 27 %7T,. Here,
the initial temperature of 77 = %T o (or the
Bjerrum length Agp = 5a) is chosen, where
To is the base temperature at which the elec-
trostatic and thermal energies are of equal
amount at the distance a, i.e. e?/ealy = 1.
Temperature is then gradually raised with
the same time constant, by immediately fol-
lowing the first cooling stage to see recipro-
cality of polyampholyte behaviors for cooling
and heating.

The boundary conditions of an isolated
charge system are used in this study. The
velocity of the monomers hitting a bound-
arv sphere, which is located at the radius
7 = 2la, isinverted in an elastic fashion. The
choice of such boundary conditions is justi-
fied for studies of physics processes, since it
was confirmed in our previous study'? with
the periodic boundary conditions (the Ewald
sum method!®) that the swelling behavior
of polyampholytes is only slightly modified
compared to those for the isolated system.

3. Swelling Behavior of Neutral Poly-
ampholytes
(a) Reptation and hysteresis

A tvpical behavior of globally charge-
neutral polyampholvte in the cooling stage

is shown by filled circles in Fig.1. The be-
havior of the same polvampholyte in subse-
quent heating stage 1s shown by open circles.
The time constant of cooling is 7y = 2000w,
where w, = (27e?/ema’)'/? is plasma fre-
quency, which becomes w, ~ 5 x 107 *sec™!
(about 1 psec) for the CH, monomer with

a=3 A in water {e = 80). We note that the
relaxation time of the given polyampholyte
chains is 7 ~ 300w, .

Six quantities shown in Fig.1 are the sys-
tem gyration radius of all the chains which
represents the multichain effects, Ry s, the
average gyration radius of the chains rep-
resenting the single-chain effects, R,;, the
filling index that indicates overlap of the
chains {( = N!Y3R,1/Rgsys, the electro-
static energy, —W, (the sign reversed, W, =
(1/N) ¥, Z,Z,€* [€|r;—1;]), the average dis-
tance of connected monomers dy..,, and the
mean-square distance fluctuations of (all)
monomers 4R normalized by i the average
monomer distance.

For the neutral polvampholyte, two kind
of the gyration radii decrease nearly mono-
tonically when temperature is lowered. For
T/Ty < 0.1 {the Bjerrum length Ap > 10a),
a globule is formed { > 1. Below this tem-
perature, the change in the gyration radii be-
comes rather small, which implies that the
globule is approaching the highest density
state that is allowed to the system. It is
quite remarkable that the gyration radius of
each chain is close to the system gyration ra-
dius, Rg1 ~ Rgsys- This indicates that the
chains are inter-penetrating with each other
and reptating through the whole volume of
the globule at low temperatures.

The change in the system gyration radius
is about a factor of 3.5 in Fig.l, which is
twice larger in magnitude than that in the
gyration radius of each chain. In terms of
the volumetric changes, the multichain effect
prevails about ten times over the single-chain
effect, which agrees with our previous study’.



The distance between connected monomers,
dp_p = 1.4a, does not change significantly. A
globule that is formed for T/T; < 0.1 in the
cooling stage is kept until higher temperature
T/Ty ~ 0.3 (the Bjerrum length Ap ~ 3a) in
the heating stage. The fluctuations of rela-
tive monomer distances d R decrease linearly
for T/Ty > 0.05 as temperature is lowered,
although the macroscopic quantities such as
the gyration radii are rather insensitive to
temperature changes for T/7T; < 0.03. At
very low temperatures T/7y < 0.05, fluctu-
ations decrease as 0R ~ T2, and are small
but finite, SR/R ~ 1072,

Hysteresis in the system gyvration radius
is seen in Fig.1. The neutral polyampholyte
goes along different paths for the cooling and
heating stages: the change in the heating
stage begins at higher temperature than in
the cooling stage. But, hysteresis is absent
in the average gyration radius of the chains,
which is therefore reversible with tempera-
ture. This irreversibility reveals that the
globule at low temperatures chooses one of
the state out of many possible ones that have
almost the same energy. That is, such glob-
ule is not thermally equilibrated, and its re-
laxation should be very slow.

The sign of the electrostatic energy is al-
ways negative for neutral polyampholytes,
thus indicating the prevalence of attractive
Coulomb forces over repulsive ones. As in
regular neutral plasma, this so-called polyam-
pholyte effect is due to biased fluctuations of
charge density. Accordingly, the magnitude
of the averaged electrostatic energy, to which
the closest pairs of unlike-sign charges most
contribute, decreases with temperature, as

3

almost inversely proportional to 3 power of

the gyration radius of each chain®!4, {W,| ~
R

g.1

It is interesting that, even if the chain
bonds between monomers are removed {cut)
at very low temperature 7'/Ty < 0.001, the
collapsed globule is not destroyed. The glob-

ule that has once condensed stays in a sta-
ble state under the influence of the Coulomb
forces. On the other hand, as one expects,
the chain connection makes condensation of
polyampholyte smooth and faster under the
pressure at which neutral plasma (the system
of free charged particles without net charge)
of the same density condenses irregularly and
slowly (see below).

The behavior of neutral plasma (96 posi-
tive and 96 negative particles), that also rep-
resents the case of Nat and Cl™ gas /lig-
uid, is shown in Fig.2. The charged parti-
cles condense in a similar time scale as the
polyampholyte only when the size of the sim-
ulation domain is cut half, i.e. eight times in
density. Clear and smooth hysteresis curves
are seen in the volumetric changes for the
plasma, since they are not constrained by
chain bonds. Condensation takes place at
lower temperature than melting occurs at
T/To ~ 1072 (or [ ~ 100) in the heat-
ing stage. We note that multichain environ-
ment is required to have hysteresis under the
Coulomb forces (cf. Fig.13 of Ref.6).

Figure 3 shows another run for globally
neutral polyampholyte of different random
sequences. The time constant of the temper-
ature changes is again 75 = 2000w, !. For
reference, the heating stage for a plasma -
an assembly of free charged particles, is also
shown. In the cooling stage, the formation
of a globule takes place at the temperature
T/Ty ~ 0.1, at which the Bjerrum length
is Ap ~ 10a. The diameter of the polyam-
pholyte there is close to this length. In
the heating stage, the disintegration of the
globule occurs slowly and is postponed until
higher temperature. These temperatures of
the globule formation and disintegration are
the same as those in Fig.1, showing the se-
quence insensitivity.

On the other hand, the plasma begins to
deviate from the condensed state even below
the temperature T/T; ~ 0.01; the globule is
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rapidly disintegrated above this temperature.
The electrostatic energy for the plasma is
much reduced when the condensed structure
is lost. The stabilizing roles of the chains for
polvampholytes are readily seen, as expected,
by comparing the curves shown by triangles
{plasma) and circles (polyampholyte).

(b} Formation of Coulomb crystal

The bird’s-eye view plot of Fig.4 shows the
condensed structure, which is seen for the
neutral polyampholyte of Fig.3 at the tem-
perature 1'/Ty = 1/512 in the cooling stage.
The red and green spheres represent, the pos-
itively and negatively charged monomers, re-
spectively, and the upper and lower panels
are only different in view angles. There, we
see a well ordered structure: the positive and
negative monomers are placed in an alter-
nate fashion on vertices of the cubic lattice.
Also, the chains are seen to reptate within the
structure, connecting one monomer typically
with its second-closest or further monomers.
This condensed structure is quite similar to
the crystal formed in the Nat and Cl™ so-
lution, where one Na™ ion is surrounded by
equally spaced six Cl- ions which are lo-
cated on vertices of the cubic lattice. In
fact, the red and green spheres that are ar-
ranged alternately on the cubic lattice look
the same as the lower panel of Fig.4 when
viewed obliquely from the top side.

Figure 5 depicts the time evolution of the
above neutral polyampholyte in the cooling
stage. The left panels are bird’s-eye view
plots of the polyampholyte, and the right
panels are the pair correlation functions for
the equal-sign pairs G, and the opposite-
sign pairs G, . At all temperatures, the first
peak in G,_(r) is located always inside of
the first peak in G, (r). Moreover, the first
peak of G, _(r) occurs at the distance r; that
1s significantly shorter than the average bond
length of the monomers, 1 = apy < dp—p(=
1.4¢a). This confirms reptation of the polymer

chains in the condensed structure. These ob-
servations also indicate the formation of the
positive and negative charge complexes, from
which the attractive nature of the Coulomb
forces for polvampholytes arises.

The pair correlation function further tells
us that the discrete structure becomes evi-
dent for the low temperatures T/7; < 0.01
(the Bjerrum length Ag > 100qg). At the tem-
perature T/7T; = 1/128, the polyampholyte
is still frustrated, while it becomes highly
structured at T/Tp = 1/512. We infer that
phase transition from liquid to crystal oc-
curs between these temperatures, namely at
T/Ty = 0.05 where the slope of the fluc-
tuations 0R/R changes. The first peak in
G4 _(r) occurs at the distance equal to the
exclusion radius, r; = ars; the number of
monomers at such position is approximately
six, which agrees with the case of the cubic
lattice. The second neighbors which are the
pairs of equal-sign charges sit at r ~ 1.2a,;.
Its deviation from the cubic lattice may be
due to a small number of monomers in the
present globule.

(c) Effect of finite extensible bonds and
impenetrable monomers

The NaCl-like cubic lattice was obtained
at very low temperature in Fig.l to Fig.5,
as the result of condensation of globally neu-
tral polyampholyte. There, the elastic force
was provided by harmonic springs whose
force constant was proportional to temper-
ature, 3kpT/a?. Thus, the elastic energy be-
came negligiblly small in comparison with the
Coulomb erergy at very low temperatures,
resulting in the third monomer to penetrate
through the connected monomers by pushing
them apart.

To see the case of rather rigid chains, an-
other run with the combination of finite ez-
tensible bonds and impenetrable monomers is
performed, in which the largest distance of
connected monorners is limited by the length
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@naz, SUCh that |r; — 11| < @par- This is re-
alized by providing a high potential Uy ; > 0
beyond a certain length r < a4, The re-
sult for globally neutral polyampholyte (six
32-mers) with a,,,, = 1.4a is shown in Fig.6.
The chains are somewhat more stretched at
high and medium temperatures than those
of Fig.1, since the chains are more sticky.
The average bond length d,_, becomes now
shorter at low temperatures. On the other
hand, despite such finite extensible chains,
the system gyration radius and the average
gyration radius decrease rather monotoni-
cally when temperature is lowered. The final
values of gyration radii are quite comparable
to their counterparts in Fig.1.

However, in the bird’s-eye view plot of
Fig.7, the monomers are seen to overlap
rather irregularly. The monomers deviate
in space from the positions expected for the
cubic lattice, unlike the picture shown in
Fig.4. We conclude that significant frustra-
tions are retained in the condensed state of
the polyampholyte whose monomers are con-
nected by finite extensible bonds and impen-
etrable monomers.

If we inspect the pair correlation funec-
tions of such polyampholyte shown in Fig.8,
the peaks at small distances (r < 2a) are
still located at the same positions as they
were in Fig.5. However, a large difference
is that these peaks are markedly broad in
comparison with those of Fig.5. The num-
ber of paired monomers at the peak posi-
tions deviates from that of the cubic lat-
tice, except for the nearest-neighbor peak in
G, _(r) occurring at » = az;. The pair
correlation functions here resemble those of
the neutral polvampholyte just before crys-
tallization (phase transition) at temperature
T /Ty = 1/128 of Fig.5. The condensed state
for the realistic polyampholyte is only half-
ordered, including a lot of frustrations.

4. Swelling Behavior of Non-Neutral
Polyampholytes
(a) Monotonic and reentrant swellings

In this section, the effects of unbalanced
charges on the volumetric changes of polyam-
pholytes are described. A large number of
different sequences and initial conformations
are generated for polvampholyte. The num-
ber of the chains is N, = 6, that of the
monomers per chain is N; = 32, totaling
the number of the monomers in the system
N = N_N; = 192. The charge sign of each
monomer is chosen either positive or negative
(Z; = £1) with the use of a random num-
ber. Thus, each chain has net charges §Q,
(¢ = 1 ~ N.), and the amount of global
charge offset for one polyampholyte is ex-
pected to be 6Q = SN §Q, ~ ev/N on av-
erage. As the boundary conditions, a reflect-
ing sphere is placed at the radius R = 21a, as
in Sec.3. To see bare behavior of non-neutral
polyampholytes, counterions are not included
in the present study.

The left column of Fig.9 shows, from top
to bottom, the probability F' of having the
global charge offset 4@, which is nearly Gaus-
sian centered at d¢} = 0, the system gyra-
tion radius Ry, which corresponds to the
global size of polvampholyte, and the aver-
age gyration radius of the chains E;;. The
bond-connected monomer distance d,_,, the
electrostatic energy W, and the filling index
¢ = N}3R,1/Ry s are shown in the right
column. Comparison of two kind of the gyra-
tion radii of Fig.9 reveals that the multichain
effect depicted in R, .,; dominates in magni-
tude over the single-chain effect of R, ; in the
swelling process of polyampholytes in solu-
tion. Repulsive Coulomb forces are apparent
for highly non-neutral polyampholytes, as the
connected monomer distances increase with
the amount of global charge offset. The ob-
servation that the filling index becomes larger
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than unity. { > 1, for
1
QIQ< VY ()

(Q = eN) indicates that we obtain a glob-
ule only for nearly neutral polvampholytes
whose charge offset is given by Eq.{11). Oth-
erwise. the charge complexes are disinte-
grated, and polyampholytes consist of non-
overlapped scattered chains.

Figure 10 depicts the typical behavior of
non-neutral polvampholyvtes in the heating
stage that follows the cooling stage. The be-
havior in the heating stage is less deviated, as
it starts from a compact globule. The devi-
ations among the runs of different sequences
but having the same value of global charge
offset are small. The full width of the devi-
ations in the gyration radii is equal or less
than the svmbol sizes, except for the medi-
umiy charge offset cases, 8Q/Q ~ 6 — 8% (=
N~Y/2). For these intermediate cases with an
interesting reentrant behavior (shown below),
the full width of the deviations is roughly
twice that of the symbol sizes. Even so, how-
ever, the overall profiles of changes are rather
smooth and well preserved. The deviations
for the filling index and electrostatic energy
are as small as the symbol sizes.

The global charge offsets for the typical
runs in Fig.10 are 0%, 5.2%, 6.3%, 8.3% and
12.5%. For the neutral case with 6QQ = 0, a
globule is formed ({ > 1) for low tempera-
tures T/7p < 0.2 (the Bjerrum length Ap >
5a), as the electric dipole interactions be-
tween charge complexes are attractive. The
system gyration radius increases monoton-
ically with temperature. At high temper-
atures, polvampholyte reaches the thermal
state in which the Coulomb forces play lit-
tle role. This is the so-called polyampholyte
requmel®il,

For the very non-neutral case of §Q/Q =
12.5%, the polyampholvte starts as an assem-
bly of scattered chains at low temperatures
due to electrostatic repulsions between ex-

cess charges. At high temperatures. chains
come closer and the system gyration radius
approaches that of the aforementioned ther-
mal state (the polyelectrolyte regime). The
chains are not overlapping ({ < 1) for non-
neutral polvampholyvtes with the charge off-
set 6Q/Q > 1/2+/N. except for the polyam-
pholyte with 6Q/Q = 1/v/N at T/T, ~ 0.2.
The electrostatic energy becomes less nega-
tive for larger charge offset, indicating less at-
tractive nature of the Coulomb forces because
of repulsions between the equal-sign charges.

It is remarkable that the system gyration
radius for the medium charge offset cases
(6Q/Q ~ V/N) shows a reentrant behavior
that has a minimum radius at intermediate
temperatures. At this value of charge offset,
the attractive force slightly overcomes the re-
pulsive force. The system gyration radius
first decreases with temperature, then turns
to increase at certain temperatures. The
temperature at which the system gyration ra-
dius is minimized shifts to the higher side
when the charge offset becomes larger, which
intensifies the repulsive forces, and broadens
the polyelectrolyte regime.

The average gyration radius of individual
chains behaves somewhat differently. For
the polyampholytes with small charge off-
sets 0Q/Q < 10%, the radius R, increases
monotonically with temperature. Only for
a large charge offset case 6Q/Q > 10%, the
average gyration radius becomes reentrant.
This change is mostly attributed to the in-
crease in the distance between the connected
monomers d,_, which is suppressed in re-
alistic polyampholytes with finite extensible
chains.

Statistically averaged gyvration radius
R, sys over the non-neutral polyampholytes
of random sequences, whose case distribu-
tion was depicted in Fig9, is shown with
closed circles in Fig.11. For comparison, that
for globally neutral polyampholytes is shown

with open circles. This statistically averaged

__9_



gyration radius will indicate the swelling be-
havior of randomly co-polymerized polyam-
pholyte (solution) that includes a large num-
ber of chains. As temperature is lowered,
non-neutral polyampholyte shrinks, but less
than the neutral one. Then, for the low
temperatures T/T; < 0.03, they turn into
a swelling phase. The statistically averaged
behavior of the polyampholyte of random se-
quences is again reentrant, which resembles
that of the non-neutral polyampholyte with
3Q/Q ~ 1/VN.

(b) Simple mean-field theory

The swelling behavior of polyampholytes
may be qualitatively understood by the fol-
lowing theoretical argument. As the multi-
chain effects are dominating for the polyam-
pholytes in solution, the elastic energy that
mostly accounts for the single-chain effects
may be neglected. The free energy is then
approximated by

5Q2 e3 N 3/2
T R, &SPT? (f)
+uT log (%) (12)

F

In the equation, Ry is the system gyration ra-
dius of polyampholyte, 6¢) the excess charge,
v and N the number of chains and all charged
monomers, respectively, and V the volume
(V ~ R3). The last term that accounts
for the chain translational entropy appears
only in the multichain system. The sec-
ond term represents the attraction among the
charge complexes. The first and third terms
of Eq.(12) act to expand the polyampholyte,
which decrease with the radius. The sec-
ond term compresses polyampholyte, and in-
creases with the radius.

If we take the fluctuations of each chain
into account, the third term should be writ-
ten as

B —uT1 __ e Y
oo v (=)}

R2 N1a2
T 1
+v (N1a2 + 2 ) . (13)

where R; and N; are the average gyration
radius and the number of monomers of each
chain, respectively. If we differentiate the free
energy by R, we have

8—F*UT{ 3 + 25,
OR; R;— Ry +a Na?

2N1a2
3 } (14)

Then, for B, > R;, we have the Gaussian
chains, R; ~ alN] /2 In the other limit with
R, ~ Ry, we have R; ~ R (1 — R2/Nia?).
'To obtain the global shape, we differentiate
the free energy with respect to the system
gyration radius R; and equate it with zero,

oF 6Q2+3 e3 N3/2

OR,  e€R?  23/271)2 RY?
3T
— =0. (1ib
=0, (15

For neutral polyampholyte (6Q = 0},
the free energy takes a maximum value at
the critical radius R, = (2v) %3e*N/eT =
(2v) %3 Nal. Segregated phase with a glob-
ule and one-phase state with homogeneously
scattered chains are separated at this radius
Rs; = R.. The radius of the one-phase state
for R; > R, is not bound, whereas the ra-
dius for R, < R, is limited by the volume
exclusion effect. The increase in tempera-
ture makes the critical radius decrease, which
causes more polyampholyte chains to reside
in the swollen regime. This means that neu-
tral polyampholyte is collapsed at low tem-
peratures and swells up monotonically with
the increase in temperature.

For the case of small excess charges, we set
R; = R, + 0R and solve Eq.(15) for small
0R. Then, one has a negative value dR ~
—28Q%*/evT < 0, the magnitude of which
decreases with temperature. Numerical solu-
tion of the equation yields much smaller value



R, for non-neutral polyampholytes than for
neutral ones. That is, non-neutral polvam-
pholyte is swollen at low temperatures and
shrinks with the increase in temperature.
Also, non-neutral polyampholyte is generally
more swollen than its neutral counterpart,
since 6 R, < 0 for §Q # 0. However, Eq.(12)
does not reproduce the reentrant behavior,
which might require internal rearrangements
of the chains and monomers.

(¢) Comparison with experiments

There are experiments that measured the
volumetric changes of polyvampholyte poly-
mers and gels against salt concentration®~!.
In these experiments, it was shown that the
volume of charge-balanced and highly charge-
unbalanced polyampholytes, respectively, in-
creased and decreased monotonically with
the salt concentration. For mediumly unbal-
anced cases, the volume first decreased and
then increased with addition of salt. The
volumes of polyampholytes having different
charge offsets reached almost a similar value
at high salt concentration (C; > 0.1 mol/l).

On the other hand, temperature is more
easily changed in molecular dynamic simula-
tions, as shown in this paper, without sig-
nificant increase in the computation time.
We note that, even if salt and temperature
act differently on polyampholytes, salt ionic
strength and temperature cause similar ef-
fects in the sense that the salt density n,
and temperature 7 both appear in the de-
nominator of the electrostatic coupling con-
stant, I = (e*/eakpT){(no/Z%ns) ~ 1/n,T
(see Sec.1).

When we replace the salt concentration for
the experiments with the temperature for the
simulations on the horizontal axes, we find
very good agreements of the results between
our molecular dynamics simulation (Fig.10)
and the experiments. One difference is that
the transition from the polyampholyte regime
(monotonic volume increase upon heating or

salt addition) to the polyelectrolyte regime
(monotonic volume decrease upon heating)
occurs at a significantly smaller charge off-
set in the molecular dvnamics simulations
than in the experiments. This is quite pos-
sibly attributed to counterions: the present
simulation system does not include neutral-
izing counterions, whereas in the experiments
excess charges are always buffered by coun-
terions. It is conjectured that the net ex-
cess charge in the experiments is by an order
of magnitude smaller than the expected (la-
beled) amount, due to the shielding effects by
counterions.

5. Summary

In this paper, we studied the condensation
and swelling behavior of multichain polyam-
pholytes with the use of molecular dynam-
ics simulations. We focused on the tem-
perature effects of very wide range, which
is parallel to the salt ionic strength (See
Sec.1). It was shown that the multichain
effect predominates for the polyampholytes
in solution. Obviously, the chain connection
between charged monomers made condensa-
tion of polyampholytes faster than the free
charged particles (plasma).

We showed that the complexes of posi-
tively and negatively charged monomers are
formed, which made the Coulomb forces at-
tractive. The neutral polyampholyte col-
lapsed to a globule at low temperatures, in
which the polymer chains inter-penetrated
with each other and reptated through the
whole volume of the globule. At high temper-
atures, neutral polyampholyte swelled mono-
tonically to the thermal state, in which ther-
mal motion of monomers prevails and the
Coulomb forces play no role. This corre-
sponded to a polvampholyte regime where
the Coulomb forces are of attractive nature.

Hysteresis occurred in the global volume of
polyampholyte, which revealed that the glob-
ule is not thermally equilibrated even at low



temperatures as its relaxation time is very
slow. The multichain effect always caused
much larger swelling of polyampholyte than
the single-chain effect did for both neutral
and non-neutral cases, due to creation of
large void space amoug the chains.

Condensation took place when tempera-
ture was extremely lowered. The state thus
reached was shown to have an ordered struc-
ture close to the NaCl crystal. However,
when finite extensible bonds and impene-
trable monomers were adopted, the discrete
structure was not complete and frustrations
were retained in the condensed globule.

Swelling behavior of non-neutral polyam-
pholyte was also examined. It was shown
that a globule is obtained only for a small
charge offset 6Q < (1/2)N'/%; otherwise,
non-neutral polyampholyte was swollen at
low temperatures due to Coulomb repul-
sions between excess charges (polyelectrolyte
regime). This shrank to the volume of
the thermal (non-Coulombic) state at high
temperature. Slightly non-neutral polyam-
pholyte showed a reentrant behavior: it be-
haved as polyelectrolyte and polvampholyte
at low and high temperatures, respectively.

These simulation results for non-neutral
polyampholytes in the temperature domain
were in very good agreements with the
polyampholytic polymer and gel experiments
that varied salt concentrations. Mean-field
theory with the free energy that included
repulsive and attractive electrostatic terms
and translational term explained the swelling
behavior of polyampholytes in the polyelec-
trolyte and polyampholyte regimes. But, one
needed to include internal rearrangements of
charged monomers to reproduce the reen-
trant behavior of the polyampholyte with a
slightly charge offset.
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Table and Caption

Table I. The charge sequences are listed for the globally neutral polyvampholytes
shown in Fig.1 and 3, and for the non-neutral polyampholyvte in Fig.10 (the case of
charge offset 6Q/Q = 8.3%). Each run uses six 32-mer chains, as numbered from (1)
to (6) below; + and — represent positive and negative monomers, respectively, and
the rightmost value shows local charge offset of each chain. The charge sequences are

all at random, except for the global charge neutrality constraint in the cases of Fig.1

and 3.
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Figure Captions

Figure 1. The behavior of globally neutral polyampholyte that consists of six
32-mer chains is shown for the cooling and (subsequent) heating stages with closed
and open circles, respectively. The time constant of temperature changes is 7, =
2000w, ! The system gyration radius of all the monomers R, ,,, the average gyration
radius of the chains Ry ;, the filling index that indicates overlap of the chains { =
NY3Ry /Ry sys, the electrostatic energy —W, (sign reversed), the average distance of
connected monomers d,_,, and time fluctuations of the monomer distances JR, are
shown against temperature 7'; Tj is the base temperature for which the magnitude of

the electrostatic and thermal energies are equalied.

Figure 2. The behavior of plasma (charged particles) with overall charge neutrality
is shown for the cooling and heating stages with filled and open circles, respectively.
The system gyration radius Ry .,,, and the electrostatic energy —W), (sign reversed)

are shown against temperature T .

Figure 3. The effect of chain bonds on polyampholytes is depicted as the difference
between a plasma in the heating stage (triangles) and a globally neutral polyampholyte
in the cooling (closed circles) and heating (open circles) stages. The time constant
of temperature changes is 7, = 2000w, ! The system gyration radius of all the
monomers Ry ., the average gyration radius of the chains E, ;, the filling index that
indicates overlap of the chains ( = NY3R,1/R, s, the electrostatic energy —W,
(sign reversed, W, = (1/N)} ¥.; Z;Z;¢* [€|r; — r;|), are shown against temperature 7.
Deviations from those in Fig.1 are due to different sequences and initial conformation.

Figure 4. Bird’s-eye view of an NaCl-like crystal that is obtained for the globally
neutral polyampholyte of Fig.3, at temperature 7/7y = 1/512 in the cooling stage.
The red and green spheres represent positively and negatively charged monomers,
respectively. View angles are about 90 degrees different between the upper and lower

frames.

Figure 5. Time evolution of the neutral polyampholyte in the cooling stage of
Fig.3 is shown with the bird’s-eye view plots (left) and the pair correlation functions
(right). The four frames from top to bottom, respectively, correspond to temperatures
T[Ty =1/8,1/32,1/128 and 1/512. The + and o in the left column represent positive
and negative monomers, respectively, and G, (r) and G._(r) are the pair correlation



Figure 6. The combined effect of inextensible chains and impenetrable chains is
shown for the globally neutral polyampholyte, for which the bond length is limited by
Ir, = r,,1] < e = 1.4a. The time constant of temperature changes is 7, = 2000w, 1
The system gyration radius Ry ., the average gyration radius of the chains Ry, the
filling index { = NX3Ry1/Rgsys. the electrostatic energy —W, (sign reversed), the
average distance of connected monomers d,_,, and mean-square fluctuation of the

monotner distances R, are shown against temperature 7.

Figure 7. The condensed globule that is obtained for the neutral polyampholyte
with inextensible chains of Fig.6, at temperature T'/Ty = 1/512 in the cooling stage.
The red and green spheres represent positively and negatively charged monomers,

respectively.

Figure 8. The bird’s-eve view plot (left} and the pair correlation functions (right) for
the polyampholyte with inextensible chains of Fig.6, at temperature T/T = 1/512.
The G .. (r) and G, _{r) pair correlation functions are averages for the pairs of equal-

sign and opposite-sign charges. respectively.

Figure 9. The effect of charge offset on non-neutral polyampholytes are depicted for
180 cases of six 32-mer chains of random sequences. The probability F of having global
charge offset 8Q), the system gyration radius Ry sys, the average gyration radius of the
chains R, ;. the average distance between connected monomers d,_,, the electrostatic
energy W,. and the filling index { = N.Rg:/R s are shown against charge offset
at temperature T/Ty = 1/640. The global charge offset of polyampholytes in the

horizontal axis is normalized by the number of charged monomers. @ = eN.

Figure 10. Typical behaviors of globally non-neutral polyampholytes iz the heating
stage are shown against temperature: the system gyration radius Ry s, the average
gyration radius of the chains R,,. the filing index ( = NY3R,1/R, s, and the
electrostatic energy W,. Filled and open circles, filled and open triangles. and squares
correspond to the global charge offsets of 6Q/Q = 0.0%. 5.2%. 6.3%. 8.3% and 12.5%,
respectively.

Figure 11. The swelling behavior of statistically averaged svstem gyration radius
Ry s, and the gyration radius of each chain R,;. The average is taken over 180

non-neutral polyampholytes of random sequences of Fig.9.
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