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Abstract

The multichain effect and also the effect of added salt on randomly co-polymerized charged
polymers (polyampholytes) in a Langevin fluid are studied with the use of molecular dy-
namics simulations. The monomers of opposite signs tend to form loose complexes, which
makes the Coulomb force attractive on average. With multichain polyampholytes, the typi-
cal state at high temperature is a container-bound one-phase state of separated chains with
a substantial void among them. The association and dissociation processes occur repeat-
edly, with the former process a few times faster than the latter. A glass transition occurs
when temperature is lowered. A compact and glassy globule in a segregated phase, which
resembles that of a single-chain polyampholyte, is a typical state at low temperature due
to the Coulomb force. The probability of losing that state is as low as Py, ~ exp(—N3/?),
with N the number of monomers. The critical temperature defined by overlapping of the
chains increases with molecular weight and stiffness of the chains, and is less sensitive to
the number of the chains. An alternate charge sequence makes a difference only when its
block size is quite small. The addition of salt suppresses the formation of a dense globule by
shielding the electric field; however, this is not effective when the salt ions are not allowed
to penetrate well into the globule.

Keywords: molecular dynamics, polyampholyte, multichain, strongly-coupled system,
glass transition, salt electrolyte solution.
PACS Numbers: 36.20.Ey, 52.25.Wz, 61.25.Hq, 82.35.4t, 64.60.Cn.



I. INTRODUCTION

Electrically charged polymers are inter-
esting research objects in physics and chem-
istry.  They combine the nature of a
strongly-coupled Coulomb system at room
temperature due to microscopic scales on
the Angstrom range with the peculiarities
of the chain-like molecular structure. These
polymers have a wide variety of industrial
applications due to liquid-like plasticity and
good solubility with respect to pure water
and salt aqueous solutions!. In daily life,
charged polymers are often encountered in
the form of gels. In biological organisms
they are also numerous, including proteins?
and as nucleic acids of DNA and RNA.

Charged polymers are classified into
two large groups, called polyelectrolytes
and polyampholytes. The former type of
polymer has a backbone that consists of
monomers of one charge sign (apart from
interleaving neutral monomers). This type,
which is usually accompanied in solution
by neutralizing counter-ions®, is widely uti-
lized as industrial materials. DNA and
RNA molecules in the living cells are also
of that type. Polyampholytes, on the
other hand, are the polymers that are
composed of both positively and nega-
tively charged monomers®*. Importantly,
polyampholytes are heteropolymers, and
the combination of attraction and repulsion
long range Coulomb forces creates multi-
ple frustrations®. Obviously, properties of
polyampholytes depend on overall compo-
sition, i.e. how many positively and neg-
atively charged monomers are there in the
chain. As with other heteropolymers, more
delicate properties are determined by the
specific sequence in which positive and neg-
ative monomers are connected one after an-
other in the chain. Furthermore, this se-
quence may be annealed or quenched de-
pending on the pK (ionization potential)
of the monomers involved and on the pH in
solution. An early study of polyampholytes
concerned mostly with the annealed ones,

in analogy with proteins whose ionic char-
acteristics depend on pH due to the pres-
ence of both acidic and basic components®.
Recent studies have mostly related to the
quenched polyampholytes whose character-
istics are independent of pH since their
charge sequences are predetermined by syn-
thesis chemistry. In a series of experimental
works®®7 special emphasis was placed on
the conformation and solubility of polyam-
pholytes with respect to water and salt
aqueous solutions.

Recent experimental activity in the field
of polyampholytes was accompanied by
the series of theoretical works. It was
pointed out in the work® that the Debye-
Hiikkel attraction effect between charge
density fluctuations should exist and lead
to compaction of typical quenched polyam-
pholytes. This effect appears unusually sen-
sitive to the overall charge of the chain, as
it was shown first by Kantor and Kardar®.
Specifically, spherical globule is formed
when chain is neutral, but it becomes elon-
gated, or even adopts the necklace shape,
when charge offset becomes of order or
greater than +/N, N being the number of
charged monomers. The most complete
work in this direction!® investigated shape
and stability of polyampholyte globule in
terms of a simple Flory theory. Recently,
the multichain effect and the phase equi-
librium in pure water and salt-added so-
lution were examined!!, and the single-
chain theory was shown to apply only to
an exponentially dilute solution of polyam-
pholytes. Obviously, all the works deal with
those properties of polyampholytes which
are composition-dependent, but sequence
insensitive. An attempt to look into se-
quence specific properties was undertaken
in the work by Pande et al.!?.

Numerically, singlechain polyampholytes
were first studied by a Monte Carlo simu-
lation with the use of the lattice model®,
and a few years later by a molecular dy-
namics (MD) simulation of the non-lattice



type’®. In the former, the effects of unbal-
anced charge and temperature were exam-
ined and found to be in reasonable agree-
ment with the single-chain theory. The lat-
ter study, which examined the dynamical
process and equilibrium properties, was the
first to show the existence of a dense glob-
ular state at low temperature under the
non-lattice model. It also demonstrated a
hysteresis that the volume {i.e., the gyra-
tion radius) of the polyampholyte under-
goes when the temperature changes slowly.
This is the result of cooperation between
the Coulomb and short-range attraction
forces. The effect of an applied electric
field on the stretching properties of polyam-
pholytes was studied quite recently with a
MD simulation' (note that this effect is se-
quence specific).

Owing to these experimental and theoret-
ical studies, our understanding of polyam-
pholytes has greatly advanced. From a nu-
merical point of view, it is worthwhile ex-
tending the research from single-chain to
multichain cases in order to know precisely
how the results for the single-chain polyam-
pholytes are related to the case of multi-
chain polyampholytes*!, which is the usual
case for experiments with aqueous solu-
tions. Specifically, we are interested in the
dynamics of chain association and dissoci-
ation, stability of collapsed complexes, and
occurrence of glass transition. Other infer-
esting points are to quantify the precise ef-
fect of charge sequence, molecular weight,
and that of added salt on the properties
of the polyampholytes. The present paper
is devoted to numerical studies of these is-
sues of isolated (container bound) polyam-
pholytes by means of molecular dynamics
simulations. Further study of multichain
polyampholytes in the periodic system is
described in a separate paper* with the use
of the Ewald sum method!®7.

In this study, we adopt model polyam-
pholytes that are comprised of various
numbers of equal length chains, each of

which contains between 16 and 64 charged
monomers. These are the randomly co-
polymerized polyampholytes, whose charge
sequences are randomized across the chains
by shuffling the already charge-assigned
monomers. We impose the condition that
the sum of all the charges of the polyam-
pholyte is null. (Counter-ions are not in-
troduced, except for salt ions in Sec. IV.)
In addition to the polyampholytes made
of random co-polymerization, we also per-
formed a series of runs with alternate se-
quences in order to delineate the influence

of the sequences. These results are de-
scribed in Sec. III.

II. THE EQUATIONS OF MOTION

In the molecular dynamics simulations of
this paper, the position and velocity of the
monomers evolve in time following New-
ton’s equations of motion,

dV,' 3T

m-- = Frp(r:) — 32'(21‘;' — Cij1

—Tia1) + Fo —vmvy, (1)
dI','
dt = V;. (2)

Here, r; and v; are the position and velocity
of the ¢-th monomer (z: = 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 v the friction con-
stant. The Coulomb force Fyz, which is an
electrostatic long-range force, is obtained
by summing over all the possible monomer
pairs,
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where Z; is a charge state (Z; = 1), ¢
the electrical permitivity, and I;, a unit
vector along the line (r; — r;). In eq.(1),
a harmonic spring force of entropic nature
is adopted to account for the connection
of two adjacent monomers. The thermal



force Fy;, that exerts random kicks on the
monomers is generated with the use of ran-
dom numbers with a Gaussian distribution
in each time step. The strength of the ther-
mal kicks is controlled in such a way that
the average kinetic energy of the monomer
equals ngT in balance with the momen-
tum absorption by the immobile solvent!®,
(Epergy uuits are hereafter used in which
the temperature 7" stands for kgT', with kp
the Boltzmann constant.)

The set of equations, Eqs.{1}-(3), explic-
itly involves two non-dimensional parame-
ters. These are the electrostatic coupling
constant I' = €2/eaT and the friction con-
stant 2/w,, where w, = (4mnge?/em)/? is
the plasma frequency with ny ~ a™? an
average (positive) charge density. For the
CH, monomer in pure water and at room

temperature, ie., € ~ 80 and a ~ 1 ‘R,
the Coulomb energy prevails over thermal
energy, ' ~ 7, and w, ~ 1 x 10%7 L.
Each monomer has a rigid sphere that the
other monomer cannot penetrate info; it
is elastically reflected upon entering the
distance called the exclusion radius a.,.
Other parameters that control the proper-
ties of polyampholytes are the charge se-
quences, the molecular weight, and the
number of chains that comprise the polyam-
pholytes. These parameters are systemati-
cally changed in the simulation runs in Sec.
ITT and Sec. IV. The standard parameters
@t = 0.5a and v = 0.03w, are used unless
otherwise specified.

In the following sections, we deal with the
multichain polyampholytes that are con-
fined within a spherical shell of radius R =
21a, which is filled with a Langevin fluid.
(Refer to Ref.15 for multichain polyam-
pholytes in the periodic system.) The
monomers hitting the boundary surface are
reflected elastically, but the electric field is
not distorted there. Except for the alter-
nate sequences in Sec. III, the polyam-
pholytes used in the following sections con-
sist of randomly co-polymerized quenched

chains of six 32-mers, with the constraint
of overall charge neutrality. Thus, an indi-
vidual chain is not neutral, having typically
a charge of order +ev/Nj, where N, is the

number of monomers on a chain.

I13. MULTICHAIN POLYAMPHO-
LYTES IN PURE SOLVENTS

A. Time evolution of multichain polyam-
pholytes

A typical time evolution of a multichain
polyampholyte is shown by the bird’s-eye
view snapshots of Fig. 1. Here, the polyam-
pholyte is composed of eight flexible chains
of 32-mers with an exclusion radius of a,,; =
0.5a¢. The temperature is T/T, = 1/2,
where T} is the base temperature for which
the coupling constant becomes unity, i.e.,
I'y = €’/eaTy = 1. The initial configu-
ration of a small droplet expands to the
separated chains in Fig. 1(b} after a time
Teg ~ 200w, *. There is a large void among
the chains. The relative positions of the
chains continue to fluctuate due to random
thermal kicks in the Langevin fluid. Some
of the chains remain entangled for a period
of time and then are separated for another
period of time, as seen in Figs. 1(b) and
(c). The above relaxation time corresponds
to Ty ~ 2 x 10~ "sec for the CH, monomer
in pure water (e = 80).

Figure 2 shows the time history of sev-
eral quantities for the run depicted in Fig.1.
The average spring energy per monomer,
Wer = (3T/24%) < (Ar(9)? >, in the
top-left panel adjusts itself and levels off
to the equilibrium value 37, which equals
the average kinetic energy. This manifests
equi-partition of the oscillation energy. The
middle-left panel shows the Coulomb en-
ergy per monoer, ®gg, normalized by the
base thermal energy Ty, defined as

EE Z:7Z;e

Pgg =
H _1>1. Irz - r_‘n‘l

(4)

A Jarge change in the Coulomb energy



takes place in the initial transient stage be-
cause local charge rearrangement occurs for
which the deviation A®gs ~ €*/er,, is rela-
tively large. Subsequent changes are due to
the global relaxation of the conformations,
which are inversely proportional to the size
of the polyampholyte and small in magni-
tude. The bond length between the con-
nected monomers Ar{®) remains almost con-
stant although they are loosely connected
by harmonic springs.

The top-right panel depicts the system
gyration radius R, ,,s that includes all the
monomers of the polyampholyte, and the
middle-right panel shows the average gyra-
tion radius of the chains K; . These radii
are defined, respectively, as

where N is the number of all the monomers,
and N, is the number of chains, i.e., N =
192, N, = 6, and N; = 32. As earlier noted,
each chain has a small net charge under ran-
dom co-polymerization. The system gyra-
tion radius increases to B, sys ~ 12a on the
time scale 7., ~ 200w, ", which is the value
allowed for a system whose radius is lim-
ited to R = 21a. The diffusion speed of the
chains can be deduced by Vy;; = dR, s /dt.
It becomes ~ 0.12aw, in the early time
wyt < 50, which 1s about one third that
of the thermal speed vy, = (3/4#T) 1/2 (T =
To/T). Except for this early phase, the dif-
fusion speed is Vs ~ 0.02aw, on average
, which is about 5% that of the thermal
speed.

As stated above, the slow changes in
the Coulomb energy and the system gyra-
tion radius occur simuitaneously. On the
other hand, the average gyration radius
of the chains oscillates around the value
Rs1 ~ 4a. The velocity V, of an indi-

vidual monomer exhibits amplitude oscil-
lations whose period is longer than the fric-
tion time v~!'. This should correspond to
large structure fluctuations of the polyam-
pholyte, since fast oscillations without en-
ergy sustainment are damped and wiped

out in a Langevin fluid.

The temperature variation of the typi-
cal relaxed conformations of the multichain
polyampholyte is shown in Fig. 3 for three
temperatures: (a) 7/Ty, = 1, (b) T/T, =
1/4, and (c) /Ty = 1/8. All the plots are
drawn on the same scale, with the size of the
negative monomers (dots, a.; = 0.5a) pro-
rated. At high temperature, i.e., case (a),
the polyampholyte is made up of elongated
coils whose mass centers distribute homoge-
neously in the finite domain. As the tem-
perature is lowered to that of case (b), there
occurs a change from a one-phase state with
scattered coils to a segregated phase with
globules; their life in pairs is still short and
mostly they live separately. When the tem-
perature is further lowered as in case (c),
the chains form a compact globule that can-
not be distinguished from the one consist-
ing of a single continuous chain. Note that
the globule keeps a spherical shape having a
nearly fixed radius and a distinct edge, with
not a single monomer straying outside. As
will be mentioned later, the monomers in
a compact globule of Fig. 3(c) continue to
vibrate under thermal agitations from sur-
rounding medium. These evidences indi-
cate that the compact globule is in the glass
state, which is virtually a natural state of
the low temperature polyampholyte®, irre-
spective of the boundary conditions of the
domain.

We note here that freezing is much eas-
ier to achieve on the lattice than in any off
lattice systems. The final state of the fold-
ing process with the use of the lattice model
(of a small size) appears to be well defined
due to such quantization that the energy
gap between adjacent levels near the energy
minimum is set a liftle too large to allow



for thermal fluctuations. In this regard, off-
lattice models like molecular dynamic sim-
ulations have obvious advantages compared
to lattice models to study a thermally fluc-
tuating state adopted by the chains. On
the other hand, the very concept of freez-
ing needs careful formulation and definition
for any off-lattice systems.

B. Statistical properties of multichain
polyampholytes

Figure 4 highlights the effect of the
Coulomb force by displaying side by side
the results for charged and non-charged
polymers. Each data point in the figure
(and also in the following figures with the
same format, viz., Figs. 5, 6, 7, 8, 11
and 12) is an average over twenty inde-
pendent runs with polyampholytes of dif-
ferent charge sequences (random but over-
all charge neutrality) and initial conforma-
tions. In panels (a) and (b} of Fig. 4,
the system and average gyration radii are
shown, respectively, as functions of temper-
ature. Here, the polymers are comprised of
six 32-mers. For the non-charged polymers,
neither of the two gyration radii Rg.ys or
R, depends on temperature. Insensitivity
of the gyration radius of each chain on tem-
perature is expected for the entropic elastic-
ity adopted in Eq. (1). The charged poly-
mers here are quenched polyampholytes of
random co-polymerization, for which devia-
tions from the non-charged polymers are ev-
ident in the low temperature regime T'/Tp <
1 where the Coulomb energy much exceeds
the thermal energy. On the other hand,
differences are small at high temperature.
The figure clearly shows that the Coulomb
force is attractive on average for randomly
co-polymerized polyampholytes. (Qualita-
tively similar results are found also in the
periodic system'®.)

Figure 4(c) depicts the filling indez that
indicates the degree of chain overlapping or
entanglement, defined as

(= Nclstyl/R Sys- (7)

The criterion that the polyampholyte re-
sides in a segregated phase and is non-
soluble with respect to the solvent is given
by the condition { > 1. This corresponds to
close overlapping of the chains and the net-
work formation. In the opposite condition,
¢ < 1, the polyampholyte is considered to
be transparent for the light scattering ex-
periments and soluble to the solvent. The
filling index for the polyampholyte in Fig.
4(c) is larger than unity at low tempera-
ture. The critical temperature defined by
the condition ( = 1 is T,./T5 ~ 0.17 for the
standard parameters. This coincides with
the observed temperature at which the one-
phase state (separated chains) replaces the
segregated phase (globule) in the molecular
dynamics simulations. On the other hand,
the non-charged polymers are soluble for
the entire temperature range shown in the
figure. These features are consistent with
the theory of multichain polyampholytes™!.

The attractive nature of the Coulomb
force for polyampholytes is also found in
Table I. At low temperature T/Tp < 1/4,
the possibility of opposite-sign charges be-
ing the nearest monomer pairs (not nec-
essarily the connected monomer pairs) is
significantly larger than that of equal-
sign charges.  Also, the distance be-
tween monomers of opposite-sign charges is
smaller than that with equal-sign charges,
which implies the formation of loose com-
plexes of positive and negative monomers.
At high temperature T/Tp, = 1, the dif-
ference between the charge pairs is small,
which is consistent with the similarity of
charged and non-charged polymers at a
similar temperature shown in Fig. 4. When
we look at a sphere of radius 1.5a cen-
tered on a monomer, the average number
of surrounding monomers having different
sign charges is always larger than that with
equal-sign charges, as shown in the bottom
part of Table I.

Figure 5 shows the effect of chain stiff-
ness on the size of polyampholytes. The



size of a flexible polyampholyte is always
larger than that of a stiff one at a given tem-
perature, except at high temperature where
the system gyration radius approaches the
limit set by the domain size. The sys-
tem gyration radius is an increasing func-
tion of temperature: Ry, o« T%7 for
flexible chains, and Ry, T!? for stiff
chains. These dependences for multichain
polyampholytes are more sensitive than
the scaling R, o« T'? for single-chain
polyampholytes'®, which is attributed to
the growth of a large void space among the
chains.

As the multichain effect of polyam-
pholytes appears more strongly in their
global size, the filling index for the stiff
chains becomes larger than that for the
flexible chains. The critical temperature
for chain overlapping to occur shifts from
T./To ~ 0.7 for the flexible chains to
T./To ~ 0.33 for the stiff chains.

The Coulomb energy per monomer de-
fined by Eq. (4) is depicted in Fig. 6(a) as a
function of temperature. By comparison of
Figs. 5 and 6, the Coulomb energy 1s found
to be inversely proportional to the gyration
radius of each chain, ®gs Rg_ll. This is
quite understandable since the major con-
tribution to the Coulomb energy arises from
the adjacent monomer pairs whose distance
is almost proportional to the gyration ra-
dius R, in the one-phase state. The con-
tribution of the global conformation to ®gs
is small, but is nevertheless decisive for the
large-scale structure formation.

Very interestingly, the slope of the curve
of the Coulomb energy in Fig. 6(a) changes
suddenly at T/Tp ~ 0.2. This leads to a
jump in the heat capacity Cooy = 0®gs/0T
at that temperature, indicating occurrence
of a phase transition of the internal struc-
ture of multichain polyampholytes. This
transition occurs at a temperature where
the morphological change between the one-
phase state and the segregated phase takes
place.

The phase transition is also identified in
Fig. 6(b), which shows the time deviation
of the monomer distance:

2
b= N 2Ll <>
®)

Here, ér,; is the time deviation of the
monomer distance r;, between the i-th and
j-th monomers. The summation is made
over all possible pairs of the N monomer
system. For the flexible chains, the ratio is
nearly constant for the two entry points in
the segregated phase at T/Tp < 0.2. Then,
the ratio decreases as the temperature in-
creases; it hits the bottom and begins to
increase at T/Ty ~ 0.35, since the devi-
ation of the distance ér;; continues to in-
crease with increasing temperature while an
increase In the average distance < ry; > is
suppressed by the wall at high temperature.
The transition at T/T; ~ 0.2 marks the
crossover of the glass phase and the neu-
tral phase, where the Coulomb interaction
dominates over the thermal fluctuations in
the glass phase. For stiff chains, everything
shifts to the higher temperature side.

C. The effect of alternate sequences

It is predicted that a polyampholyte com-
prised of chains of alternate sequences has
less of a fendency to make neutral com-
plexes, and thus is more easily soluble in
water!!. To examine such effects with al-
ternate sequences, a series of molecular dy-
namics simulations are performed, in which
each of the six 32-mer chains is composed
of alternating blocks of positively and nega-
tively charged monomers. The length of the
block (the number of monomers in a block)
is taken to be one, two, and then four.

Figure 7 shows that polyampholytes with
complete alternating sequence with a block
length of unity (+ — + — ...) have a larger
system gyration radius than those with a
block length two and four in the Coulomb
phase, for which T'/Ty < 0.2 for the flexible



polyampholytes {(a.x = 0.5a). For chains
with large block lengths, we find complexes
of positive and negative blocks. The gy-
ration radius for the alternate sequence of
block length four is already close to that
for the randomly co-polymerized sequence
described in Sec. III(b).

The gyration radius of each chain Ry in
Fig. 7(b) depends on the sequence, which is
reduced as the block size of one charge-sign
becomes large in the Coulomb phase. The
filling index { = N)*R,; /R, oy, in Fig. 7(c)
decreases as the block length increases from
one to four. Quite remarkably, in terms of
the filling index, a polyampholyte with al-
ternate sequence of block length four be-
haves just like one synthesized by random
co-polymerization. Thus, the charge se-
quence significantly affects polyampholyte
properties only if it is completely alternate.

D. The effect of finite /infinite domains

The diffusion of polyampholyte chains at
high temperature is blocked if a boundary
wall exists in the computational domain.
This is a usual situation for polyampholytes
in a solution. On the other hand, it is phys-
ically an interesting question whether the
globular state at low temperature requires
a closed domain of finite volume.

Figure 8 compares runs with finite and
infinite domains. The polyampholytes here
are again composed of six 32-mers of ran-
dom co-polymerization (overall charge neu-
trality), and each data point is obtained
by averaging twenty independent runs with
different random sequences and initial con-
formations. For polyampholytes in an in-
finite volume (filled circles), the upper two
data points in Fig. 8(a) keep on growing
with time. However, the lower two points
residing at 7/Ty < 1/8 remain there, sta-
tionary in time. Moreover, these points su-
perimpose quite well on the open circles in
the finite volume.

These results are not strange, since the
globule obtained in the low temperature

regime has a distinct edge without any
monomers straying outside of the globule,
irrespectively of the boundary condition of
the domain. This point is further con-
firmed by special long runs that continue
up to thirty relaxation times, 15000w;,*, of
the six 32-mer polyampholyte chains. The
time history of the system gyration radius
is shown in Fig. 9 for the temperatures
(a) T/Ty = 1/2, (b) T/T, = 1/4, and
(¢) T/To = 1/8. The domain is limited
by a spherical wall of radius B = 2la ex-
cept for the run in Fig. 9(d), which run
has T'/Ty = 1/8. Initial conformations of
highly stretched threads of randomly co-
polymerized chains with overall charge neu-
trality are purposely chosen, to avoid artifi-
cial trapping of the conforinations in a small
volume.

The conformations for the medium tem-
peratures, 1'/Ty = 1/2 and 1/4, shown in
Figs. 9(a) and (b), are the wall-stabilized
ones in which the monomers are reflected
inward by the elastic wall. Without the
wall, infinite diffusion of monomers takes
place, and a bound state is not obtained
for these temperatures. We see repetition
of the dissociation and association processes
of the chains, starting at ¢ ~ 2500w, * and
10000w;* in Fig. 9(b). The molecular dy-
namics simulation tells us that the associ-
ation process is about twice as fast as the
dissociation process for the medium tem-
perature T/T, > 1/4.

We also notice, by comparing Figs. 9(c)
and 9(d), that both of the system gyration
radii for the closed and open systems at
low temperature T'/7, = 1/8 remain small,
and are not much affected by the presence
of the boundary wall. There, the polyam-
pholytes form dense globules which remain
stationary for times ¢ > 500w, . The com-
pact globule, which has the characteristics
of glass, is thus regarded as a natural state
of a low temperature polyampholyte.

The attractive nature of the Coulomb in-
teractions is again verified by the special



run in Fig. 10, where the monomer charges
of a randomly co-polymerized polyam-
pholyte (six 32-mers) are suddenly reset to
zero at time t = 4500w;'. The time his-
tory of the system gyration radius in the
top frame shows that the globule that has
remained stationary is quickly destroyed,
since the chains are no longer under the in-
fluence of the Coulomb force. Otherwise,
the globule remains as shown in Fig. %{c).
The scatter plots of Fig. 10 labeled {(a) and
(b) depict, respectively, the conformation
with the Coulomb force inclusive and that
after the Coulomb force has been switched
off. It is interesting that the Coulomb force
is strong enough to put the polyampholyte
chains together at low temperature, with-
out aid of the boundary wall. However,
chain entanglement without actual bonds
is unable to prevent the globule from being
destroyed.

The stationary globular state at low tem-
perature is thought to arise from enhanced
stability by charge pairing, as found in Ta-
ble I. An increase in temperature removes
the pairing, and the globular state is Jost
by thermal agitation. The above process
may be theoretically treated in the follow-
ing manner. If we treat the chains to lowest
order as an assembly of charged particles
without internal structures, then the essen-
tial part of the free energy may be approx-
imated by adding the Coulomb energy to
the free energy of the ideal gas'®,

NV ) + Ueouts  (9)
nQ

Ut = —AfeR ~ —A/6V1/3.

F= NTlog (

Here, the coefficient is positive, A ~
(e2N1)N, = €N > 0, due to the attrac-
tive nature of the Coulomb force among the
chains. (Inclusion of the chain free energy
is desirable in Eq.(9), but free energy maxi-
mum occurring at finite volume may not be
much affected since F becomes negative in-
finite both at V' = 0 and V = .} Notably,
the free energy given by Eq. (9) possesses

a maximum at an intermediate radius R. If
we differentiate the free energy in terms of
the radius R and equate it to zero, we get

Ro(T) = [Vo(T)]'* = A/eNT
~ al' (I'=To/T). (10)

This reveals that the initial conformation
starting with a small radius compared to
Eo(T), or the chains initially located within
that distance, collapse to a natural state
whose radius 15 less than the radius £,
This corresponds to the compact globule
at low temperature. Moreover, the radius
of bifurcation B = Ro(T) ~ «(Tp/T) in-
creases when the temperature is reduced,
which makes it possible for more initial con-
formations and chains to reside in the glob-
ule regime. All of these points, including
the value of Ry, are in good agreement with
the molecular dynamics simulation results.

Finally, we show that the probability for
the polyampholyte chains to escape from
the compact globule 1s virtually eliminated
at low temperature. For low temperatures
T/Ts < 0.1, the inter-monomer distance,
especially that of the positive and negative
pairs, becomes very small, as shown in Ta-
ble I. The Coulomb energy is dominated by
the attractive part. Then, the leading term
of the energy gap between the globular state
and the one-phase state of scattered coils is
given by

AE = e*Njehp ~ N3 [T/2R32
(11)

where the Debye length is Ap =

(eT/4mnoe?)/? and R®ng = N. Then, the

probability for the globule to be destroyed
by random thermal agitation is given by

Pyis = exp{—AE/T) (12)
~ exp (”63N3/2/6T3/2R3/2)
=~ exp|—(al'/R)*2N3/?|.
Here, the electrostatic coupling constant

I' = (T/T,)~" varies inversely with the tem-
perature 7. An important thing in Eq. (12)



is its scaling with respect to the number of
monomers N. For the typical parameters
of a low temperature globule, I' = 8 and
R/a ~ 3, the argument of the exponential
function becomes 4.4N%/2. Thus, any rea-
sonable number of monomers for the chains
to be regarded as a polymer yields a prob-
ability that is extremely small:

Py, < exp(—N¥?%) <<< 1. (13)
This means that once a compact globule is
formed at low temperature, it will fall apart
only after an astronomically long period of
time.

E. Dependence on molecular weight
Figure 11 shows the effect of the length
(molecular weight M,,) of the chains on
the size of multichain polyampholytes made
by random co-polymerization with overall
charge neutrality. In the medium tempera-
ture regime, the system gyration radius be-
comes larger for smaller molecular weight,
scaling roughly as R, ,,, ~ M, /2, The gy-
ration radius of each chain Ry behaves like
that of a single-chain polyampholyte!®. At
high temperature, it scales as Ry ~ MY?,
although the radius is only a fraction of
that of the Gaussian c¢oil. The filling in-
dex in Fig. 11(c) shifts upward with in-
crease in the molecular weight of the chains.
The critical temperature that separates the
one-phase state and the segregated phase
is T,./To ~ 0.082, 0.17, and 0.35 for the
chains with 16, 32, and 64-mers, respec-
tively. This is well fitted by the power law,
T./To ~ M9  Therefore, the polyam-
pholyte consisting of longer chains becomes
more difficult to dissolve in neutral solvents.
On the other hand, the dependence on
the number of chains is less remarkable
in Fig. 12. When the number (192} of
monomers is fixed, which has the effect of
maintaining the Coulomb interaction at the
same level, the system gyration radius of an
eight-chain polyampholyte is slightly larger
than that of a four-chain polyampholyte in
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the temperature range of 0.1 < T/Ty < 1.
This is rather straightforward, since a larger
number of chains means more freedom for
the conformational organization. Accord-
ingly, the filling index decreases as the num-
ber of chains increases in the above temper-
ature range.

However, the dependence on the number
of chains becomes almost invisible when the
molecular weight of each chain is kept the
same. In this case, the freedom for expan-
sion due to the increase in the number of
the chains may be compensated by an in-
tensified Coulomb force that compresses the
polyampholyte.

F. Oscillations in multichain polyam-
pholytes

When we take a precise look at the mo-
tion of each chain, we find slow oscillations
in the gyration radius and the velocity of
the monomers. We note in passing that
the eigen oscillations are suppressed by the
friction of a Langevin fluid. The slow os-
cillations should correspond to transforma-
tion of the conformation between elongated
coils and a loose globule; this is inferred by
comparison of the snapshots (b) and (c) of
Fig. 1 (the oscillatory motions are clearly
seen in a video movie). A spectral analy-
sis of the time series data of the gyration
radius Ry was made with the use of the
maximum entropy method!®. The maxi-
mum entropy method is very powerful for
spectral analysis of non-stationary quan-
tities under growth or attenuation. {(The
spectral peaks are obtained with high accu-
racy, but the height of the peaks does not
correspond to the power spectral density.)
Figure 13 shows that each chain undergoes
slow oscillations. At high temperature, we
see oscillations in most of the chains that
are separated from each other. The pe-
riod of oscillations has a range in value:
T ~ 60 — 100w;*. At low temperature,
the chains lump up as a globule, and only
a small number of chains make oscillations



whose period is longer than that at high
temperature.

The velocity of the sampled monomers
also oscillates. At high temperature, the
frequency band is broad, extending over
7 = 6 — 60w, . Only the low frequency
part (w < 27v) is related to changes in the
global conformation. At low temperature,
the oscillations are limited to a narrow band
whose period is 7 ~ 30 — 60w !, implying
less freedom for conformational changes.

1IV. POLYAMPHOLYTES IN SALT
AQUEOUS SOLUTION

Addition of salt to a solution with pre-
cipitated polyampholytes is expected to
screen the internal electric field among the
monomers, and to loosen the binding of
the monomers within the globules, which
causes dissolution of the polyampholyte®.
Such effects of salt may be studied by
placing free counter-ions in the multichain
polyampholyte system. In the following
run, the polyampholyte consists of six 32-
mers of random co-polymerization with
overall charge neutrality. The initial posi-
tions of the chains are sufficiently separated
such that the mass-centers of the six chains
are placed at £3.5a on the z,y, and z-axis.
We introduce the same number of positive
and negative counter-ions, with their mass
and charge equal to those of the chained
monomers. The reflecting wall is placed at
radius R = 17.5a for the polyampholyte,
whereas the wall is set at R = 14a for the
counter-ions for the purpose of computa-
tional efficiency. This treatment is justified
since the polyampholyte is confined in the
latter volume at low temperatures where
the effect of added salt is most predomi-
nant.

Figure 14 shows the effect of salt (512
salt ioms, with half positive ions and the
other half negative ions). Each data point
in this figure is an average over ten inde-
pendent runs with polyampholytes of dif-
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ferent charge sequences and initial confor-
mations. Evidently, the system gyration ra-
dius of polyampholytes increases by addi-
tion of salt, which affects preferentially the
low temperature regime, T/T; < 0.3, for
the flexible chains (a.. = 0.5a). The gyra-
tion radius of each chain becomes slightly
larger in the presence of salt ions. The
critical temperature at which the filling in-
dex becomes unity, N*R /R, .. = 1, is
T./Ty ~ 0.17 in a pure solvent. After ad-
dition of salt, the filling index is reduced
to less than unity in the entire temperature
range shown in Fig. 14(c), which means
dissolution of polyampholytes.

The above results indicate that the elec-
tric field binding the monomers has been
screened by the salt ions. This point is
directly proven by the salt-free simulation
where the electrical permitivity strength in
Eq.(3) is increased to ¢ = 2¢y, with ¢ the
original value in the salt-free solution. The
triangles in Fig. 14 depict the case with en-
hanced electrical permitivity, which nicely
reproduce all the results for 512 salt ions.

The density of the polyampholyte local-
ized within the globule is nps ~ 0.62a73
at T/Ty = 1/8. The salt density due to
512 counter-ions is n ~ 512/(14a)® ~
0.19a73. The added salt, whose density is a
fraction of that of the polyampholyte, is al-
ready as eflective as the electrolyte solution
with € > ¢ in its ability to loosen the glob-
ule. This density is somewhat less than, but
qualitatively in agreement with, the predic-
tion by Higgs and Joanny®.

The typical relaxed conformation of the
polyampholyte in the salt aqueous solution
is shown in Fig. 15(a) for T'/T, = 1/8. Fig.
15(b) shows only chained monomers of the
polyampholyte in Fig. 15(a). In the pres-
ence of salt, a mixture of a loose globule
and separated chains is obtained, for which
( < 1. For comparison, conformation of
the polyampholyte in the pure solvent is
shown in Fig. 15(c) for the same tempera-
ture. This dense globule is in clear contrast



with the loose one in the salt aqueous solu-
tion.

Finally, we obtained two simulation re-
sults that reveal the subtlety of the effects
of salt, especially at low temperature. First,
half the number (256) of salt ions, each of
which carries twice more amount of charges,
have the same effect as the standard salt of
basic charge. However, for very low temper-
atures T/Ty < 0.1, half the number of salt
tons with double the charges are less effec-
tive than the ordinary salt ions, due to less
homogeneity of the salt ions. Here appears
a discreteness effect in the effectiveness of
salt.

Secondly, when the polyam-
pholyte chains are placed in close proximity
to each other before salt addition, the size
of salt-added polyampholyte increases but
very slowly. Figure 16 shows the system
gyration radius for the runs in which 512
salt ions are placed at the intermediate time
t = 1300w, " in a region not occupied by
the already-formed globule of six 32-mers.
For both the temperatures shown in the fig-
ure, the globule begins to swell upon addi-
tion of salt ions. Some of the chains are
eventually separated from the globule, and
the system gyration radius approaches the
value of the salt-added case shown in Fig.
14. But, the expansion occurs several times
slower, 751 ~ 2500w;!, than that for the
case when the globule is not formed at all,
Teat ~ 500w L

These observations are uniquely ex-
plained by the ability of salt ions to pene-
trate among the polyampholyte chains and
globules. Namely, lighter salt ions have eas-
ier and more homogeneous access to inside
the globules, with more effectiveness when
the globules are less tight. The use of the
continuous fluid model with enhanced elec-
trical permitivity is thus not very accurate
in these cases.
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V. SUMMARY AND CONCLUSION

In this paper, the multichain effect
and also that of added salt on randomly
co-polymerized polyampholytes have been
studied. For high temperature, a container-
bound one-phase state with homogeneously
scattered chains is obtained due to confine-
ment in the finite volume (Fig.1). Polyam-
pholyte expansion occurs in about 5% of the
thermal speed on average; the typical ex-
pansion time is 7 ~ 200w, (Fig.2}, which
corresponds to the microsecond range for
the CHy; monomers in pure water. The
size of a multichain polyampholyte becomes
much greater than that of a single-chain
polyampholyte at high temperature, due to
the growth of a large void space among the
chains (Fig.3).

At medium and low temperature, the
role of the Coulomb force, which is at-
tractive on average, is predominant; the
monomers tend to associate and form loose
complexes (Figs.3 and 4). The association
and dissociation processes occur repeatedly
at medium temperature, where the former
process occurs a few times faster than the
latter (Fig.9). At very low temperature, a
compact globule in the state of glass with
a distinct round surface is formed both for
the single and multichain polyampholytes.
The entanglement of the chains without
actual bonds between the chain elements
is not enough to sustain the globule; the
monomers in the globule diffuse away when
the Coulomb force is switched off (Fig.10).

The stationary globular state at low tem-
perature is thought to arise from enhanced
stability by charge pairing (Table ). An
increase in temperature removes the pair-
ing, and the globular state is lost by ther-
mal agitation. Although the MD simulation
time is restrictive to see a real long-time
behavior of the polyampholyte chains, an
estimate of the lifetime of a collapsed glob-
ule by Eqs.(9)-(13) tells that its life is very
long, which would be destroyed only after
a passage of an astronomical time. The ini-



tial conformations are either on the globule
(glass) regime or the coil regime, depending
on their volume (cf. Eq.(10)). The prob-
ability for the compact globule to be de-
stroyed and transformed to an assembly of
scattered chains is estimated to be P, =
exp(—AE/kgT) ~ exp(—N*?) (Eq.(12)),
which is infinitesimally small for any re-
alistic value for the number of monomers
N. The compact globule is considered to
be a natural state in the low temperature
regime, irrespective of the boundary condi-
tion of the domain (Fig.8).

The size of polyampholytes is affected
by the domain size at high temperature
where a confining wall (container) limits
their diffusion, while it isn’t at low temper-
ature (Fig.8). A glass-like compact glob-
ule is a natural state of the low temper-
ature regime, as stated above. The re-
sults for polyampholytes under the periodic
boundary conditions® are qualitatively the
same as those of isolated (container bound)
polyampholytes which were studied in this
paper.

The polyampholytes with alternating se-
quences of positive and negative monomers
generally occupy larger volume than do the
randomly co-polymerized ones (Fig.7), be-
cause the electric field is spatially aver-
aged out. However, such effects are ap-
parent only when the block size of alter-
nating sequences is as small as two. Oth-
erwise, the polyampholytes with alternat-
ing sequences behave like randomly co-
polymerized polyampholytes.

A good index to measure the denseness
of monomers, or the degree of chain en-
tanglement, is the filling index, defined by
( = N§/3Rg1/Rg,sys, with . the number
of chains, and R, and B, ;s the gyration
radii of an individual chain and the whole
polyampholyte, respectively. The filling
index is comparable to or exceeds unity
when the chains closely overlap and become
entangled. Polyampholytes become more
dense when the chain stiffness or the molec-
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ular weight of the chains is increased (Figs.5
and 11), whereas they become sparse when
the number of chains is increased, though
to a lesser degree (Fig.12).

The critical temperature that separates
the one-phase state with scattered chains
and the segregated phase with a globule is
defined by the condition that the filling in-
dex becomes unity: ( = 1. The critical
temperature is well fitted by 7, /7Ty « M,
with M, the molecular weight of the chain.
A polyampholyte consisting of chains of
larger molecular weight is shown to be more
difficult to dissolve in salt-free solvents.

Spectral analysis shows slow oscillations
of the chains of multichain polyampholytes
at high temperature, which corresponds
to transformation of the conformation be-
tween elongated coils and a loose globule
(Fig.13). At low temperature, the oscilla-
tion of each chain is not prominent since
all the chains are contained in the dense
globule. However, the chained monomers
are still under thermal vibrations, showing
the glass-like nature of the globule (also,
Fig.6(b)).

Concerning the effect of added salt, the
salt ions diffuse among the monomers of
polyampholytes and screen the internal
electric field, which loosens and destroys
the insoluble globules at low temperature
(Fig.15). The salt, whose density reaches a
fraction of that of the polyampholyte, be-
haves like an electrolyte solution that has
enhanced electrical permitivity compared
to a salt-free solution (Fig.14). This behav-
jor is in agreement with theory®, although
the salt concentration required for dissolu-
tion of the globule is less than that pre-
dicted by the theory.

However, the effectiveness of salt is sup-
pressed when the size of salt ions is ap-
preciable with respect to polyampholyte
chains, or when dense globules has been
formed before the addition of salt (Fig.16).
The use of the continuous fluid model with
enhanced electrical permitivity is shown to



be inaccurate to trace such dynamical pro-
cesses. In these cases, the salt ions can-
not penetrate efficiently into the globules,
which makes salt less effective to shield the
internal electric field that binds multichain
polyampholytes.
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Table and Caption

TITo (++/—-) (+—-/—-4) ArHY A N(Ar < 1.5a}

1.00 47% 53% 1.67 1.61
0.50 44% 56% 1.71 1.49
0.25 36% 64% 1.46 1.24
0.125 31% 69% 1.24 0.97
1.00 44% 56% - - 1.15
0.50 41% 59% - - 1.19
0.25 40% 60% - - 1.83
0.125 43% 57% — — 3.40

Table I. Top: The fraction of spatially nearest monomer pairs having equal-sign charges
{(denoted by ++/——) and opposite sign charges (+ — / — +), and the average distance Ar
between such pairs, for randomly co-polymerized multichain polyampholytes (six 32-mers} of
overall charge neutrality. Bottom: The fraction of equal /opposite-sign monomers, and the
average number of monomers that are located withir a sphere of radius Ar < 1.5a.



FIGURE CAPTIONS

Figure 1. Time evolution of a randomly co-polymerized multichain polyampholyte
composed of eight 32-mer chains, for temperature T/Ty = 1/2, at times (a) wyt = 0,
(b) w,t = 300, and (c) w,t = 600. The monomers are confined in a spherical domain
of radius R = 21a. The -+ and e show the monomers of positive and negative charges,

respectively, and the exclusion radius of the monomer is a.,; = 0.5a.

Figure 2. Time history of various quantities for the polyampholyte depicted in Fig.
1: the average elastic energy per monomer W,,., the Coulomb energy per monomer
normalized by the base thermal energy ®rs/Ts, the average bond length of connected
monomers Ar(9), the system gyration radius including all the monomers R, ., the
average gyration radius of the chains Ry, and the z-component velocity V. of an

individual monomer.

Figure 3. Typical relaxed conformations of eight 32-mer polyampholyte at wyt = 600,
for temperatures (a) T/Tp = 1, (b) T/Ty = 1/4, and (c¢) T/T, = 1/8. A gradual
morphological change occurs from the one-phase state with separated chains of (a) to
the segregated phase with a collapsed and dense globule of (c) around T'/7Ty ~ 0.3.
The monormers are confined in a spherical domain of radius £ = 21q, and the exclusion

radius of the monomer is a.,; = 0.5a.

Figure 4. Effect of the Coulomb force on structure formation of polyampholytes, as
seen in differences between the non-charged polymers and charged polymers of random
co-polymerization. The polymers are composed of six 32-mers, and the panels show (a)
the system gyration radius K, ,s including all the monomers, (b) the average gyration
radius of the chains Ry, and (c) the filling index N/ 3Rg1/ R, sys which indicates chain

overlapping, where N, is the number of chains.

Figure 5. Effect of chain stiffness, for six 32-mer polyampholytes of random co-
polvmerization. The flexible chains consist of monomers with exclusion radius a.,; =
0.5a, and the stiff ones have a.; = 0.2¢. The panels show (a) the system gyration
radius Ry s, (b) the average gyration radius of the chains R,, and (c) the filling
index NY3R,1 /Ry oys-



Figure 6. (a} Coulomb energy per monomer normalized by the base thermal energy
®rs/Ty defined by Eq.(4); (b) deviation of the monomer distances ér,, normalized by

the average monomer distance < r,, >, for the flexible and stiff chains in Fig. 5.

Figure 7. Dependence on charge sequences, depicted by three series of runs, in which
each of the six 32-mer chains has block size of equal-sign charges of one, two, and then

four. The panels show (a) the system gyration radius R, .., (b) the average gyration
radius of the chains R, and (c) the filling index N/2R,1/ R, oy

Figure 8. (a) Effect of the domain size (boundary condition) on randomly co-
polymerized multichain polyampholytes (six 32-mers), for the case with infinite volume
and the case with finite volume of a sphere of radius R = 21a. The panels show (a) the
system gyration radius R .y, (b) the average gyration radius of the chains R;, and
(c) the filling index NY*Ry1/ R, sys- The lower two dots at T/Tp < 0.2 for the infinite
volume case of panel (a) are stationary, while the higher two dots increase steadily in

time.

Figure 9. Long-time history of the system gyration radius R, .., for the randomly co-
polymerized polyampholytes of Fig.8 with temperatures (a) T/Ty, = 1/2, (b) T/1, =
1/4, and {c) and (d) T/T, = 1/8. The simulation domain through (a) and (c) is limited

by a sphere of radius R = 21a, whereas the domain for (d) is infinite.

Figure 10. Time history of the system gyration radius K, . of a special run in which
the monomer charges of the randomly co-polymerized polyampholyte with temperature
T/To = 1/8 of Fig. 9(b) are suddenly reset to zero at time ¢ = 4500w, . The scatter
plots show their conformations at (a) ¢ = 4000w, and (b) ¢ = 5000w, *.

Figure 11. Dependence on the length (molecular weight) of the chains, for randomly
co-polymerized polyampholytes. The number of chains is kept at six, and the panels

show (a) the system gyration radius R, sys, (b) the average gyration radius of the chains
R,1, and (c) the filling index N}Y*R, /R

g szs *



Figure 12. Dependence on the number of chains, for randomly co-polymerized polyam-
pholytes. The total number of monomers is kept at 192, and the panels show (a) the
system gyration radius R, ., (b) the average gyration radius of the chains Ry, and

(c) the filling index N/®R,; /R, oys-

Figure 13. Frequency spectral analysis with the maximum entropy method for the
gyration radius of six 32-mer polyampholyte at (a) high temperature T/T, = 1 and

(b) low temperature T/Ty = 1/8. Each frame corresponds to one specific chain.

Figure 14. Effect of salt addition for the case with 512 salt ions (256 positive and
negative free ions), and for the case of enhanced electrical permitivity ¢ = 2¢g without
salt ions. The polyampholyte is composed of randomly co-polymerized six 32-mers,
and the panels show (a) the system gyration radius Ry sy, (b) the average gyration
radius of the chains Ry, and (c) the filling index NY/3R /R, .-

Figure 15. Typical relaxed conformation of randomly co-polymerized polyampholyte
(six 32-mers) in salt aqueous solution for the run in Fig. 14 at temperature T'/Tp = 1/8:
(a) polyampholyte and salt ions; {b) only the polyampholyte. The positive and negative
salt ions are marked with + and e, respectively. The relaxed conformation of the salt-

free polyampholyte for the same temperature is shown in (c).

Figure 16. Effectiveness of added salt. The system gyration radius for the runs in
which 512 salt ions are placed in a region excluded by the globule of six 32-mer chains
at the intermediate time ¢ = 1300w, (denoted by arrows). The temperature is (a)
T{To=1f4 and (b) T/T, = 1/8.
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