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Abstract

The dynamics and equilibrium of charged polymers of random co-polymerization (polyampholytes)
are studied for both the single-chain and multichain cases with the use of molecular dynamics
simulations. Nearly neutral single-chain polyampholyte has three temperature regimes, which are
characterized by an elongated Gaussian coil, a transition between the coil and globular states, and
a very dense globule for high, medium and low temperatures, respectively. The gyration radius of
polyampholytes shows a hysteresis against slow cyclic temperature changes under the Coulomb and
attractive short-range forces. The multichain polyampholyte forms a globule at low temperature
and is composed of wall-bound separated chains at high temperature. The polyampholyte chains
are overlapped above certain concentration or below a critical temperature due to the Coulomb
force. Added salt ions screen the electric field between the monomers and make the polyampholyte
soluble when density of the salt is comparable to that of the polyampholyte.

Keywords: Strongly-coupled Coulomb system, electrically charged polymers, multichain,
polyelectrolyte, polyampholyte, hysteresis, folding process, salt electrolyte solution.

1. Introduction

The polymers that are composed of elec-
trically charged monomers have a wide range
of industrial applications. They are also
important building blocks of live organisms
such as nucleic acids and DNA. Because of
the microscopic scales of Angstrom ranges,
these polymers constitute a strongly-coupled
system, where the Coulomb energy prevails
over the thermal energy, e?/eal > 1. The
charged polymers are classified into two typ-
ical groups (or regimes) called polyelectrolyte
and polyampholyte. The former that con-
sists of monomers of one charge sign takes an
elongated conformation at equilibrium due

to electrostatic repulsive force, which is usu-
ally surrounded by a cloud of neutralizing
counter-ions. The structure of the latter,
that includes nearly equal number of posi-
tively and negatively charged monomers, is
quite variable upon charge sequences, tem-
perature and existence of salt.

Recent studies of polyampholytes are
mostly concerned the quenched ones whose
charge state and sequence are predetermined
by the synthesis chemistry'. The properties
of these polymers were extensively studied
experimentaliy’?, theoretically®=®, and also
numerically®®. Here, we present simulation
results of a dynamical process, formation and
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relaxation to equilibrium conformations, and
the effect of added salt by means of molecu-
lar dynamics (MD) simulations™®. The mo-
tion of charged polymers in a thermal solu-
tion (such as water) is described by

de,;/dt = FLR(I’;) — (3T/a2)(2r,- —Trip1
—Ti1) + Fop —vmvy, (1)
dl‘,'/dt = V;. (2)

These are a set of Langevin equations for ¥
monomers. Here, r; and v; are the position
and velocity of the 7-th monomer (i =1 ~ N)
at a time ¢, respectively, T the tempera-
ture, ¢ the normalization length close fo the
bond length. The long-range Coulomb force
Frr is calculated by direct sums among the
[NONOMeTS,

Frr(r:) = Z Z,-Zjezf-t-j/e}r,- - 1'3‘|27(3)

where Z;e is charg; state, ¢ is electrical per-
mitivity, and £;; is a unit vector along r; —r;.
The last two terms in Eq.(1), which are ran-
dom thermal kicks and momentum absorp-
tion executed by surrounding medium, equi-
librate polyampholytes in solution. The most
important controlling parameter is the elec-
trostatic coupling constant I' (or temperature

),
[ = ¢e*/eaT. (4)

Other implicit parameters are the exclusion
radius of monomers a..;, the number of chains
and monomers, and charge sequence of the
chains.

II. Single-Chain Polyampholytes

The effect of unbalanced charge on the
structure of polyampholytes’ is depicted in
Fig.l. Equilibrium conformations in the
bird’s-eye view plots and time histories of the
gyration radius,

| N ] 1/2
Rg=(—N—Z(rj—<r>)) , (5)

I=

are shown on the left and right columns, re-
spectively. The excess charge dN = N, — N_
in a polyampholyte is (a) below, (b} just, and
(c) above the critical value § Ny = N¥/2; the
temperature is medium 7'/T ~ 1 (see Fig.2).
When the charge imbalance is smaller than
6Ny, the polyampholyte chain forms a glob-
ule. The relaxation time is roughly 200w,
with w, & (2we?/ma?)'/? the plasma fre-
quency. The above relaxation time falls in
a microsecond range for the CH; monomer
in pure water (¢ = 80). Beyond the critical
charge imbalance, the chain takes a stretched
conformation that resembles polyelectrolytes.

The temperature dependence is seen in the
gyration radius for balanced polyampholytes.
The gyration radius increases with tempera-
ture in Fig.2, where we find the low {T' < Tp),
medium, and high (T > T3) temperature
regimes, where the base temperature is de-
fined by €?/ealy = 1. These regimes are char-
acterized by a dense and loose globules, and
an elongated Gaussian coil, respectively. The
elongated coil at high temperature is not sta-
tionary, but repeats contraction and stretch-
ing motions.

These high and medium temperature
regimes correspond to the high and low tem-
perature regimes of the Flory theory* of the
© solvent. The dense globule at low tem-
perature, which results from compact fold-
ing of the chain arms - in good analogy with
protein folding'®, was first obtained by the
present MD simulation of non-lattice type’.
The velocity distribution of the monomers is
almost Gaussian exp(—v?}, which shows ther-
mal equilibration of the globule.

The volume of a polyampholyte undergoes
a hysteresis against slow cyclic temperature
changes when the long-range Coulomb and
attractive short-range forces cooperate’. If
we start from a compact globule at low tem-
perature in Fig.3, the polyampholyte keeps
a small volume until the critical tempera-
ture is reached at T = Tj, where the vol-



ume jumps up due to unfolding of the chain.
In the reverse phase back from high temper-
ature (T > Tp), the volume takes a larger
value than for the first (rising) phase until
the polyampholyte suddenly collapses into a
globule at T' = T, with 71 > 73. This phe-
pomernon reveals existence of two local energy
minima around the critical temperature. De-
spite the hysteresis, the whole process is re-
versible unless a dissipation term other than
viscosity in Eq.(1) is introduced. Precise de-
scriptions are found in Ref.7.

1II. Multi-Chain Polyampholytes

The time histories of the gyration radius
of the whole system (chains) Ry ys, the av-
erage of gyration radii of the chains R,
and the z-component velocity of one specific
monomer are shown in Fig.4 for the multi-
chain polyampholyte at high temperature®.
Here, the polyampholyte is composed of eight
32-mer chains, each of which has a random
charge sequence. The gyration radius of each
chain does not change appreciably. But, the
system gyration radius increases to a wall-
bound equilibrium in 7., ~ 200w, !. A large
increase in the size of polyampholyte is at-
tributed to separation of the chains, which is
a new feature of multichain polyampholytes
compared to the single-chain ones.

The equilibrium conformations of multi-
chain polyampholytes are shown for (a) high
(T/Ty ~ 1), and (b) low (T/Tp = ) tem-
peratures in Fig.5. The conformation at high
temperature consists of wall-bound separated
chains with a large void space among the
chains, whereas that at low temperature is a
collapsed globule resembling that of a single-
chain polyampholyte. At high temperature,
the gyration radius R, of each chain and
the velocity of monomers undergo slow os-
cillations compared to the friction time v~
The oscillations of R, which corresponds to
folding /unfolding motion of the chain occurs

simultaneously with gather and scatter mo-
tion of the chains. Or the other hand, at low
temperature in (b), the gyration radius R
does not show oscillations, which imphies the
liquid-like nature of a collapsed globule.

A brief summary is given here on the ef-
fect of specific charge sequences®. Thermo-
dynamically, it was shown that a charged
polymer with an alternating sequence 1s very
different from one with a random sequence®.
The present MD simulation finds that this
is true for multichain polyampholytes with
a completely alternating sequence. However,
polyampholytes with a longer alternating in-
terval whose block length (of the equal-sign
charged monomers) is as small as four al-
ready behave like polyampholytes with ran-
dom sequences®. Therefore, only the charge
sequence of the block length one or two
should be regarded as special.

The gyration radius and the filling index
¢ = NM°R,/R;ss (N the number of
chains) of multichain polyampholytes depend
on stiffness, molecular weight and the num-
ber of the chains. The critical temperature
at which chain overlapping occurs is propor-
tional to the molecular weight of the chains,
T, ~ M,,. Detailed results are described in
Ref 8.

IV. The Effect of Salt

Addition of salt to a polyampholyte solu-
tion is known to enhance its dissolution in
pure water'. A new set of molecular dynam-
ics simulations are performed for the system
consisting of multichain polyampholyte and
free salt ions®. The salt ions are represented
by the same number of positive and nega-
tive free counter-ions whose mass and charge
are identical with those of the polyampholyte
monomers. A typical equilibrium confor-
mation of the polyampholyte is depicted in
Fig.6, where scattered small pluses and dots
are salt ions. The surface of the globule is
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now quite fuzzy due to the presence of large
number of the salt ions. This is clearly con-
trasted to the dense globule shown in Fig.5(b)
under the same temperature and without
salt.

The denseness of the polymer chains (or,
the degree of chain overlapping) is well quan-
tified by the filling index { = N/3R, /R, ,ys,
where N, is a number of chains composing of
the polyampholyte, R,;, R, the gyration
radii of each chain and all the chains, respec-
tively. This value equals or exceeds unity,
¢ > 1, when the chains closely overlap each
other; it becomes small for the polymers of
separated chains. Thus, we can judge that
the polymer is soluble if the filling index be-
comes less than unity, { < 1.

Figure 7 shows the filling index ( for the
multichain polyampholytes in salt-free sol-
vent (triangles), and in salt aqueous solu-
tion (filled and open circles). Quite evidently,
the value of the filling index is reduced in
solutions with salt ions. The charge den-
sity with 512 salt ions is comparable to that
of the polyampholyte inside the globule (or
chain clouds). Half the density of the salt
tons is still effective at high temperature, as
the polyampholyte takes a larger volume hav-
ing less charge density; it is less eflective at
low temperature. As has been shown clearly
in Fig.7, the added salt ions act to screen
the attractive electric field and separate the
chains, which causes dissolution and swelling
of polyampholytes®®.

The effect of salt can be approximately
treated by means of enhanced electrical per-
mitivity € in Eqgs.(1)-(3). However, at low
temperature when a dense globule has been
formed, the subtlety of added salt includ-
ing the relaxation time is properly described
only with the use of molecular dynamics
simulations®. For example, unfolding of the
globule due to addition of salt occurs by
one order of magnitude more slowly than for
the case with enhanced electrical permitivity.

This is because the size of the salt ions is non-
negligible compared to that of the void space
among chained monomers of polyampholytes.
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Figure Captions

Figure 1. Effect of unbalanced charge is
shown by equilibrium conformations and
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time histories of gyration radius, for {a}
nearly neutral, (b) mirginal, and (¢)
non-neutral polvampholytes of 256-mers at
the temperature 7' = %Tg. The
conformation for {(c) is reduced to 53% that
of the real size.

Figure 2. Temperature dependence of
gyration radius for the neutral 64, 128, and
256-mer polyampholytes. Three different
regimes are identified at low, medium, and
high temperatures.

Figure 3. A hysteresis of the gyration radius
against slow cyclic temperature changes for
a single-chain 64-mer polyampholyte under
the Coulomb and attractive short-range
forces.

Figure 4. Time histories of the system
gyration radius Rg sy, the gyration radius of
each chain R, and one component of
monomer velocity V; for the multichain
polyampholyte (eight 32-mers) at the
temperature T/Tp ~ 1.

Figure 5. Equilibrium conformations of
multichain polyampholytes for {a) high, and
(b) low temperatures are wall-bound
separated chains and a dense globule,
respectively.

Figure 6. The effect of salt ions is seen in a
loosened globule of multichain
polyampholyte at low tempwerature

T = %To. Small dots and pluses stand for
negative and positive salt ions, respectively.

Figure 7. The filling index,

( = NY3Ry /Ry sys, is depicted for three
cases with 512, 256, and no salt ions. The
condition ¢ > 1 corresponds to overlapping
of the polyampholyte chains.
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