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ABSTRACT: Most studies of polyelectrolyte coacervate phase behavior focus on symmetric
mixtures of oppositely charged polymers. Here we use a coarse-grained simulation, in which
all bonded monomers and mobile counterions are represented as Lennard-Jones particles
with unit charge and diameter equal to the Bjerrum length, to study the impact of charge
asymmetry on coacervate phase behavior. We study the impact of salt on the concentration
of polymers and mobile ions in each phase and qualitatively reproduce the closed-loop
behavior observed in recent experiments on nonstoichiometric coacervates. We find that the
counterions from added salt distribute unevenly, preferring the dilute phase to maximize their
translational entropy, analogous to Donnan equilibrium for a charged membrane. The
coacervate phase shrinks under osmotic pressure, leading to increased polymer concentration

with small amounts of added salt.

B INTRODUCTION

Mixing oppositely charged polyelectrolytes results in associa-
tive phase separation into a polymer-rich coacervate and a
dilute supernatant phase. Such materials are of interest for
applications in protein encapsulation,"™* adhesives,’™ and
food products.'”~"* Coacervates are also of interest in cellular
biology as an element in the formation of membraneless
organelles.*~"*

Most studies of coacervate ghase behavior, whether
experimentslg_21 or simulations, ™% using rheolo%y,zs_28
polymer conformations,””* or interfacial tension’"** focus
on charge-stoichiometric mixtures, with equal and opposite
total charge on the polycations and polyanions.

This charge symmetry can be broken in multiple ways: by
varying the fraction of charged monomers on a chain,™ or the
chain lengths,** or mixing nonstoichiometric proportions of
oppositely charged polymers.'®** In any charge-asymmetric
coacervate, there will be sufficient counterions to maintain
overall charge neutrality. For sufficient asymmetry, coacervates
are not observed to form.*

Asymmetric coacervates have applications in separating
biomolecules. van Lente et al.'® used asymmetric polyelec-
trolyte complexes to separate two structurally similar but
oppositely charged proteins. Priftis et al.’® investigated the
effects of stoichiometry and pH on salt resistance and the
viscoelastic behavior of ternary polyelectrolyte coacervates
using turbidity and rheological measurements.

A challenge in studying asymmetric coacervates is measuring
phase concentrations of each species. Recently, Friedowitz et
al.’” used fluorescent labeled polyelectrolytes with inductively
coupled plasma mass spectroscopy to investigate nonstoichio-
metric coacervates. Their phase diagram exhibits “looping in”
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behavior, in which the polymer concentration in the coacervate
first increases with addition of salt and then decreases as more
salt is added, eventually forming a one-phase solution. They
explain that counterions from low added salt prefer the dilute
phase to maximize their mixing entropy, avoiding the high
concentration of mobile counterions trapped in the asym-
metric coacervate, analogous to rejection of salt solutions by
charged membranes under Donnan equilibrium.’® The
coacervate then balances the osmotic pressure between the
two phases by expelling water, which increases the polymer
concentration in the coacervate.

The phase diagram for nonstoichiometric coacervates by
Friedowitz et al. also shows other characteristic features: (a)
the two-phase region narrows with increase in asymmetry, (b)
the critical salt concentration decreases slightly with
asymmetry, and (c) for low salt concentrations, the
concentration of free ions in the coacervate is higher than in
the dilute phase. A small increase in polymer concentration for
asymmetric coacervates with low added salt was also reported
by Li et al* in their study of the effect of pH on
polyelectrolyte charging and resulting coacervate phase
behavior.

Several recent theoretical and computational studies have
focused on asymmetric coacervates. Zhang et al.*’ use liquid
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Figure 1. Simulation snapshots show (left) the impact of mixing ratio of polycations:polyanions without added salt and (right) the impact of
adding salt. Without added salt, mixing 62 polycations and 38 polyanions results in two-phase coexistence (top right). As salt is added, the polymer-
rich phase first becomes more concentrated (second and third on right) and then swells to form a single phase (bottom right). Polycations and
polyanions are shown as pink and blue beads; free ions are translucent.

state theory to construct a three-dimensional phase diagram in
terms of individual component concentrations. For small
asymmetry in polymer concentrations, they show that the two-
phase becomes narrower, which they attribute to the
translational entropy of the excess counterions needed for
charge neutrality. Adhikari et al.’* use mean field theory to
compute phase diagrams that capture effects of charge
asymmetry from different chain lengths as well as non-
stoichiometric mixtures. In addition to excess counterions
being present to maintain electroneutrality, they attribute the
closed-loop behavior to a decrease in dipole—dipole attractions
and increase in charge repulsions with asymmetry. Rubinstein
et al.*"* provide a scaling theory for the effect of salt and
electrostatic strength on structure of coacervates with
asymmetric charge densities. They predict that charge-
asymmetric weak coacervates form double solutions with two
correlation lengths, while strongly asymmetric coacervates can
form bottlebrush or star-like gels. Knoerdel et al.*® use a
transfer matrix model to obtain phase diagrams that predict the
impact of charge asymmetry through changing solution pH
and stoichiometry; however, unlike experiments, they do not
find closed-loop behavior in their phase diagrams.

In our previous work,” we introduced a simple simulation
model to obtain coacervate phase diagrams. In our bead—
spring model, all ions on polymers, dissociated counterions,
and ions from the added salt are represented by beads of unit
charge and diameter equal to the Bjerrum length. This choice
of diameter avoids counterion condensation in our simu-
lations.”* We measured density profiles of a slab of coacervate
phase in equilibrium with dilute phase to obtain polymer and
mobile ion concentrations in each phase and construct a phase
diagram, describing the salt and polymer concentrations in
each phase. For symmetric coacervates, with addition of salt,
the polymer concentration in the coacervate phase decreases.
We found that the total ion concentration in the coacervate
remained constant with addition of salt. That is, with the
addition of salt, the newly added ions distribute nearly
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uniformly through both the coacervate and dilute phases,
since the electrostatic interaction of each ion in the coacervate
is only of the order of kT. Hence, added salt swells the
coacervate in coexistence with excess solvent, but only by the
average volume fraction of mobile ions throughout the system.
This is also a robust feature in published experimental phase
diagrams. Additionally, this model can also be adjusted for
different monomer sizes and interactions between polymers (as
a proxy for solvent quality).

In this work, we use our model to study nonstoichiometric
coacervates. We first vary the “mixing ratio”, i.e., the ratio of
polycation and polyanion chains of equal length and charge
densities, to investigate the impact of asymmetry on phase
behavior. We then add salt to such nonstoichiometric systems
and find a closed-loop phase behavior, which we compare to
recent experimental results on synthetic polyacrylamide
coacervates.”” Although there are different ways of breaking
symmetry as mentioned above, in this work, we introduce
asymmetry only by varying stoichiometry.

B METHODS

In our bead—spring model,*® all polymer beads and mobile
counterions interact with repulsive Lennard-Jones interactions

(eq 1).

12 6
c c
46(—) —(—) +€e r<r,
Uy(r) = r r

0 r>r

A (1)

Here ¢ = kT (2.49 kJ/mol at 300 K). The potential between
bonded beads is a stiff harmonic spring, given by

Ubond(r) = (1/2)kb(1‘ - rO)Z (2)

where r, = 2"/°¢ and the spring constant k, equals 400 kT/c>.
Each bead carries a unit charge, with the Coulomb
interaction between beads given by
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Figure 2. Density profiles of polymers (left) and free ions (right) show the impact of asymmetry on concentration in the coacervate and dilute

phases.
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Figure 3. Density profiles of polymers (left) and free ions (right) show the impact of added salt on their concentrations in the coacervate and dilute
phases. Without added salt (¢, = 0), there are oppositely charged counterions for each monomer on all the polymers.
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Here I is the Bjerrum length, z, and z, are the valencies (£1),
and r is the separation distance. We set the effective bead
diameter 2'/%c equal to the Bjerrum length. We use particle-
mesh Ewald methods to compute Coulomb interactions.

We set the total polymer concentration in the simulation
box such that the number density of monomer beads is a
fraction ¢, times ¢, = 0.7/6%, and ¢, = 0.05. The
concentration ¢, we have previously adopted as a “melt”
concentration in charge-neutral bead—spring systems.* Here,
we report ¢ as the volume fraction relative to ¢,,.

We introduce asymmetry by adding different amounts of
structurally identical but oppositely charged polyelectrolytes.
Our polymer chains have length N = 100 beads. We vary the
number of chains from 50 polycations and 50 polyanions up to
67 polycations and 33 polyanions. With no added salt (¢, = 0),
our system includes oppositely charged counterions for each
monomer on all the polymers. We add salt as additional
oppositely charged free ion pairs.

We start our simulations from a phase-separated config-
uration, built as a slab in the center of the simulation box,
populated by initial random walk configurations for the chains.
To aid in measuring density profiles, we gently restrain the
polymer center of mass to the center of the simulation box
with an umbrella potential of spring constant 16 kT/¢?, in the
direction normal to the phase boundary.

For computational efficiency we use implicit solvent;
correspondingly, we use stochastic dynamics, in which random
forces added to particle velocities cause them to diffuse as
collisions with real solvent would do. All beads interact with
purely repulsive Lennard-Jones potentials, which correspond to
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good solvent conditions. After initial energy minimization, we
run NVT simulations for 3 X 10° time steps. Our time step is
0.002287, where 7 is the Lennard-Jones time o(m/€)"% The
phases equilibrate in less than S X 107 time steps (symmetric
systems take much less time). We measure symmetrized
density profiles of polymers and counterions over the final 2 X
10°® time steps, from which we infer the phase diagram. We use
Gromacs for our simulations and density profile analysis.*

B RESULTS AND DISCUSSION

The coacervate phase becomes less cohesive as the asymmetry
increases, as shown in Figure 1 (left). Mixtures of oppositely
charged polyelectrolytes with charge stoichiometry undergo
associative phase separation into a polymer-rich coacervate
phase and a dilute supernatant phase (top snapshot in Figure 1
(left)). As the mixtures become asymmetric, the coacervate
phase swells, and the polymer chains begin to enter the dilute
phase. With sufficient charge asymmetry, the coacervate
dissolves into a single phase (bottom snapshot in Figure 1
(left)).

With addition of salt to the nonstoichiometric mixture, the
coacervate phase first shrinks in the low-salt regime and then
swells with further addition of salt (see Figure 1 (right)). This
behavior is consistent with experiments of Friedowitz et al.”’
using coacervates of synthetic polyacrylamides. Shrinking with
low added salt is not observed for symmetrically charged
coacervates, which only swell as salt is added.

Density profiles (Figures 2 and 3) quantify our observations
from the simulation snapshots. Density profiles show that the
polymer concentration in the center of the simulation box
decreases with increasing asymmetry, until a single phase
results (Figure 2 (left)). Symmetric coacervates exhibit a sharp
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interface between the concentrated and dilute phases, while
asymmetric systems display a much broader interface, implying
that the coacervate phase is less cohesive and the dilute phase
not completely devoid of polymers.

For symmetric mixtures of polycations and polyanions, there
is a favorable partition of counterions to the dilute phase, as
reported by previous experiments'® and simulations.”** With
charge asymmetry, additional mobile counterions must reside
in the coacervate to maintain charge neutrality. Figure 2 (right)
shows that the free ion concentration is higher in the dilute
phase when the system is nearly symmetric, with the mixing
ratio up to 56:44. As the asymmetry increases (up to the
mixing ratio 62:38), the free ion concentration in the
coacervate phase becomes slightly higher than in the dilute
phase. For example, the free ion concentration for the 62:38
ratio is slightly higher than 0.05 in the concentrated phase and
less than 0.05 in the dilute phase. For sufficiently asymmetric
systems (64:36 and above), a single phase results, as the
counterion osmotic pressure in the coacervate becomes large
enough to destabilize the phase.

Symmetrically charged coacervates swell with addition of
salt. But for asymmetric coacervates, density profiles in Figure
3 (left) show that the polymer concentration first increases
with added salt and then decreases until a single phase results.
Here, the highest polymer concentration in the coacervate
phase is observed at ¢, = 0.1. Density profiles of counterions in
Figure 3 (right) show that added salt at low concentrations
slightly prefers to enter the dilute phase, as evident from the
troughs in the low salt regime between ¢, = 0.05 and 0.1S.
Although this effect is modest in magnitude, we acknowledge
the cause and the impact it has on osmotic pressure, discussed
further below.

The coacervate phase diagram (Figure 4) displays a striking
evolution as charge asymmetry increases. For sufficiently
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Figure 4. Phase diagram shows the impact of added salt on
concentration of polymers and free ions in each phase.

asymmetric systems the two-phase region becomes narrower,
and a closed-loop behavior results, indicating that the polymer
concentration in the coacervate first increases with added salt
and then decreases as more salt is added. The amount of salt
needed to obtain a single phase is progressively less for more
asymmetric coacervates. All these features are consistent with
experimental observations.

Nonstoichiometry leads to “polymer overcharging”; that is,
the coacervate phase contains more of whichever polyelec-
trolyte we added in greater quantity. Figure S5 displays the
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concentrations of each polyion species separately (blue for
polyanion, red for polycation) in the dilute and concentrated
phases versus the total mobile ion concentration in the phase.
Because the coacervate phase is overall charge neutral, we can
infer from Figure S that excess mobile anions are required to
maintain neutrality in each phase, which is larger for more
asymmetric systems. We notice that at high asymmetry there
are more polycations in the dilute phase, where they
presumably flee to relax somewhat the asymmetry in the
concentrated phase and release captive mobile anions from the
coacervate.

In stoichiometric coacervates, both phases are equally
hospitable for added salt ions. Hence, the coacervate phase
swells with added salt, but only by the average salt
concentration; the symmetric coacervate remains essentially a
“Bjerrum liquid” of polyelectrolyte chains plus mobile ions at a
constant melt concentration. In contrast, the total ion
concentration in nonstoichiometric coacervates does not
remain constant (Figure 6) below the critical salt concen-
tration. Instead, small amounts of added salt increase the total
ion concentration in the coacervate, as shown in Figure 6.

The physical explanation presented by Friedowitz et al.”” is
consistent with our observations. Asymmetric coacervates with
more polycations than polyanions retain extra mobile anions to
maintain charge neutrality (see Figure 2). In the low salt
regime, the high anion concentration in the coacervate tends to
repel salt with the same anion because the translational entropy
of added anions is larger in the dilute phase than in the
coacervate. This mechanism is the same as for charged
membranes, which repel added salt with the same counterion
until the concentration approaches the membrane charge
density, described by Donnan equilibrium.”®

Because the first added salt goes more to the dilute phase,
the osmotic pressure there increases. To balance the osmotic
pressure, the coacervate expels water, becoming more
concentrated. As the salt concentration increases to be
comparable to the anion concentration in the coacervate, salt
is no longer rejected from the coacervate, which begins to swell
from the added salt just as a symmetric coacervate would.

Some of these observations were noted in some previous
studies as well. Zhang et al.** study the effect of concentration
asymmetry using liquid state theory. They report a shrinkage of
the phase diagram in asymmetric mixtures of polyelectrolytes.
This work does not, however, report a closed-loop behavior.
We speculate this may be due to small range of asymmetry
considered while constructing the phase diagram. Danielsen et
al.*” observe a similar closed loop behavior in their simulations
for self-coacervation in polyampholyte mixtures at small
asymmetries (up to 53:47). At high asymmetries (over
55:45), they observe development of tadpole configurations,
as predicted by Rubinstein et al.***’ for charge asymmetric

block polyampholytes.
B CONCLUSION

We use molecular dynamics simulations to understand the
impact of the “mixing ratio” (ratio of polycations and
polyanions added) and added salt in nonstoichiometric
coacervates. Charge asymmetry destabilizes the coacervate
phase; sufficiently asymmetric mixtures result in a single phase.
Stoichiometric coacervates exhibit “salting-in” behavior, in
which the polymer concentration steadily decreases with added
salt, which swells the coacervate at constant total ion
concentration. In contrast, when polycations and polyanions
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of equal length and charge per bead are mixed in non-
stoichiometric proportions, the coacervate phase first shrinks
as salt is added and then eventually swells with addition of
more salt.

Our simulation phase diagram exhibits closed-loop behavior
for sufficiently asymmetric coacervates. This behavior reflects
the tendency of small amounts of added salt to prefer the dilute
phase over the asymmetric coacervate. This preference results
from the relatively high concentrations of mobile anions held
there to neutralize the charge of the excess polycations, such
that added salt has more translational entropy in the dilute
phase than in the coacervate. This situation is very similar to
Donnan equilibrium, in which a charged membrane holds
mobile counterions in place and tends to reject salt with the
same counterion until the salt concentration approaches the
membrane charge density.

To balance the excess osmotic pressure from the rejected
salt, the coacervate phase expels water, which shrinks the phase
and increases the polymer concentration, leading to the
characteristic “looping-in” behavior. Our simulation phase
diagrams show all the characteristic features observed in recent
experiments on synthetic polyacrylamides, including the
narrowing of the two-phase region as charge asymmetry
destabilizes the coacervate phase and a reduced critical point as
less salt is needed to destabilize the asymmetric coacervate.
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