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ABSTRACT: Complex coacervation, known as the liquid−liquid phase separation of solutions with oppositely charged
polyelectrolytes, has attracted substantial interest in recent years. We study the effect of the charge regulation (CR) mechanism on
the complex coacervation by including short-range interactions between the charged sites on the polymer chains as well as an
association−dissociation energy parameter in the CR mechanism. We investigate the phase diagrams of two CR models: (i) the
hopping CR model (HCR) and (ii) the asymmetric CR model (ACR). It is shown that during the phase separation that the
polymers in the condensed phase are more charged than those in the dilute phase, in accordance with Le Chatelier’s principle. In
addition, secondary CR effects also influence the change in the volume fraction of the two phases. The latter can cause the charge
difference between the two phases to change nonmonotonically as a function of the CR parameters.

I. INTRODUCTION

Solutions of oppositely charged polyelectrolytes under certain
conditions can undergo a liquid−liquid phase separation,
resulting in a condensed phase coexisting with a dilute one.
This phenomenon was described almost a century ago1 and is
known as complex coacervation. It has instigated broad interest
in many areas of soft matter science, including polymers,
colloids, and protein physics.2−4 More recently, complex
coacervation was invoked as a potential mechanism under-
pinning the formation of membrane-less intracellular compart-
ments in biological systems, playing a key role in controlling
biochemical processes within the cell.5,6

Complex coacervation was first modeled and analyzed by
Voorn and Overbeek.7 In the Voorn−Overbeek (VO) model,
the phase separation results from a competition, described
within the Debye−Hückel (DH) theory,8 between the entropy
of mixing and the electrostatic fluctuation attraction between

charged monomers. The VO model largely captures the
phenomenology of coacervate phase behavior, although the
model neglects the connectivity of the polymer chains, and its
validity conditions are limited by DH theory to low salt
concentrations. Later on, different generalizations of the model
as well as improvements in its methodology and computational
aspects have been proposed.2,9 These later works capture
potentially relevant physics that the VO model might have
missed and are based on various aspects of polymer field
theory, scaling theory, and counterion release models.
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Unlike the assumed constant charge assigned to the polymer
chains in the original VO model, the charge association/
dissociation processes of chargeable polymer groups lead to the
charge regulation (CR) mechanism.10 The principal effect is
that the variation in the polymer charge is a function of the
polymer concentration, added salt concentration, and/or
solution pH. The CR mechanism was first invoked to describe
the acid/base properties of polyelectrolytes as well as the
dissociation equilibria of proteins. (For historical references,
see ref 11.)
In the 1970s, Ninham and Parsegian12 formulated the CR

mechanism within the Poisson−Boltzmann (PB) theory,
specifically in the context of membrane interactions in
multilamellar assemblies. The importance of the CR
mechanism in explaining properties of protein solutions is
well recognized13 and is invoked regularly to address the
polymer-charge variation under various solution conditions.11

Surprisingly, the CR mechanism has not been regularly
employed in the modeling of coacervation phenomenology,
and pertinent analyses are rather scarce.2

Among the works addressing CR within the context of the
liquid−liquid phase separation of polyelectrolytes, we specif-
ically mention two that are of great relevance to the present
work. Muthukumar et al.14 studied CR in salt-free polyelec-
trolyte solutions within a generalized VO free-energy model by
considering a single type of negatively charged polymer chain
and its positively charged counterions. It was shown that the
polymer charge is self-regulated during the phase separation,
contrary to the original VO assumption of fixed polymer
charge. Furthermore, this implies that the coexisting phases
possess different degrees of ionization, with the more
condensed polymer phase having a smaller amount of charge
on its polymer chains.
Salehi and Larson15 studied a more complex system and

considered three different types of short-range electrostatic
effects. In their study, they included the association/
dissociation of the CR counterions and ion pairing of charges
on oppositely charged polyelectrolyte and based their model
on an extended version of the VO free energy. The weak
polyelectrolyte phase separation was shown to be quite
sensitive to the solution pH. It revealed that the complex
coacervation of charged polymers can be simply explained by
the competition between counterion condensation and cross-
chain ion pairing.
In the works mentioned above,14,15 the effects of CR on the

complex coacervation were studied for specific models, but
some of the more interesting possible behaviors of CR-induced
phase separation were not explored. Moreover, the CR
mechanism was formulated within a Langmuir adsorption
isotherm model that is based on an association−dissociation
energy cost and a lattice-gas adsorption entropy. This implies
that the adsorption process is neither subject to short-range
interactions between the occupied sites nor exhibits any
cooperativity. Including short-range interactions leads, in
general, to an adsorption isotherm of the Frumkin−Fowler−
Guggenheim variety16 that has different properties, which can
fundamentally change the adsorption phenomena.17,18 It is
therefore of importance to explore the more complicated
adsorption isotherms, specifically as they relate to phase
separations.
In the present study, we focus on the effect of CR on the

phase separation of polyelectrolyte solutions by considering
the role of two separate interaction mechanisms on the

adsorption process. (i) the free-energy change in the
adsorption/desorption process of a single adsorption site,
quantified by a parameter α, and (ii) the free-energy change
due to the short-range interaction between two charged
neighboring adsorption/desorption sites, as quantified by
another parameter η.
We specifically address two variations of the standard CR

model. (i) The first is called the hopping CR model (HCR),
where we start with two polymer types without any dissociated
charge groups. Because of the adsorption/desorption of ionic
groups on the chains, the charges released from one polymer
type are immediately captured by the other polymer, which
favors being oppositely charged. (ii) The second model is the
asymmetric CR model (ACR), in which one polymer type has a
constant negative charge (i.e., the charges are completely
dissociated), while the counterions can be either free in
solution or adsorbed onto the other type of polymer chains.
We investigate the effects of CR on the polyelectrolyte phase

diagram and analyze the variation of the polymer charge for the
HCR/ACR models. Unlike the observation by Muthukumar et
al.,14 we find that the polymers in the condensed phase are
more highly charged than in the coexisting dilute phase. This is
due to the different ionization processes of the two polymers
and is also consistent with Le Chatelier’s principle. We then
show that the two CR parameters can affect the polymer
charge of the two phases in a nonmonotonic way. Upon
variation of a single CR parameter, the charge asymmetry
between the phases first increases and then decreases. This is
explained in terms of a secondary CR ef fect, where the polymer
charge is regulated directly from the adsorption/desorption
chemical reactions as it is in a single phase but is also regulated
indirectly from the change in volume fraction of the two
phases, which is also caused by CR.
The outline of the article is as follows. In section II, we

introduce the general model and its pertinent free energy and
focus on two variants of the CR model. In section III, we
discuss the effects of the CR on the complex coacervation and
of the ionization states of the two phases. Finally, section IV
includes some suggestions for future experiments and our
conclusions.

II. MODEL
The model system under consideration contains two types of
polymer chains, each having N monomers per chain,
counterions, and solvent (water). The two types of polymers
are polycations and polyanions, denoted by p and n,
respectively. The monomers, counterions, and water molecules
are assumed to have the same molecular volume, v. A fraction
of monomers, 0 ≤ γ ≤ 1, contains ionizable groups that can
undergo a chemical reaction and become charged. We denote
these groups (hereafter referred as “sites”) on the p polymers
by A and on the n polymers by BH. The A sites can become
positively charged by association,

+ + +VA H AH (1)

while the B sites can become negatively charged by
dissociation,

+− +VBH B H (2)

The total charge on each polycation chain is z+, and for the
polyanions it is z−. Note that z+ and z− are not fixed but are
annealed (adjustable) parameters, and their maximal value is
z0 = γN.
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The model free energy consists of three separate
contributions: a polymer term f P, a CR term f CR, and an
electrostatic term f EC:

∫ ∫= = + +F f V f f f Vd ( ) d
V V P CR EC (3)

The general form of the dimensionless free-energy density
per site is given by the Flory−Huggins free energy,

ϕ
ϕ

ϕ
ϕ ϕ ϕ ϕ ϕ

χ ϕ ϕ χ ϕ ϕ

= + + +

+ ++ −

v
k T

f
N N

ln ln ln ln
B

P
p

p
n

n w w ci ci

p w n w (4)

The parameters that appear in eq 4 are the thermal energy kBT
and the volume fractions of the p and n polymers, ϕp,n, related
by ϕp,n = np,nN/Ntot to the number of p and n chains, np,n, and
to the total number of sites in the system, Ntot. The other two
volume fractions are those of the counterions and water
molecules, ϕci and ϕw. The incompressibility condition related
the four volume fractions in the system:

ϕ ϕ ϕ ϕ+ + + = 1p n w ci (5)

Generally, the two-body interaction should include all of the
species [i.e., (1/2)∑i,j χij ϕi ϕj (i = polymers, counterions, and
solvent], but here we assume that all of the χij terms, except the
interactions between the solvent molecules (w) and the two
types of polymer segments (p and n), are negligible as
compared to the electrostatic interaction between the polymer
chains. Hence, we are left only with the two interaction
parameters: the polycation−water (χ+ = χpw) and the poly-
anion−water (χ− = χnw). With these conditions and definitions,
the above free energy, f P, is reduced to

ϕ
ϕ

ϕ
ϕ ϕ ϕ

ϕ ϕ ϕ ϕ ϕ ϕ

χ ϕ χ ϕ ϕ ϕ ϕ

= + +

+ − − − − − −

+ + − − −+ −

v
k T

f
N N

ln ln ln

(1 ) ln(1 )

( )(1 )

B
P

p
p

n
n ci ci

p n ci p n ci

p n p n ci

(6)

For the electrostatic free energy, f EC, we treat the charges on
the polymers as free ions and neglect the chain connectivity, as
was done in the extended VO model. The bulk polymer
solution is overall neutral and the mean electric field is zero on
average everywhere. Consequently, the electrostatic energy
also vanishes to the lowest order, and the first correction term,
due to Gaussian fluctuations around the zero average potential,
is the DH correlation term8,19,20

π
κ κ κ= − + ̃ − ̃ + ̃i

k
jjj

y
{
zzz

v
k T

f
1

4
ln(1 )

1
2B

EC
2

(7)

where

κ κ λ
ϕ ϕ

ϕ̃ = =
+

+
+ −i

k
jjjjjj

y

{
zzzzzza

z z

N
( )2

w
2 p n

ci
(8)

and λ = 4πlB/aw, aw = v1/3 ≃ 3.11 Å is the cube root of one
water molecule’s volume v, lB = e2/(εkBT) ≃ 7 Å is the Bjerrum
length in water, and thus λ = 26.68 is taken as a dimensionless
constant hereafter.
The CR free-energy density per site can be written as10

ϕ ϕ
= ++ −v f

N
g z

N
g z( ) ( )CR

p
p

n
n (9)

where gp and gn are the CR free energies, respectively, of a
single polycation and a polyanion.11 These free energies
contain contributions of a single ion adsorption/desorption to/
from a single site, the short-range pair interaction between
charged neighboring sites, and the lattice-gas entropy.
With this in mind, gp and gn take the forms10,11

α
η

= + +

+ − −

+
+ +

+
+ + +

+ +

g z

k T
z

z
z z z

z z z z

( )
ln

( ) ln( )

p

B 0

2

0 0 (10)

and

α η= + +

+ − −

−
− −

−
− − −

− −

g z

k T
z

z
z z z

z z z z

( )
ln

( ) ln( )

n

B 0

2

0 0 (11)

where α± parametrizes the free-energy change in adsorbing/
desorbing an ion to/from a single site and η± is the change in
the free energy due to short-range interactions between
neighboring charged adsorption sites. Finally, the last two
terms describe the entropy, which accounts for the number of
different ways to have z± charged sites out of the total number
of sites, z0 = γN.
Taking into account eqs 6−11, the total free-energy density f

per single dissociable site can finally be written as

ϕ
ϕ

ϕ
ϕ ϕ ϕ

ϕ ϕ ϕ ϕ ϕ ϕ

π
κ κ κ

χ ϕ χ ϕ ϕ ϕ ϕ

ϕ
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4
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B
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p

n
n ci ci

p n ci p n ci

2
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p

0

2

p
0 0

n

0

2

n
0 0

(12)

The z+ and z− charges are annealed variables that can be
adjusted by the CR process. At thermodynamical equilibrium,
their value is determined from the minimum condition of the
free energy, ∂f/∂z± = 0. Therefore, z+ and z− are functions of
the three volume fractions, ϕp, ϕn, and ϕci, although in most
cases their functional dependence cannot be expressed
explicitly.
In the following section, two simplified variants of the CR

model will be presented separately.
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II.A. Hopping CR Model. We first consider the hopping
CR model (HCR) where the charges released from the n sites
will be immediately captured by the p sites and vice versa.
Hence, one can think of the ions as hopping from one polyion
to another. The reactions in eqs 1 and 2 are then reduced to a
single reaction,

+ ++ −VA BH AH B (13)

In this HCR model (see Figure 1a), there are no free
counterions in solution, and the system contains three

components: two types of polymer chains and water. Since
there is complete symmetry between the p and n polymer
types, we can write α ≡ α+ = α−, χ ≡ χ+ = χ−, η ≡ η+ = η−,
z ≡ z+ = z−, and ϕ = 2ϕp = 2ϕn. In other words, ϕ =
(nn + np)N/Ntot is the total polymer volume fraction.
The free-energy density per site, eq 12, now has the

simplified form

π
λϕ

π
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π
λϕ

ϕ ϕ ϕ ϕ
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Nz
z

1
4
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1
4

1
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ln
2

(1 ) ln(1 )
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(1 )

B

1/2

1/2

0 0

0

2

(14)

Minimizing f with respect to z, ∂f/∂z = 0, leads to the relation

α η
λ π

λϕ
+ −

+
− − + =z

z N z
z z z

2 /(8 )

1 /( )
ln( ) ln 0

0
0

(15)

which is an implicit relation for z = z(ϕ).

The phase separation for the polymer/polymer/water
system between two coexisting phases is investigated by the
usual common tangent construction,

ϕ
ϕ

ϕ
ϕ

ϕ ϕ
ϕ ϕ

∂
∂

=
∂

∂
=

−
−

f f f f( ) ( ) ( ) ( )1

1

2

2

2 1

2 1 (16)

where ϕ1 and ϕ2 are the two coexisting volume fractions on the
binodal (coexisting curve). In addition, the critical point is
determined by ∂

2f/∂2ϕ = ∂
3f/∂ϕ3 = 0.

II.B. Asymmetric CR Model. Next, we consider the
asymmetric CR model (ACR), where the B sites on the
polyanion are fully dissociated such that there is only one
relevant chemical reaction for the A sites (see Figure 1b),

+ + +VA H AH (17)

This corresponds to the limit α− → −∞, where the n polymers
have a constant charge on their chain, z− = z0, and z+ is an
annealed thermodynamic variable that can be adjusted on the
p polymers. From electroneutrality, the following condition
must hold

ϕ
ϕ ϕ

= −
+z

N

z

Nci
n 0 p

(18)

where ϕci is the counterion volume fraction.
As was done in the previous HCR case, we study here for the

ACR case only the symmetric situation, for which ϕp = ϕn =

Figure 1. Schematic drawing of the two variants of the CR model. (a)
In the hopping CR model (HCR), the charges dissociated from the B
sites on one polymer type are immediately captured by the A sites on
the other polymer. (b) In the asymmetric CR model (ACR), the
charges of the B sites dissociate into the solution, and only part of
them are captured by the A sites on the other polymer.

Figure 2. Plots of z/z0 as a function of ϕ for (a) the symmetric
hopping CR model (HCR), z ≡ z+ = z− and α = 1, 0, and −2. (b)
Asymmetric CR model (ACR), where z ≡ z+, for α = 1, −2, and −5.
The other parameters are η = 0, γ = 0.2, N = 200, z0 = γN = 40,
χ = 0.6, and λ = 26.68. Note that for η = 0 in the HCR model,
z/z0 → 1/(1 + eα) when ϕ → 0, while for the ACR model,
z/z0 → 0 for ϕ → 0.

The Journal of Physical Chemistry B pubs.acs.org/JPCB Article

https://doi.org/10.1021/acs.jpcb.1c01986
J. Phys. Chem. B 2021, 125, 7863−7870

7866

https://pubs.acs.org/doi/10.1021/acs.jpcb.1c01986?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.1c01986?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.1c01986?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.1c01986?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.1c01986?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.1c01986?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.1c01986?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.1c01986?fig=fig2&ref=pdf
pubs.acs.org/JPCB?ref=pdf
https://doi.org/10.1021/acs.jpcb.1c01986?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


ϕ/2. The resulting total free-energy density per site, eq 12, is
expressed as

π
κ κ κ
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where κ̃ in eq 8 is adapted for the ACR model
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Substituting the electroneutrality condition (eq 18) and eq 20
into eq 19 yields
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Similar to what was done for the HCR model, eq 15, we
minimize f with respect to z+, ∂f/∂z+ = 0, and obtain the
following implicit relation, z+ = z+(ϕ),
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The phase diagram is obtained by the common-tangent
construction (eq 16).
In the two models considered above, polyanions are

assumed to be the only source of protons in the system. We
do not take into account the protons resulting from the self-
dissociation of water molecules yielding its canonical pH.
However, for nondilute polymer solutions, this contribution is
small compared to the contribution of dissociated polyanions.
Additionally, as our main focus is to show clearly the effects of
the charge-regulation parameters on the phase diagram, the
addition of salt is neglected.

III. RESULTS AND DISCUSSION OF THE PHASE
BEHAVIOR

III.A. The z(ϕ) Dependence in the Single Phase. We
assume that all polymer chains are composed of N = 200
monomers, and 20% of them (γ = 0.2) have ionizable groups
that can undergo a chemical reaction and become charged.
The fraction of charged segments, z/z0, is charge-regulated
during the phase separation. Before showing the phase
diagrams, we first analyze the dependence of z on ϕ, as is
derived from eqs 15 and 22 for the two models and is shown in
Figure 2. For simplicity, we consider hereafter z ≡ z+ = z− in
the symmetric HCR model and z ≡ z+ and z− = z0 in the ACR
model.
The z(ϕ) dependence indicates that in both HCR and ACR

models the polymer charge increases with the polymer
concentration. In the HCR model, the coupling between z
and ϕ is due to the DH correlation term (eq 15), which due to
its nonlinearity favors higher charge at higher polymer
concentrations. Because of the hopping of ions between the
polymers, the entropy of the free species is not coupled to the
polymer charge.
The situation is reversed in the ACR model. The DH

correlation term does not determine z because the system
bears an equal amount of charge when the H+ ions are
adsorbed onto the polymer or when they stay in solution.
However, because of the electroneutrality (eq 18), the entropy
and the short-range interaction between the polymer and the
solvent are coupled to z (eq 22). Here, the entropy is the
dominant part, and it favors larger z as ϕ increases. This can be
understood because the p polymers are more likely to adsorb
an ion and become charged if the system is denser and the
counterions are close to the polymers.
In the ACR model, z is regulated by ϕ in a more

pronounced way than in the HCR model, as seen by
comparing Figure 2a,b. In addition, Figure 2 shows that
when α decreases, z will increase, as expected from the CR
process. This tendency applies also when η is decreased (not
shown in the figure).
Special attention should be given to the different behavior in

the dilute limit (ϕ→ 0) of the two models. In the HCR (when
η = 0), the charge density z approaches a constant value,

=
+ϕ α→

z
z

lim
1

1 e0 0 (23)

As no free ions exist in the HCR model, the limit for ϕ → 0 is
different for different α values. For the ACR model, on the
other hand, the dilute ϕ limit leads to z→ 0. This is due to the
large entropy that the counterions gain as they remain
dispersed in the solution.

III.B. Effects of CR on the Phase Separation. We first
present the effect of α on the phase diagrams, recalling that the
α parameter quantifies the free-energy change of single-ion
adsorption. Figure 3 shows the (ϕ, α) phase diagram for both
the HCR and ACR models. A typical phase diagram is shown
in Figure 3a for the HCR model, where the phase separates
into two coexisting polymer phases: a dilute phase (D) and a
condensed phase (C). The phase separation occurs below the
coexistence (binodal) curve, ϕcoex(α), which terminates at an
upper critical point, (αc, ϕc), marked by a dot in Figure 3.
In Figure 3a,b, we see that decreasing α toward more

negative values enlarges the gap between the volume fractions
of the two coexisting phases, ϕ1(α) and ϕ2(α). We conclude
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that although the two models present very different CR
mechanisms, they both show that decreasing α enhances the
phase separation. In addition, the effect of η on the phase
diagrams for the two models exhibits behavior similar to that of
α. As shown in Figure 4, decreasing η will enlarge the polymer
concentration asymmetry of the two coexisting phases.
Next we investigate the effect of the two CR parameters on

the polymer ionization state in the two phases. In Figure 5, we
show the phase diagram in the (z/z0, α) plane by imposing the
relation z(ϕ) presented in Figure 2 on the (ϕ, α) phase
diagram. A related phase diagram in the (z/z0, η) plane is
shown in Figure 6. In both the HCR and ACR models, the
polymer chains are more charged in the C phase than in the D
phase as can be seen in Figure 5, consistent with the z(ϕ)
relations presented before.
We note that this result is opposite to the conclusions in ref

14, where the condensed (C) phase was less charged than the
dilute (D) phase. The difference stems from the details of the
ionization process of the polymers. In their study,14 the
polymers became charged by releasing ions into the solution.
Hence, this guarantees that at extreme dilution the polymer
charge would be maximal. In our ACR model, the charging
mechanism of the p polymers is opposite and consists of
adsorbing ions from the solution. This leads to a higher charge
at large densities, in agreement with the general tenets of Le
Chatelier’s principle. Finally, in our HCR model, no counter-

ions are present and a comparison to ref 14 is harder to make.
The condensed phase in the HCR model is the more charged
one because it is electrostatically favorable, as discussed in
section III.A with regards to the z(ϕ) relation.
Figure 5 shows an important difference in the CR-induced

phase separation of the two models, HCR and ACR. For the
HCR model (Figure 5a), a smaller and more negative α
increases the polymer charge in both the dilute (D) and
condensed (C) phases, keeping the charge difference between
the two phases relatively small. As a result, the two phases in
the HCR model have distinct polymer densities but similar
charges. For the ACR model (Figure 5b), on the other hand,
the charge density of the polymers in the two phases can differ
substantially, and nonmonotonic behavior is observed. As α
decreases from αc, the polymer charge in the dilute (D) phase
decreases first and then increases, and the polymer charge in
the condensed (C) phase monotonically increases. In other
words, when the CR parameter α changes in a way that favors
ion adsorption, it increases the charge asymmetry at first and
then decreases it.
The novel effect of CR on the polymer charge presented in

Figure 5 can be explained as a competition between direct and
secondary CR ef fects. The direct effect, present also in the stable
single phase, means that z becomes larger as α decreases. This
is clear from the CR mechanism and also is shown in Figure 2
for both models. On the other hand, decreasing α makes the
dilute (D) phase more dilute, as seen in Figure 3, and from the
z(ϕ) relation in Figure 2, the dilution causes z to decrease.
This change in z is a secondary CR effect, as it involves the

Figure 3. (ϕ, α) phase diagram shown for different values of η. Below
the coexistence curve ϕcoex(α), the condensed (C) and dilute phases
(D) coexist. (a) HCR for η = 0 and (b) the ACR model for η = 1, 0,
and −1. The critical point on each coexistence curve ϕcoex(α) is
denoted by a dot. The other parameters are γ = 0.2, χ = 0.5, and
λ = 26.68.

Figure 4. (ϕ, η) phase diagram for (a) the hopping CR model (HCR)
for α = 0.2 and −0.2 and (b) the asymmetric CR model (ACR) for α
= −5 and −7. The other parameters are γ = 0.2, χ = 0.5, and λ =
26.68.
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effect of CR first on ϕ and then on the charge. Note that for
the HCR model the regulation of z from the change in ϕ is
minor. Therefore, the secondary CR effect is negligible and the
charge density increases in both phases. For the ACR, z is
regulated by ϕ in a pronounced way, causing the two
mentioned effects to be comparable, and results in the
nonmonotonic behavior as observed.
Finally, Figure 5 shows the effect of the second CR

parameter, η that quantifies the interaction between different
adsorption polymer sites, on the (z/z0, α) phase diagram. For
the HCR model, decreasing η increases the charge of both
dilute and condensed (C) phases, as seen from looking at a
fixed α value in Figure 5, for different η values. However, for
the ACR model, a change in η causes nonmonotonic behavior.
One can see that for a fixed α ≈ αc, decreasing η causes the
polymer charge in the dilute (D) phase to decrease and in the
condensed (C) phase to increase. Hence, it increases the
charge asymmetry between the two phases. As α becomes
more negative, this effect becomes smaller until the trend
reverses and the decrease in η causes a higher polymer charge
in the two phases and lowers the polymer charge asymmetry.
This nonmonotonicity stems from secondary CR, as explained
in the previous paragraph.

IV. CONCLUSIONS
In summary, we study the effect of the charge regulation (CR)
mechanism on the complex coacervation phase separation.

Specifically, we considered two variants of the CR model: (i)
the hopping CR model (HCR) and (ii) the asymmetric CR
model (ACR). We introduce two CR parameters: the
association−dissociation energy parameter of a single
adsorption site, α, and the short-range nearest-neighbor
interaction strength between the occupied sites along the
polymer chain, η. The effects of the two CR parameters on the
phase diagram have been studied in detail for the two models.
When either α or η is decreased, the tendency to phase
separate increases. This trend can be tested in experiments
where the acid dissociation constant is varied, either by using
different types of polyelectrolytes or by controlling chemically
grafted ionic groups on the polyelectrolyte chains.
An important conclusion that has yet to be verified in

experiments is the following. The polymer charge in the two
phases is regulated directly by the chemical reactions that
determine the charge in the single phase as well as indirectly
because the CR changes the volume fraction of the phases,
which in turn regulates the polymer charge even further. The
two competing CR effects can cause a nonmonotonic behavior
of the charge asymmetry between the two phases as a function
of the CR parameters.
We hope that the charge regulation mechanism as explored

in this work will provide insight into the understanding of the
complex coacervation in experiments on biological and
synthetic materials.

Figure 5. (z/z0, α) phase diagram shown for different η values for (a)
the HCR model and (b) the ACR model. In both (a) and (b), η = 1,
0, and −1. The other parameters are γ = 0.2, z0 = γN = 40, χ = 0.5,
and λ = 26.68. The thick lines with a shadow correspond to the
coexisting condensed (C) phase.

Figure 6. (z/z0, η) phase diagram. (a) α = 0.2 and −0.2 for the HCR
model. (b) α = −5 and −7 for the ACR model. The other parameters
are γ = 0.2, z0 = γN = 40, χ = 0.5, and λ = 26.68. The thick lines with a
shadow correspond to the condensed phase (C).
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■ APPENDIX A. (z/z0, η) PHASE DIAGRAM

Figure 6 presents the effect of the η parameter on the polymer
ionization state in the two phases. For the HCR model shown
in Figure 6a, the polymer charge in both the dilute (D) and
condensed (C) phases increases as η decreases. For the ACR
model, in the range of α ≈ αc, the decrease in η causes the
polymer charge to increase in the condensed phase (C) and
decreases in the dilute phase (D) as shown in Figure 6b. For
negative, large-enough α, the polymer charge in both phases
increases as η increases. This tendency is not presented in
Figure 6b but is shown in Figure 5b. This nonmonotonicity
originates from the secondary CR effect, as explained in section
III.B.
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