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ABSTRACT: Oppositely charged polyelectrolytes can undergo an associative phase
separation, in a process known as polymeric complex coacervation. This phenomenon is
driven by the electrostatic attraction between polyanion and polycation species, leading
to the formation of a polymer-dense coacervate phase and a coexisting polymer-dilute
supernatant phase. There has been significant recent interest in the physical origin and
features of coacervation; yet notably, experiments often use weak polyelectrolytes the
charge state of which depends on solution pH, while theoretical or computational efforts
typically assume strong polyelectrolytes that remain fully charged. There have been only
a few efforts to address this limitation, and thus there has been little exploration of how
pH can affect complex coacervation. In this paper, we modify a transfer matrix theory of coacervation to account for acid−base
equilibria, taking advantage of its ability to directly account for some local ion correlations that will affect monomer charging. We
show that coacervation can stabilize the charged state of a weak polyelectrolyte via the proximity of oppositely charged monomers,
and can lead to asymmetric phase diagrams where the positively and negatively charged polyelectrolytes exhibit different behaviors
near the pKa of either chain. Specifically, there is a partitioning of one of the salt species to a coacervate to maintain electroneutrality
when one of the polyelectrolytes is only partially charged. This results in the depletion of the same salt species in the supernatant,
and overall can suppress phase separation. We also demonstrate that, when one of the species is only partially charged, mixtures that
are off-stoichiometric in volume fraction but stoichiometric in charge exhibit the greatest propensity to form coacervate phases.

■ INTRODUCTION

Complex coacervation is an associative, liquid−liquid phase
separation phenomenon between oppositely charged macro-
ions1−12 (e.g., polymers,13−18 proteins,19−22 surfactant mi-
celles,23−28 and colloids29) driven by electrostatic attraction
between the positively and negatively charged species. The
result is a dense macroion-rich phase called the coacervate and a
macroion-dilute phase called the supernatant. Coacervates have
found use as encapsulants, additives, emulsifiers, and viscosity
modifiers in food science and personal care products.30−35

Furthermore, their utility has extended into other fields such as
adhesives,36−48 drug delivery,5,7−9,11,14,17,49−65 nano/bioreac-
tors,13,16,66−68 and cellular biology.57,69−84 In addition, complex
coacervation has been used as a strategy for protein and drug
encapsulation due to the gentle sequestration coacervation
provides without the use of harsh organic solvents.5,52,85,86 This
wide variety of applications is due to the ease by which
coacervates can be engineered to exhibit a wide range of physical
and chemical properties, by adjusting either the macroions or
their environment.
Recently, there has been intense interest in predicting the

relationship between coacervate properties and their molecular
components or environmental parameters. This has prompted a
resurgence of experimental, computational, and theoretical
study into this phenomenon, with particular focus on polymeric
complex coacervates formed from two oppositely charged

polyelectrolytes. Experimental efforts have studied how these
systems are affected by their environment (e.g., pH,1,87−89 salt
concentration, and identity,1,87,90,91 and temperature87) and the
molecular features of the polyelectrolytes themselves (e.g.,
polymer stiffness and charge density,92 chirality,3,4 molecular
weight, charge sequence,93 architecture,94 and stoichiome-
try1,87,95). Variation of these parameters are evident in a number
of observables, such as solution turbidity,6,86 surface tension,25

solution thermodynamics,93 and bulk rheology.96−99 Most of
these experimental observables reflect the underlying structure
and phase behavior of coacervation, which has been mapped in a
number of papers that plot the two-phase coexistence region at
low salt and polymer concentrations.90,100−102 The large
number of molecular and system parameters, and their
corresponding physical properties, underscores why coacerva-
tion is useful in such an array of applications; yet, this same
complexity is a daunting challenge for even systematic
experimental studies, which struggle to span such a vast
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parameter space. This motivates the use of simulation and
theory, in pursuit of a physical picture of coacervation consistent
with experimental data.
Advances in the experimental study of coacervation has been

accompanied by significant progress in computational and
theoretical modeling, driven by a need to develop a more
sophisticated alternative to the classical Voorn-Overbeek
theory90,103,104 that combines Flory-Huggins theory of polymer
mixing105 with a Debye-Hückel free energy of charge
interactions.106,107 Most recent efforts aim to overcome the
deficiencies of this model,100,101,108,109 which are that (1)
Voorn-Overbeek theory inaccurately treats polymer charges as
isolated, despite being connected along the polyelectrolyte
chains and (2) Debye−Hückel itself is only accurate in the low-
salt limit.107 These deficiencies have been addressed in a number
of different ways, such as more sophisticated polymer field
theories,102,110−119 scaling arguments,120−125 and liquid state
theories.95,109,126 The advantages and disadvantages of these
approaches have been discussed elsewhere,108,127 but each has
contributed to a more coherent picture of coacervation that is
still being developed. Coarse-grained simulation100,101,128−130

(and, recently, atomistic simulation)3,131 has also played an
important role in interrogating these theoretical advances,
providing a molecular snapshot of coacervation that supports
the existence of a dense polyelectrolyte phase that is indeed well
beyond the regime governed by Debye−Hückel electrostatics.
Despite significant advances in experiment and modeling of

complex coacervation, there remains practical and fundamental
challenges in using these new insights to guide emerging
coacervation applications such as protein and drug encapsula-
tion. In these situations, there is a focus on using polypeptides
and biopolymers because of their biocompatibility;2,5,41,132

coacervation is inherently useful in these situations, due to its
s en s i t i v i t y t o the e l e c t r o s t a t i c / i on i c env i r on -
ment,1,27,49,86,133−135 but biomolecular chemistry can be far
more complicated than the model systems considered in
fundamental research. Molecular features common in bio-
macromolecules (e.g., sequence-definition, semiflexibility, hy-
drophobicity) can complicate the already-challenging physical
picture of coacervation. In addition to these molecular
challenges, most biomacromolecules (and also many synthetic
polymers) are weak polyelectrolytes that change their charge
state in response to the solution pH.1,86

pH effects are especially important to understand in the
context of coacervation, as the electrostatics that drive phase
separation will be sensitive to the local environment.
Experimental investigations typically circumvent the challenge
of considering pH effects in one of two ways: (1) they rely on
strong polyelectrolytes that are essentially always fully
charged96,97,136 or (2) they choose polyelectrolytes with a
sufficiently large window between their respective pKa values
and carefully check to ensure that the chains form coacervates at
stoichiometric ratios of charge.4,5,132 The first strategy uses
polymers such as poly(styrenesulfonate, sodium salt) (pSS),
which has a pKa of approximately 1.2−1.5 at low concentrations
so it is fully charged at most reasonable pH values.137 The
second strategy is more common, however, due to the
abundance of weak polyelectrolytes with a pKa roughly between
2 and 10; these polymers will be partially dissociated at
intermediate pH values, where a majority of experiments occur.
Polypeptides are a prime example of weak polyelectrolytes, as
are other biopolymers. For instance, the component peptides of
poly(aspartate) and poly(lysine) have pKa values of ∼3.9 and

∼10.5, respectively, which we will use in this manuscript.138

Despite these strategies, which are useful for fundamental
studies on coacervate phenomena, in many applications it is
common for polyelectrolytes to be near their pKa during
complexation. This is especially true in situations in which the
environment pH is less than 2 pH units away from the pKa of one
of the polyelectrolytes, where the polyelectrolyte in question is
assumed to be less than fully charged.4,132,139 Perry et al.
conducted experiments between poly(acrylic acid, sodium salt)
(pAA) and poly(allylamine hydrochloride) (pAH) that had pKa
values of 4.5 and 8.5, respectively, at both pH 6.5 and 8.5.1 At pH
8.5, pAH is only half charged due to the pH being equivalent to
the pKa, thus assuming fully charged polymers would no longer
represent the system. Tekaat and co-workers also utilized pAA
with a strong polyelectrolyte at a wide range of pH values (5 to
10) to evaluate the time-pH superpositon of these complex
coacervates.98 Similar to Perry et al., Tekaat et al. utilized
situations where pAA was not fully charged as the pH of the
system was near to the pKa.
There have been only a few theoretical or computational

efforts to understand pH effects in coacervation.88,140−142 This is
in part due to the challenge of modeling acid−base equilibria in
polyelectrolytes, which is complicated by the correlated charge
environment around participating monomers.143−147 Unlike
small molecule acids and bases, monomers are typically closely
connected to adjacent monomers that can also be charged and
suppress dissociation. This insight has formed the foundation of
theoretical approaches to weak polyelectrolyte systems, where
acid−base equilibria can be incorporated into a system
semigrand free energy via a reservoir chemical potential of the
participating species.143 The external reservoir pH is thus the
controlled parameter, with charge confinement and electrostatic
attraction affecting both the dissociated fraction and local pH in
ways that are distinct from the small-molecule limit.143,145 This
results in a shift of the ef fective pKa (pKa,eff, i.e., where the fraction
of dissociated monomers f = 0.5) that stabilizes the uncharged
state, an effect that can be exacerbated in a number of confined
polyelectrolyte systems such as brushes or gels.143−147 Recently,
simulations have demonstrated that polyelectrolyte complex-
ation exhibits the opposite trend; in simulations of two
complexing polyectrolytes, the strong electrostatic attraction
between the chains promotes charging, in contrast to the
electrostatic repulsion between adjacentmonomers.88,140 Only a
few papers have incorporated pH effects into the modeling of
bulk coacervates; Larson and co-workers have incorporated this
via equilibrium constants in their coacervate model, as one of a
few competing “effective” reactions that also includes the ion
pairing interactions that play an important role in coacerva-
tion.141,142

In this paper, we expand on our recent “transfer matrix”model
of coacervation to account for pH effects.129,130,148−150 This
model is similar to the Larson model141,142,151 in that it attempts
to account for ion pairing effects in coacervates, but in this case
does so by mapping the entire set of ion pairing interactions to
an adsorption model. A test polyelectrolyte chain serves as an
adsorption substrate, upon which “paired” oppositely charged
species are adsorbed. This approach is motivated by the
importance of neighboring charges in the polymer−polymer and
polymer−salt correlations observed in molecular simulations,100

and has demonstrated success in modeling a wide range of
coacervate phenomena.129,130,148−150 This model demonstrates
excellent matching with simulation (both in terms of phase
behavior and molecular structure),148 and can be modified to
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capture effects such as chain stiffness,149 multivalent charges,149

charge monomer sequence,130,150 coacervate interfaces,129 and
block copolyelectrolyte self-assembly.152 It also serves as a
natural way of incorporating pH effects, due to the explicit
treatment of interactions between neighboring monomers along
the same polyelectrolyte chain. We show that, with straightfor-
ward arguments for these interactions, we can recapitulate the
shifts in pKa,eff expected for both isolated and complexed
polyelectrolytes,141,153 and show how this affects the phase
behavior of coacervates formed from these systems. We show
this phase behavior in a number of ways, both in terms of
experimentally relevant quantities as well as diagrams that plot
the concentrations of all five components. At most intermediate
pH values, the system behaves nearly identical to that of a strong
polyelectrolyte coacervate, but near the pKa,eff the phase
behavior can become significantly asymmetric with respect to
the positively and negatively charged species.

■ MODEL AND COMPUTATIONAL METHODS

In this paper, we model weak polyelectrolyte coacervates using
the transfer matrix approach, which accounts for local charge
correlations in polyelectrolyte solutions by enumerating species
that are spatially adjacent due to either “ion pairing” or polymer
connectivity.148 We justified this approach by observing that the
features of pair correlation functions in simulation models are
primarily governed by immediately adjacent neighbors, with
longer-range correlations such as those predicted by Debye-
Hückel or Poisson-Boltzmann arguments almost completely
absent at the high salt and polymer concentrations relevant for
coacervation.100,129 Our theory keeps track of these neighboring
charges by mapping the complicated, three-dimensional
structure of a coacervate (see schematic in Figure 1a) to a
one-dimensional adsorption model; a test polyelectrolyte chain
is treated as a series of adsorption sites, onto which oppositely
charged species can adsorb. Each site can then be in any one of
five different states, illustrated in Figure 1b; if the site is itself
charged, it can be paired with the oppositely charged salt (S), the
oppositely charged polyelectrolyte (P or P′), or can remain
unpaired (0). In this paper, we introduce the possibility that the
site can be uncharged (N), as controlled by the acid−base
equilibria and pH of the solution. For a charged site that is
bound to a polymer, we further distinguish an initially bound
polyelectrolyte charge (P′) and any subsequent charges (P) that
belong to the same bound chain.
We first write a grand canonical partition function for this

adsorption model, which summates over the various microstates
{si} that are defined by the states si = (S, P, P′, 0, N) associated
with all adsorption sites i (i.e., the monomers along the test
chain):

∑ βΞ = ′ [− Δ { } ]+
{ }

+W sexp ( )
s

iint,

i (1)

The apostrophe on the summation indicates the constraint that
P must follow either a P′ or P, and we consider a test polycation
as an example. The grand potential ΔW+ = W+({si}) − Wref,+

accounts for all of the direct Coulomb interactions, along with
the chemical potentials associated with the adsorbing species
and reference chemical potentials for the acid−base equilibrium
reactions. These are incorporated into the W+({si}) term:

{

}
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In this form of the interaction term, we introduce a Kronecker
delta δs X,i , which is zero unless the state si of monomer i is X.
Each term in the first summation considers the monomer i and
its next monomer i + 1, accounting for interactions between
adjacentmonomers, while the second summation considers only
the next monomer i + 1. The first term accounts for the pairwise
like-charge repulsions between adjacent monomers (ii in Figure
1b), and is zero if either monomer is uncharged (i.e., in the N
state). The next term is zero if the monomer is noninteracting
with a nearby charge of the opposite sign (i in Figure 1b). Both
of these terms are multiplied by a factor Γ0 = λB/(2a) that is the
strength of the Coulomb interaction between charges that are
directly adjacent, where λB = e

2/(4πϵkBT) is the Bjerrum length,
e is the elementary charge, ϵ is the dielectric constant, kBT is the
thermal energy, and a is the hydrated radius of the charges. The
next two terms represent the interactions between a charged
monomer site at i and an adsorbed charge at site i + 1 or vice
versa, that interact with a strength Γ = Γ / 21 0 that we
approximate as being over a distance that is the hypotenuse of
a right triangle formed by the charged species (see iii and iv in
Figure 1b). The next term represents the single-bond partition
functions associated with continuing to bind a run of

Figure 1. (a) Schematic illustrating a coacervate-forming polyelec-
trolyte solution, consisting of weakly charged polycations (orange) with
both charged and uncharged monomers, and weakly charged
polyanions (blue) with both charged and uncharged monomers.
Cations and anions are shown in dark orange and blue, respectively.
Test polymers, such as the boxed polycation, can be mapped to an
adsorption model as in panel b, with adsorption states denoted as S, P,
P′, 0, or N. In this model, we consider contributions to the electrostatic
energy from adjacent and nearly adjacent charged species. This includes
adsorbed oppositely charged species (i), neighboring like-charged
monomers (ii), and interactions with oppositely charged species on
neighboring sites (iii) and (iv).
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polyelectrolyte charges, with a factor of 2 for the start of the run
(i.e., P′ to P) due to the choice of direction for the adsorbed
chain. The final terms consist of the chemical potentials of the
adsorbing polymer and salt species (given in our previous works
as μP− = ln B0ϕP− and μS− = ln A0ϕS−), as well as the reference
potentials for the test polycation charge μP+

0 and the uncharged
monomers along the test polycation μPOH

0 .
Our convention is to subtract the potential in eq 2 by a

reference potential μ= −∑ Γ ++ +W 2iref, 1 P
0 to yield the new

expression:
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It is possible to use the expression

δ δ δ δ δ+ + ′ + + = 1s S s s s s N, ,P ,P ,0 ,i i i i i

to rewrite this energy expression as factors of either pairs of
δ δσ σ′+s s, ,i i 1

that indicate that monomer i is in state σ andmonomer
i + 1 is in state σ′, or as factors of a single δ σ+s ,i 1

that only depends
on the state of monomer i + 1 regardless of the state of monomer
i. The generalized expression is
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The first term considers the first monomer, which is otherwise
left out of the bracketed sum over all NP monomers along the
chain. This more compact notation requires calculation of a
number of coefficients σ

I and σ σ′,
II . The first of these

coefficients σ
I corresponds to the state of an individual

monomer in state σ = {S, P, P′, 0, N}, while the second of these
coefficients σ σ′,

II corresponds to a sequential pair of monomers
in states σ and σ′. These coefficients are determined from eq 3.
We can then incorporate this into the partition function, eq 1, to
yield:
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We now explicitly include chain length NP as an argument for
Ξint,+(NP), and write out the summation in the exponential to

explicitly include the final terms associated with monomer NP
and its interaction with NP − 1:
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We then write the portion of the partition sum that has a
specified sN:
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This is related to the original partition function via the
summation
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The term in the curly brackets is simply Ξint,+(N − 1|sN−1), and
we can define a quantity

= [− + ]+ + +
M exp ( )s s s s s1,

I
,

II
i i i1 1

to write the relationship:

∑Ξ | = Ξ − |+ + −
−

−
N s M N s( ) ( 1 )N

s
s s Nint, , int, 1

N

N N

1
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(10)
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This relationship can be recursively used, if the equivalent
expression using, for example, N − 1 and N − 2 instead of N is
used, leading to the result:

∑ ∑ ∑ ∑Ξ = ···

··· Ξ |+

− − −

− − − − −
N M M M

s
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(1 )

s s s s
s s s s s s
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1 2 3

1 1 2 2 3

(11)

This expression can be written more compactly in matrix form,
using the vectors

ψ ⃗ = [ ]1,1,1,1,11
T

ψ γ λ γ⃗ = Ξ | = [ ]+ − − +s A B(1 ) , 0, , ,int0 , 1 1 1
2 T

and the matrix Ms+1,s = M:
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Using this procedure, and starting from eqs 1 and 3, we can write
this matrix as
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(13)

The first form of the matrix indicates the pairs of states for
each matrix element, with the i + 1 state followed by the i state.
Conceptually, these elements contain the Boltzmann factors for
this pair of states si+1 and si, including both the energies
associated with the monomer i + 1 as well as the energies
associated with the specific pair of states on i and i + 1. For
example, the NP element MN,P = λ+γ1

2 has a contribution due to
the uncharged state of si+1 = N (the λ+ factor) and a contribution
due to the juxtaposition of the si = P and si+1 = N states (the γ1

2

factor). This latter factor accounts for the absence of the two
charge−charge interactions between sites denoted by the
Roman numeral arrows III and IV in Figure 1; this is a deviation
from the fully charged and fully adsorbed reference state, as
suggested by its definition γ1 = exp(−Γ1). Our notation above
reflects the various exponential factors determined from eqs 3
and 9, defining A− = exp(βμS−) = A0ϕS−, B− = exp(βμP−) =
B0ϕP−, γ0 = exp(−Γ0), E− = ⟨fd,−⟩, and λ+ = exp[−ln(10)(pKa,conj
− pH)]. The variables A− and B− are exponential factors related
to the chemical potentials of the salt and polymer species
respectively, and carry a subscript “−” to denote that the species
adsorbing to a polycation test chain are negatively charged. The
variable E− was chosen as one for a fully charged adsorbing
polyelectrolyte in our previous work,148 but we insteadmake this
equal to ⟨fd,−⟩ to account for the possibility that the next
monomer in an adsorbing weak polyelectrolyte chainmay not be
charged. For λ+, we have used the dissociation reaction for the
conjugate acid of the polybase:

++ +FPH P H (14)

The dissociation reaction constant Ka,conj = aPaH+/aPH+ is
related to the standard state chemical potentials βμi

0 of species i.
Defining pKa,conj =− log Ka,conj and pH =− log aH+, it is possible
to obtain the above expression for λ+ = exp[β(μP+

0 − μPOH
0 )]. The

corresponding value for the weak polyanion is λ− = exp-
[−ln(10)(pH − pKa)] = exp[β(μA−

0 − μAH
0 )].

In the above exposition of the transfer-matrix model for
interactions between a polymer and its surroundings, we
considered a polycation as denoted by the subscript for Ξint,+.
However, we also note that a number of quantities (i.e., ϕS−,
ϕP−, and ⟨fd,−⟩) are for the opposite sign as these correspond to
the species that is adsorbed to the test polymer. In a system with
fixed quantities of three of the four charged species (e.g.,ϕP± and
ϕS+), with the last charged species being chosen to satisfy
electroneutrality, the two partition functions Ξint,+({ϕi}, ⟨fd,−⟩)
andΞint,−({ϕi}, ⟨fd,+⟩) are functions of the charge fraction on the
oppositely charged chains and must therefore be consistent.
This is because the charge fractions are themselves functions of
their respective partition functions:

λ
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±
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jjjjj

y
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zzzzzf

N
1

1 ln

lnd ,
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(15)

Here, the values of all quantities denoted with a ± can be
interchanged depending on the polyelectrolyte of focus. In our
calculation of these quantities, we thus iteratively solve all four
equations; the two partition functions Ξint,± and the two charge
fractions ⟨fd,±⟩ until a consistent set of values is found.
This transfer function formalism accounts for the interaction

of a test chain (in this case, both the polycation and polyanion
species) in the presence of surrounding, adsorbing species of
opposite charge. This can then be incorporated into the overall
free energy density for a coacervate-forming solution of
polyelectrolytes:
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(16)

This free energy includes the configurational entropy of
mixing in the first three terms (for all polyelectrolyte, salt, and
water species), the interaction free energies as determined by the
transfer matrix theory in terms four and five, and then two final
terms reflecting excluded volume and an electroeutrality
constraint, respectively. We do note that the free energy of
interaction

= − Ξ± ±k T lnint, B int,

that comes from the transfer matrix theory is a grand potential, as
the test chain system boundary is open to the adsorption of
external salt species and pH effects; however, this can be
incorporated directly into the overall Helmholtz free energy .
An equivalent interpretation of this test chain subsystem is that
the adsorption processes for monomer states S and P′ are simply
alternative states with an effective energy ϵeff = ϵ − μ such that
there is a corresponding canonical partition function leading to a
Helmholtz free energy of interaction. We also mention that it is
this term that includes the electrostatic interactions, with a
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strength determined by the dimensionless Bjerrum lengths Γ0
andΓ1 in eq 3. The excluded volume term is a phenomenological
cubic term that accounts for the packing free energy at high
volume fractions, which is significant for coacervates where the
volume of nonwater species can be as high as 10−30%.90 We
distinguish this term from pairwise interactions and pairwise
excluded volume, in that it represents higher-order repulsions
between charged species; two-body interactions would instead
be included either in the transfer matrix calculation as a pairwise
energy between adsorbing species or as an added χ contribution
to the free energy.154 The final term in eq 16 is needed to ensure
electroneutrality, since our MC numerical scheme does not
strictly maintain this constraint. We instead use this quadratic
term to energetically penalize a net positive or negative charge in
each phase, relying on the overall minimization of the free
energy to obtain an electroneutral state. We thus use a large
constant ζes = 50.0 to strongly favor states where the positive and
negative species are equivalent.
We note that, in this free energy expression, we assume that

the local concentration of H+ and OH− species is the same as
that in the reservoir and thus do not explicitly include (for
example) the corresponding translational entropy terms. Here,
ϕH+ and ϕOH− are simply the concentrations expected at a given
pH. This may not be the case, as has been demonstrated in prior
work by Szleifer et al., where the local concentration of H+ and
OH− is affected by the local electrostatic potential.143,145 We
could modify our formalism to account for the equilibrium
between the reservoir and the system, but in our case we neglect
this effect by virtue of the highly screened electrostatic
interactions.145 To justify this approximation, we note first
that the volume fraction of H+ and OH− charges is much
smaller than the other charged species; using a typical species
volume (νH+ = 0.03 nm)145 we can calculate that ϕH+ = 1.8 ×
10−4 even at a low pH = 2. This is almost three orders of
magnitude lower than the typical concentrations ϕP± + ϕS± ∼
0.1 observed in the coacervate phase. Furthermore, the
screening length for a typical concentration of charged species
in the coacervate phase (∼1.5M),90 is unphysically low (κ−1 ≈
0.3 nm); this is indicative of the failure of Debye-Hückel at these
concentrations, where charge interactions are highly local-
ized.107

We calculate phase boundaries in this model using a
numerical procedure designed to determine coexisting states.
This is not trivial, as the charge state of the polymers and thus the
balance of ions needed to maintain electroneutrality can change
drastically upon phase separation. In addition, these compo-
nents must conserve mass from a physically realizable initial
state. To simply meet this criteria, we choose the density of three
out of four of the charged species (ϕP+, ϕP−, and either ϕS+ or
ϕS−), and set the density of the other salt species to be
electroneutral. We then solve for the partition functions Ξint,+
and Ξint,−, which may affect the ⟨fd,+⟩ or ⟨fd,−⟩ respectively. This
will then alter the electroneutrality condition for calculating the
variable salt species. This procedure is performed iteratively,
until the system is electroneutral and is internally consistent with
respect to the polymer charge fractions, and we obtain a
homogeneous state that serves as a starting point for phase
separation. We subsequently consider two “systems” at this
homogeneous starting state and perturbatively moving random
amounts of each species between the systems via Monte Carlo
updates, until a minimum free energy for both systems
combined is attained. While this approach has the advantage
of determining phase coexistence in this many-component

system while maintaining electroneutrality and acid−base
equilibria, we note that the stochastic nature of this calculation
can lead to small variations in the location of phase boundaries.
We use parameters that have been demonstrated to work well in
previous versions of the transfer matrix theory: A0 = 41.0, B0 =
24.4, ζ= 19.0, andΛ = 0.6875.Wewill varyΓ0, but will choose to
run most calculations with Γ0 = 1.75. Finally, to consider the
common polypeptides poly(aspartate) and poly(lysine), we will
use pKa (or pKa,conj) values of 3.9 and 10.5, respectively,
emphasizing that these are the monomer pKa values, and not the
effective pKa values that we will eventually obtain from our
polymer model.

■ RESULTS AND DISCUSSION
The transfer matrix approach articulated in the methods section
is intended to model pH-dependent complex coacervation;
however, the success of this formalism hinges upon its ability to
more generally capture phenomenology associated with weak
polyelectrolytes. We will first show that this model captures a
variety of important effects known to affect weak polyelectrolyte
systems, and these concepts will subsequently inform our
predictions for pH-effects in coacervation. Specifically, we will
systematically increase the complexity in our transfer matrix
model, and quantify the fraction of dissociated (i.e., charged)
monomers as a function of pH. We will start from an “ideal”
polyelectrolyte without interactions between charged mono-
mers and their neighbors or oppositely charged species (Figure
2a). Subsequently, we will add in neighboring monomer
interactions (Figure 2b), salt species (Figure 2c), and finally
oppositely charged polyelectrolytes (to obtain systems such as
the one shown schematically in Figure 1a).

Fraction of Dissociated Charges versus pH.The transfer
matrix formalism is capable of calculating the fraction of charged
monomers ⟨fd,±⟩ on both the polycations and polyanions, via the
expression given in eq 15.
We first calculate ⟨fd−⟩ and ⟨fd+⟩ for dilute, weak electrolytes,

where the charges are noninteracting and only participate in the
acid−base equilibrium. Here, we can take the limit that Γ0 → 0
(γ0 = 1), Γ1 → 0 (γ1 = 1), A± → 0, and B± → 0. We use the ± in
the subscript to indicate the quantities for either polycation and
polyanion species. In this case, the states S, P, and P′ are not
possible, so we end up with the simplified matrix:

λ λ= =
± ±+
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Ä
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ÅÅÅÅÅÅÅÅÅÅ

É

Ö

ÑÑÑÑÑÑÑÑÑÑ
M

00 0N
N0 NN

1 1
s s,i i1

(17)

Here, the eigenvalue of this transfer matrix simplifies to the
trivial result ξ± = 1 + λ±, such that λΞ = +± ±

±(1 )N . From this, it
is straightforward to evaluate the charge dissociated, which for a
polycation would be

λ
⟨ ⟩ =

+
=

+ [ + ]−
−

f
H K

1
1

1
1 /d ,

a (18)

This is the classical Henderson-Hasselbalch result, which
emerges from this formalism in the appropriate limit of a dilute
electrolyte. We plot this curve for both the positively and
negatively charged electrolytes in Figure 3, indicating that pH =
pKa for the polyanion corresponds to the point at which ⟨fd−⟩ =
0.5, and that pH = pKa,conj for the polycation corresponds to the
point at which ⟨fd+⟩ = 0.5. This reflects the acid−base
equilibrium in an “ideal”, dilute electrolyte situation, and we
include the Henderson-Hasselbalch result in all plots in Figure 4
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(black curves) for comparison with nonideal results. Figure 3
also demonstrates the symmetry between the polyanion and
polycation; we will focus on the low-pH region and effects
related to the weakly charged polyanion in the subsequent

discussion, though the same physical concepts are also expected
to apply to the weakly charged polycation.
This result can be incrementally modified by including the

along-the-chain repulsion between charged monomers, by
increasing the value of Γ0 > 0 so that γ0 ≤ 1. We still consider
dilute polyelectrolytes such that oppositely charged salt and
polymeric species are at negligible concentrations, so we retain
the simplified matrix for the previous case with only slight
modification:

γ

λ λ
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Here, we end up with a largest eigenvalue

ξ λ γ λ γ λ γ= [ + + + − − ]± ± ± ±( ) 4 ( 1) /20 0
2

0

leading to an analytical expression for the dissociation as a
function of pH:

λ
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ξ γ

λ γ λ γ
⟨ ⟩ = −

− +

+ − −−
−

−

− −

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅÅÅÅ

É

Ö

ÑÑÑÑÑÑÑÑÑÑÑÑÑ
f 1

1

( ) 4 ( 1)
d ,

0

0
2

0 (20)

Here, we write the expression for a polyanion, but could simply
switch the subscript signs to write this for a polycation. We plot
⟨fd,−⟩ versus pH in Figure 4a, demonstrating how a
polyelectrolyte undergoes a charging transition as Γ0 = − ln γ0
is increased from Γ0 = 0 to 1.75, along with the ideal Henderson-
Hasselbalch result (black curve). Γ0 increases the repulsion
between adjacent charges along the chain backbone, which
penalizes the fully charged state and decreases the pH at which
the polymer chain charges. This penalty is more significant at
higher charging, leading to a broadening of the dissociation
transition when compared to Henderson−Hasselbalch con-
sistent with simulation results by Rathee et al.88

This trend toward the suppression of polyanion charging can
be mitigatedand even reversedupon introduction of salt
into the system. For this single-polyelectrolyte system, we still
neglect the presence of other, oppositely charged chains (i.e., no
P or P′ states), and end up with a 3 × 3 matrix:
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We choose to evaluate the corresponding partition function and
prediction for the dissociation fraction numerically, and plot the
result in Figure 4b. A small increase in salt concentrationϕS− ≤ 2
× 10−3 (or roughly 20 mM assuming a hydrated ion radius of
0.35 nm) promotes the charging of the polycation, counter-
acting the degree to which charging is prevented by the along-
the-chain like-charge repulsion. Further increase in salt
concentration above this point promotes charging in our
model, due to the additional favorable interaction between the
charged monomer and the localized counterions on neighboring
monomers. This leads to a significant shift to low pKa,eff values at
high, coacervate-relevant salt concentrations.
This charging effect can be exacerbated by the presence of

nearby polyelectrolyte chains, for which we must use the full
transfer matrix in eq 13. We plot in Figure 4 panels c and d the
dissociation fraction on the polyanion for a number of
polycation concentrations ϕP+, assuming a constant salt ϕS− =

Figure 2.We can systematically vary the role of specific interactions in
our transfer matrix model. In panel a, we consider an “ideal”
polyelectrolyte, where the monomers are sufficiently far apart that
there is negligible energetic penalty for adjacent charged monomers,
and the salt is sufficiently dilute that the “S” state is unobserved. Charge
fraction ⟨fd,−⟩ in this case follows the Henderson-Hasselbalch
prediction. In panel b, adjacent charged monomers have an energetic
penalty (tan arrows), suppressing the charging of these polyelectrolytes
to higher pH values (for polyanions) or lower pH values (for
polycations). In this case, we still consider negligible salt, which is finally
included in panel c. This has the effect of promoting polyelectrolyte
charging, due to favorable interactions (blue arrows) with oppositely
charged salt ions.

Figure 3. Ideal Henderson-Hasselbalch result for the polyelectrolytes i
considered in this paper, plotting the fraction dissociated ⟨fd,i⟩ versus
the solution pH. The polyanion species (blue) represents poly(lysine)
with a pKa = 3.9, which corresponds to the monomer at ⟨fd,−⟩ = 0.5 at a
pH = 3.9. The polycation species (orange) represents poly(aspartate)
with a pKa,conj = 10.5. Because these species are symmetric, we will focus
on the low-pH region and effects related to the weakly charged
polyanion.
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0.01 and ϕS− = 0.025. We note here that the concentration of
polyanion ϕP− does not significantly affect these results, because
the polycation is fully charged at this point regardless of the
charged-state of the polyanion. Here we fix a constant ϕP− =
0.01.
The polyanion, essentially regardless of a f inite polycation

concentration, exhibits a significant shift of its pKa,eff to lower
values. This is indicative of the cooperative effect of bound
polyanion/polycation pairs, for which the presence of a bound
pair of monomers facilitates the binding of the adjacent
monomers. This is similar to behavior described by Salehi and
Larson,141 and consistent with observations by a number of
experimental groups that significant charging can be induced in
weak polyelectrolytes by oppositely charged polyelectro-
lytes.153,155 Consistent with those prior observations, strongly
favorable interactions arise due to the correlated charges
between complexing monomers, which shift pKa,eff to lower
values and exhibit a sharp transition to a fully charged state. At
low ϕP+, this effect can be significantly affected by the salt
concentration ϕS as seen in the differences between Figure 4
panels c and d, though at high ϕP+ these two figures become
essentially indistinguishable as polymers govern the charging
⟨fd−⟩ of the polyanion.
Weak Coacervate Phase Behavior. The charge state of

polyelectrolytes in our model emerges from the transfer matrix
formalism, which is a key component of our coacervate model
and contributes to the system free energy (eq 16). We can use
this free energy to plot phase diagrams that demarcate the region

of two-phase coexistence between coacervate and supernatant
phases. Standard coacervation phase diagrams are typically
shown on a salt concentration, ϕS, versus polymer concen-
tration, ϕP, plot, with the assumption that charged species are
symmetric such thatϕS+ =ϕS− =ϕS/2 andϕP+ =ϕP− =ϕP/2.We
plot essentially the same phase diagram in Figure 5, which at pH
= 7 is fully charged for both polyelectrolytes. This constraint
simplifies this system by decreasing the number of effective
components to three (rather than the actual number of
components, five). This approximation is reasonable for
simulation or theoretical models, and has been useful in the
context of experimental systems; while a few polyelectrolyte
pairs have been synthesized to minimize chemical differ-
ence,156,157 it remains an active area of research to determine
how chemical differences between the polyanion/polycation can
affect phase behavior.154 Nevertheless, significant progress has
been made while neglecting these differences in most coacervate
models.
Weak polyelectrolytes cannot utilize this convenient

assumption of symmetry, because both polymers may have
very different responses to the pH of the solution. There are five
regimes relevant to weak polyelectrolyte behavior; in the mid-
pH range, both polyelectrolytes are fully charged. At the extreme
high and low pH values, one of the polyelectrolytes is charged
while the other is uncharged (for example, the polyanion at low
pH). There are two transition regimes in which one of the
polyelectrolytes is only partially charged. In all but the fully
charged regime, the differences in charge between the

Figure 4. Plots showing the fraction of dissociated monomers on the polyanion ⟨fd−⟩ as a function of pH. (a) Starting from the Henderson−
Hasselbalch limit (black), we increase the energy penalty of adjacent charges along the same chain Γ0. This suppresses charging of the polyanion to
higher pH values. (b) At Γ0 = 1.75, the salt concentration ϕS+ is increased, ultimately facilitating the charging of the polyelectrolyte chains due to the
favorable interactions between charged polyanion monomers and adjacent cations. Panels c and d consider the increase of polyelectrolyte
concentration at ϕS = 0.01 and ϕS = 0.025, respectively. Magenta curves represent the salt ϕS → 0 limit for comparison. The cooperative effect of
connected polycation charges facilitates significant charging of the polyanion even at low concentrations.
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polyelectrolytes breaks the symmetry between the two chains,
necessitating changes in the phase diagram to account for all five
species.
In this paper, we plot the phase behavior of weak

polyelectrolytes with a pair of simultaneous diagrams that
correspond to the positively and negatively charged species,
respectively, allowing us to represent all five species concen-
trations on a single graph. This is shown for a number of values
of pH in Figure 5a−d, which plot the volume fractions of saltϕS*
versus polymer ϕP* for both the positive (* = +, blue points and
solid tie lines) and negative (* =−, orange points and dashed tie
lines) species. This allows us to read the concentration of the
four charged species directly off of the graph, while also being
limited to the standard symmetric phase diagram when both
species are charged (Figure 5a, pH = 7). We additionally change
the shading of the points reflecting the coexisting points to show
the fraction of monomers dissociated. We also denote with
circular points the starting concentrations of each polyelec-
trolyte species used in our numerical scheme for determining
binodal points, taken at ϕP+ = ϕP− = 0.025. This is the
concentration condition at which we first ensure that electro-
neutrality is maintained by adding either excess anions or cations
while we equilibrate the fraction of dissociated monomers,
before allowing the polymer and salt components to undergo
phase separation while maintaining species conservation.
We see that, at pH = 7 (Figure 5a), we obtain the phase

diagram predicted for symmetric, strongly charged polyelec-

trolytes, which has been demonstrated in a large number of
previous works.127 Key features include symmetry between the
polycation/polyanion and cation/anion species in the location
of the coexisting concentrations, which behave essentially
identically. The negative slope of the tie lines emerges due to
the preference of salt to partition into the supernatant phase (i.e.,
the left branch of the binodal curve), with these points being at a
higher salt concentration than the points along the coacervate
branch of the binodal. This behavior has previously been
attributed to a combination of excluded volume and electrostatic
interactions.100,101,126,129,148,158

Phase diagrams begin to deviate from the strongly charged
limit upon approaching the pKa,eff of one of the species, in this
case approaching low pH values well below the pKa of the
polyanion monomer (pKa = 3.9). As demonstrated in the
previous section, the pKa,eff is significantly lower due to the
cooperative charging of oppositely charged polyelectrolytes, so
the deviations only become apparent at pH ≈ 3.0, plotted in
Figure 5b. Subsequent decreases in pH (Figure 5c,d)
increasingly deviate in a number of ways; first, the supernatant
at low salt concentrations exhibits a marked decrease in the
fractional charge dissociation ⟨fd,−⟩. This occurs due to the
dearth of oppositely charged polycations, which would
otherwise cooperatively promote polyanion charging due to
charge correlations. This is effectively the case of a single dilute
polyelectrolyte, where charging is suppressed by the charge
repulsion between adjacent monomers. The dilute-phase

Figure 5. Phase diagrams of coacervation on the ϕS* versus ϕP* plane. Blue crosses, tie-lines correspond to negatively charged species (ϕS−, ϕP−) and
the orange squares, tie-lines correspond to positively charged species (ϕS+, ϕP+). Blue and orange circular points denote the starting concentration of
their respective salt, polymer species, with the polymers chosen to be at equal (i.e., stoichiometric) starting concentrations. (a) At pH = 7.0, both
polymeric species are fully charged, making this identical to the typical phase diagram of a strong polyelectrolyte coacervate. All of the pH < 7.0 phase
diagrams ((b) pH = 3.0, (c) pH = 2.6, and (d) pH = 2.5) exhibit deviations in charge fraction, which is reflected by the shading of the points. As pH
lowers, the polyanion becomes less charged in the coacervate, and essentially uncharged in the supernatant; this reflects both the change in pH as well
as the increase in pKa,eff when the oppositely charged species are at low concentration. The location of the binodal points is increasingly different
between the two species, with small molecule anions recruited to the coacervate phase to account for the lower polyanion charge fraction.
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polyanion becomes increasingly charged as the salt increases, as
a high concentration of salt will promote charging via
polyanion−cation attractions. This trend toward decreasing
polyanion charge is also evident in the coacervate phase, though
to a lesser degree, as pH is decreased to 2.6 and 2.5.
The coacervate phase exhibits a split between the polyanion/

anion and polycation/cation points, with the partially charged
polyanions being at similar concentrations as the polycations
(ϕP+ ≈ ϕP−), but with the coacervate phase having a higher
anion than cation concentration (ϕS− >ϕS+). This is required for
electroneutrality, as less of the polyanion is charged so it cannot
neutralize the fully charged polycation at near-equivalent
concentrations. There is a significant decrease in the charge
fraction ⟨fd,−⟩ of the polyanion as pH is lowered, increasing the
amount of excess anion that is incorporated into the coacervate
phase. This is concomitant with (1) a decrease in the extent of
the two-phase region, with the coacervate exhibiting a lower
polymer density as it expands due to the translational entropy of
the excess anions, and (2) a depletion of the anion species in the
supernatant. This latter effect narrows the extent to which ϕS− >
ϕS+ in the supernatant in comparison with the coacervate.
Off-Stoichiometry Weak Coacervate Phase Diagrams.

In the previous section, we considered coacervate-forming
solutions consisting initially of equal concentrations of polycat-
ion and polyanion (ϕP+ = ϕP−). However, this is merely a way to
limit the set of physical parameters that we are considering,
simplifying the graphical representation. This has the added
benefit of simplifying to the standard symmetric case for pH
values (e.g., pH = 7) where both polyelectrolytes are fully

charged. We can relax this constraint, however, and explore
different mole fractions Θ+ = ϕP+/(ϕP+ + ϕP−) of polycation
within the total polyelectrolyte concentration. This will affect
the balance of polyelectrolytes and counterions, as they partition
into the two phases.
We first consider the fully charged case (pH = 7.0), for a range

of values Θ+ that deviate from the Θ+ = 0.5 case in Figure 5a, in
Figure 6.We note that even small deviations,Θ+ = 0.45 and 0.55,
already show significant differences from the stoichiometric
cases. The species in excess remains in roughly the same place,
while the other species shifts upward. This is because the species
that has a lower overall volume fraction makes up for this by
including more counterions in the original solution, placing
points higher up along the y-axis. This trend continues as the
value of Θ+ moves away from 0.5, and in our model there is
appropriately antisymmetry between the two species depending
on the direction Θ+ changes from the stoichiometric case. In all
cases, the vertical shift between the polyelectrolyte species is
attributed to the large amount of salt needed to render the
overall system (i.e., both phases together) electroneutral when
there is a deficiency of one of the species.
We next consider a case closer to pKa,eff (pH = 2.6, Figure 7),

but now in a shifted range of values of Θ+ = 0.15−0.55. The
shifted range accounts for the decrease in fractional charge of the
polyanion, ⟨fd,−⟩ < 1, meaning that electroneutrality in the
coacervate phase can in part occur by either having more
polyanions than polycations (ϕP− > ϕP+) or having an excess of
salt anions. At values of Θ+ < 0.5, the former condition is
realized, leading to smaller vertical shifts due to excess salt

Figure 6. Phase diagrams of coacervation on the ϕS* versus ϕP* plane, for pH = 7.0 and off-stoichiometric starting mixtures of polyelectrolytes. Blue
points, tie-lines correspond to negatively charged species (ϕS−, ϕP−) and the orange points, tie-lines correspond to positively charged species (ϕS+,
ϕP+). Blue and orange circular points denote the starting concentration of the salt and polymer species of the respective charges.Θ+ corresponds to the
mole fraction of polycation species in the initial solution, before phase separation. (a)Θ+ = 0.65, (b)Θ+ = 0.60, (c)Θ+ = 0.55, (d)Θ+ = 0.45, (e)Θ+ =
0.40, and (f)Θ+ = 0.35. We note that the largest two-phase region occurs close to stoichiometric matching of the two species,Θ+ = 0.5, which is shown
in Figure 5a. Vertical shifting of one of the species is indicative of the excess small-molecule ions needed to maintain electroneutrality forΘ+≠ 0.5, and
we note that the phase diagrams are antisymmetric around that same point due to both polyelectrolytes being essentially fully charged at pH = 7.
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between the positive/negative species at an off-stoichiometric
value ofΘ+ = 0.35 (Figure 7c). Here there are more polyanionic
than polycationic species, so charge stoichiometry is achieved
between the fully charged polycation with the (approximately)
half-charged polyanion. This leads to a shift in the phase
diagrams for the positive versus negative species in the x-
direction, but there is a negligible shift in the y-direction because
salt is not needed to make up the difference in charge between
the two systems.
As the value ofΘ+ deviates fromΘ+ = 0.35, the characteristics

of moving to nonstoichiometric values for pH = 7.0 are also
observed in this case. The positive or negatively charged
polyelectrolyte in excess extends to low concentrations of its
corresponding salt ion (for both the coacervate and supernatant
phases), but the other species is (like in the pH = 7.0 case) in
smaller quantities and needs to recruit small-molecule species to
become electroneutral. This causes the phase boundaries for
these species to be shifted in the y direction, due to the relative
abundance of salt.
A major difference here is that the value ofΘ+ = 0.35 at which

there is charge stoichiometry in the coacervate phase exhibits a
horizontal shift between the positive and negative species. This
is a straightforward result of the excess of polyanion needed for
electroneutrality due to its being half-charged. However, while
the pH = 7.0 case led to either an antisymmetric increase in
either the polycation or polyanion as Θ+ deviated from the
optimal Θ+ = 0.5 value, in this pH = 2.6 case the deviation from

the optimal Θ+ = 0.35 value only changes the excess amount of
polyanion except for the case where Θ+ > 0.5 (in Figure 7a).

Optimizing Polyelectrolyte Stoichiometry in Weak
Coacervates. Coacervates formed from weak polyelectrolytes
in experiment can determine the presence of coacervate
formation via measurements of turbidity or via microscopy to
determine the presence of coacervate droplets;1,6,134 these are
indirect and related measurements that rely on light scattering of
coacervate droplets, are rapid to perform and largely consistent
with alternative methods for determining phase coexis-
tence.2,10,100,101,134 In part due to the ease of probing coacervate
with turbidity specifically, it is used to determine the optimal
ratios of polymers for coacervation.1,159 This is important in
asymmetric systems, where the assumption that equivalent
moles of each species is optimal for undergoing coacervation
breaks down.
We observed this type of asymmetry in the previous section,

with phase diagrams at pH = 2.6 exhibiting characteristics of
equal charge stoichiometry when Θ+ ≠ 0.5. This has been
observed experimentally; Perry et al. demonstrated this effect for
polyelectrolytes near their pKa,

1 showing that an excess of the
half-charged polyelectrolyte is needed to form a coacervate with
a fully charged polyelectrolyte. They performed a series of
turbidity measurements under a variety of polymer concen-
tration ratios, at a number of different salt concentrations.
We performed the analogous calculation with our model,

plotting in Figure 8a the difference in water concentration
between the supernatant and coacervate, ΔϕW, as a function of

Figure 7. Phase diagrams of coacervation on the ϕS* versus ϕP* plane, for pH = 2.6 and off-stoichiometric starting mixtures of polyelectrolytes. Blue
points, tie-lines correspond to negatively charged species (ϕS−, ϕP−) and the orange points, tie-lines correspond to positively charged species (ϕS+,
ϕP+). Blue and orange circular points denote the starting concentration of the salt and polymer species of the respective charges.We consider a different
range ofΘ+ values compared to Figure 6: (a)Θ+ = 0.55, (b)Θ+ = 0.45, (c)Θ+ = 0.35, (d)Θ+ = 0.25, and (e)Θ+ = 0.15. We note that the largest two-
phase region occurs away from a stoichiometric balance of the two species, atΘ+ = 0.35. We attribute this to the partially charged polycation, indicated
by the lighter shade of blue at all values of Θ+ that means that ⟨fd−⟩ < 1; more polyanion is needed for the polyelectrolyte species themselves to be
electroneutral. Vertical shifting of one of the species occurs as Θ+ deviates from 0.35, requiring more of one of the small molecule ions to maintain
electroneutrality.
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the mole fraction of polycationΘ+ for a range of pH values. Our
protocol is similar to what is done in experiments, in which a
series of mole fractions are chosen and mixed with a
predetermined amount of salt.86,96,97 While turbidity is related
to a number of physical characteristics such as droplet size,
refractive index contrast, and phase separation kinetics, we
consider ΔϕW to be a useful proxy for turbidity because
differences in water content will be a main contributor to the
refractive index contrast between supernatant and coacervate
phases. We can use this quantity to show that our results are
indeed consistent with experimental observations. For our
calculations, an excess of one of the two salt ions is added to
render the system electroneutral, while at the same time
ensuring that the charge fractions ⟨fd,±⟩ of both chains are
consistent. We plot in Figure 8b the concentration of the salt
species as a function ofΘ+. ΔϕW verus Θ+ is shown in Figure 8a
for a number of different pH values, with a focus on the same pH
values as in Figure 5. We observe a maximum in the disparity
ΔϕW at Θ+ = 0.5 for a pH of 7, which is expected when both
polymers are symmetrically, fully charged. However, as pH
decreases and ⟨fd,P−⟩ < 1, the peak of maximum ΔϕW shifts to
lower values of Θ+. This is consistent with the previous phase
diagrams, where the peak value of Θ+ ≈ 0.35 for pH = 2.6, but
also consistent with experiments by Perry et al.1

■ CONCLUSION
We have extended the transfer matrix formalism for complex
coacervation to account for pH effects. This is done by explicitly
accounting for the energetic cost and benefit of forming a variety
of ion pairs between a polyelectrolyte and surrounding salt and
oppositely charged polyelectrolyte species, and allowing for both
charged and uncharged monomer states. This formalism allows
access to both the interaction free energy of the polyelectrolyte

with its surroundings, as well as its charge fraction; this latter
property has the Henderson-Hasselbalch as its limiting case,
directly connecting this formalism to classical theories of weak
electrolytes.
Considering the pKa for a pair of polyelectrolytes, poly-

(aspartate) and poly(lysine), we show that there is a broad pH
window in which both the polycation and polyanion are fully
charged, but at high or low pH we observe a transition to one of
the polyelectrolyte species being uncharged. The window where
both species are fully charged is dependent on the environment,
with the repulsion between adjacent monomer charges
shrinking this window and suppressing polyelectrolyte charging,
while the presence of salt and polyelectrolytes of opposite charge
can facilitate charging. Indeed, the primary effect in coacervates
is predicted to be the cooperative charging of both polycation
and polyanion, as the dissociation is favored by the presence of
nearby charges of the opposite sign.
With this insight, we are able to demonstrate phase behavior

in weak polyelectrolyte coacervation, which we do so by
focusing on the dissociation transition at low pH for the
polyanion. The main physical effects are 2-fold; first, the weakly
charged polyanion in the coacervate phase means that anions
must be recruited so that this phase is electroneutral, thus
depleting the anion species in the supernatant and decreasing
the size of the two-phase region of the phase diagram. The
second effect is that the low polyelectrolyte and salt
concentration in the supernatant leads to less dissociation of
the polyanion species in that phase, though this effect weakens
with increasing salt concentration.
We also explored the phase behavior of nonstoichiometric

mixtures of polyelectrolytes, which also exhibit “shifted” phase
diagrams between positively and negatively charged species as
more of one of the salt species is needed to maintain
electroneutrality. Near the pKa,eff of polyanions (≈ 2.5 in
coacervates), an abundance of partially charged polyanions is
needed to neutralize fully charged polycations, such that a
polycation fraction Θ+ ≈ 0.35 exhibits optimal coacervation
behavior (i.e., a large two-phase region). This occurs because
when the two polyelectrolyte species are in charge balance, the
system does not need to maintain an excess of small molecular
charges in the coacervate. The region of coacervation begins to
shrink as Θ+ deviates form this optimal value.
Our method for capturing pH effects in coacervates relies on a

number of parameters, which we do not tune here to reflect any
specific experimental system. However, given a clear physical
interpretation of, for example, Γ0, Γ1, etc., it should be
straightforward to parametrize these aspects of the model to
account for behaviors seen in experiment. The partitioning of
salt ions represents a feasible route to testing these
predictions,100,101 as we expect significant differences between
the two salt ions in both phases. There have been some initial
effort in the literature to do this,89 though nonelectrostatic
interactions complicate comparison with theoretical models.
Simulation would also be an effective way to assess these
physical predictions,88,140,160 and would be able to directly test
key approximations made in the transfer matrix formalism.129 In
particular, the assumption of a mean-field environment of
positive and negative charges around the test chain in our
formalism is likely not accurate at low polymer concentrations
seen in the dilute phase. Further insight from both experimental
and computational efforts will be crucial for continued
development of our understanding of weak-polyelectrolyte
coacervates.

Figure 8. (a) Plot ofΔϕW versusΘ+ for a number of pH values. A proxy
for the presence of coacervation, analogous to conventional turbidity
experiments, a shift in the optimalΘ+ moves toward systems with more
polyanion as the charge on the polyanion ⟨fd,−⟩ decreases. The overall
system is kept at a constant polymer concentration of ϕP+ + ϕP− = 0.05,
and the salt concentrations are plotted in panel b for both the cation and
anion species. The minority salt ion is kept at ϕS* = 0.02, while the
excess of the other salt ion is chosen to keep the system electroneutral.
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