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Wetting Behavior of Polyelectrolyte Complex Coacer-
vates on Solid Surfaces†

Christopher Balzer,∗a Pengfei Zhang,b‡ and Zhen-Gang Wang∗a

The wetting behavior of complex coacervates underpins their use in many emerging applications of
surface science, particularly wet adhesives and coatings. Many factors dictate if a coacervate phase
will condense on a solid surface, including solution conditions, the nature of the polymer–substrate
interaction, and the underlying supernatant–coacervate bulk phase behavior. In this work, we use a
simple inhomogeneous mean-field theory to study the wetting behavior of complex coacervates on
solid surfaces both off-coexistence (wetting transitions) and on-coexistence (contact angles). We
focus on the effects of salt concentration, the polycation/polyanion surface affinity, and the applied
electrostatic potential on the wettability. We find that the coacervate generally wets the surface via
a first order wetting transition with second order transitions possible above a surface critical point.
Applying an electrostatic potential to a solid surface always improves the surface wettability when
the polycation/polyanion–substrate interaction is symmetric. For asymmetric surface affinity, the
wettability has a nonmonotonic dependence with the applied potential. We use simple scaling and
thermodynamic arguments to explain our results.

1 Introduction
Polyelectrolyte complex coacervation is a type of associative
liquid-liquid phase separation where oppositely charged polyelec-
trolytes separate into a coacervate phase (polymer-rich) and a su-
pernatant phase (polymer-depleted)1. In the past few decades,
there has been broad interest in complex coacervation due to its
wide range of applications across scientific disciplines. For ex-
ample, complex coacervation has proven to be an efficient means
of encapsulation2, enabling its use in the food3–6, textile7–10,
and agricultural industries11. Emerging technologies of complex
coacervates include targeted drug delivery12,13, fabrication of hy-
drogels14, and development of wet adhesives15.

Utilizing complex coacervation relies on understanding the fac-
tors that influence the bulk phase behavior and interfacial proper-
ties. Knowing the location of the two-phase boundary for a vari-
ety of solution conditions is crucial to exploit the phase transition.
There are many factors that contribute to the bulk phase behav-
ior, such as the salt concentration, valency of salt ions, charge
state of the polyelectrolytes, chain length, temperature, and se-
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quence of the polymer backbone, which have each been explored
with experiments and theory1,16–18. In the past decade, there
has also been significant progress in characterizing the interfa-
cial properties of the coacervate–supernatant interface — notably,
the interfacial tension19,20. Experiments and theory of symmetric
mixtures of polyelectrolytes have characterized the scaling of in-
terfacial tension with the salt concentration relative to the critical
salt concentration21–29 (γ ∼ [φ crit

± − φ±]3/2) and with the chain
length22,24,30. Simulations and theory also give access to addi-
tional interfacial properties, such interface thickness and excess
adsorption25. Access to the interfacial profiles is particularly im-
portant for asymmetric mixtures of polyelectrolytes, where local
charge separation can lead to spatially varying, and usually non-
monotonic, profiles of the electrostatic potential28,31.

Compared to the coacervate–supernatant interface, the super-
natant and coacervate phases near solid surfaces are relatively
unexplored. Of central importance for solid substrates is the ad-
sorption and corresponding wetting (or drying) behavior of the
coacervate phase. The contact angle (at the substrate-coacervate-
supernatant equilibrium) will determine the coacervate’s ability
to coat a surface. Few works have reported contact angles for
these systems, partly due to the difficultly of measuring the con-
tact angle in situ20. Contact angles are predominantly reported
for their relevance to experimental measurements of the interfa-
cial tension, such as colloidal probe atomic force microscopy (CP-
AFM) and surface force apparatus (SFA). For example, in measur-
ing interfacial tension with CP-AFM, Spruijt and coworkers pre-
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sented the contact angle of a coacervate phase in the correspond-
ing supernatant phase on a silica surface for different salt concen-
trations, reporting contact angles less than 45◦ and a transition to
complete wetting (zero contact angle) above 1 M21. Lim et al.
found that salt solutions in the Hofmeister series at a single salt
concentration give contact angles ranging from 25◦ to above 90◦

(nonwetting)32. In SFA measurements, the interfacial tension is
measured via an extrapolation of the pull-off force to zero separa-
tion γ = (1/4π)(Fpull,0/R)cosθ , where R is related to the geometry
of the probe. In these measurements, the contact angle has been
assumed to be zero (complete wetting) so that cosθ ≈ 119,22,33.
Such an assumption dismisses the role of the surface. Overall,
the lack of experimental data leaves many open questions. For
instance, how do different surface types and solution conditions
affect wettability?

Understanding how complex coacervates wet surfaces can in-
form design of complex coacervates for applications on solid sur-
faces, like wet adhesives. The performance of wet adhesives
critically depends on their ability to wet a substrate in complex
and challenging environments, such as the human body34. Re-
cently, there has been a proliferation of wet adhesive materi-
als inspired by the adhesives created by marine organisms15,35,
notably the sandcastle worm36–40 and seawater mussel33,41–45.
Both of these creatures secrete glue-like proteins that undergo
coacervation (complex coacervation or single-component coac-
ervation), wet the adhering surface, and cure into a strong
adhesive46. Most of the bio-inspired adhesives mimic these
glue protein sequences, particularly in their inclusion of 3,4-
dihydroxyphenylalanine (DOPA) residues, which serve to both
enhance adsorption of the adhesive to the surface and aid in cur-
ing the adhesive after oxidation36,47. As emphasized by Waite47,
mimicking the residue composition of marine life proteins alone
does not capture the complexity of mussel adhesion. The suc-
cess of mussels in adhering to a variety of surfaces42 depends on
their ability to intricately prepare the surface properties and so-
lution in the proximity of the surface for their adhesive proteins.
Replicating the versatility of marine life requires a fundamental
understanding of the important factors that influence, and can be
used to control, the wetting process.

In this work, we seek to understand and characterize the
wetting behavior of symmetric polyelectrolyte complexes near a
charged surface. Motivated by the variety of adsorption mecha-
nisms proposed in biological systems45, we study the effect of salt
concentration on the wetting transitions and the contact angle
when the polyelectrolyte complexes have nonelectrostatic and/or
electrostatic interaction with the surface. To elucidate the main
physics in this system, we use a simple inhomogeneous mean-field
theory extended from a theory for studying the interfacial behav-
ior of polyelectrolyte complex coacervates developed by Zhang
and Wang28. The central difference from Ref. 28 is that the poly-
electrolyte solution, either coacervate or supernatant, is in con-
tact with a solid surface rather than its coexisting phase. Under
the conditions studied, we find that the supernatant to coacer-
vate wetting transition generally occurs via a first order prewet-
ting transition with a second order transition occurring as one
approaches the bulk critical salt concentration. Applying an elec-

trostatic potential to the surface shifts the surface critical point
away from the bulk critical point and always improves the wet-
tability (lowers contact angles) when polycation and polyanion
have identical nonelectrostatic attraction to the surface. How-
ever, asymmetry in nonelectrostatic attraction can lead to non-
monotonic changes of the contact angle with the applied poten-
tial. Our main finding is that electrostatic manipulation of the
substrate is an efficacious method for controlling wettability. Con-
tact angles can be substantially altered by applying small poten-
tials (∼ 10 mV), which is a direct result of the low supernatant–
coacervate interfacial tension. By studying the effects of elec-
trowetting and nonelectrostatic affinity (i.e. polymer chemistry),
this work can serve to guide future design of coacervate materials
for applications such as encapsulation, coatings, and adhesives.

2 Theoretical Formulation
To study the wetting behavior, we model a polyelectrolyte solu-
tion in contact with a solid surface. Both the model and the the-
ory are similar to that presented by Zhang and Wang28 so only
the main details will be reproduced. The polyelectrolyte solution
consists of polycations (p+), polyanions (p−), salt ions (+ and
−), and solvent (s), which we describe as coarse-grained beads.
The polyanions and polycations have Np+ and Np− segments
where each segment represents a coarse-grained monomer. The
monomers and salt ions have valency Zi, where i is the species.
Zi is positive for positively charged species and negative for neg-
ative charges. For the current work, we treat the polyelectrolytes
as strong polyelectrolytes where all monomers are fully dissoci-
ated and carry the same charge. We treat all species as having the
same volume scale of v with a corresponding length scale σ = v1/3.
Further, for simplicity, the counterions dissociated from the poly-
electrolytes are assumed to be the same as the corresponding salt
ions. Far from the solid surface, the polyelectrolyte solution can
be considered uniform with its composition described by the cor-
responding bulk densities, ρB = {ρB

p+ ,ρ
B
p− ,ρ

B
+,ρ

B
−,ρ

B
s }. Here, the

polyelectrolyte density ρp± is the segment (monomer) density. Be-
cause the volume scale is the same for all components, it is conve-
nient to work with the volume fractions of each component, and
assume incompressibility ∑i φi = v∑i ρi = 1.

In a homogeneous solution, the Helmholtz free energy density
fB can be written as the sum of three different parts, fid, fel, and
fch. These additive free energy terms respectively account for the
mixing entropy of the species, electrostatic correlation of a solu-
tion of disconnected ions, and the additional electrostatic corre-
lation due to the connectivity of charges along the polyelectrolyte
backbone. We do not include any other inter-species interactions
like (i.e. Flory–Huggins χ) into the theory in order to focus on
the effect of electrostatics; however, these terms can be easily in-
cluded. The mixing entropy is given by

βv fid = ∑
i=p+,p−

φi

Ni
ln(φi)+ ∑

i=+,−
φi ln(φi)+

(
1− ∑

i=p+,p−,+,−
φi

)
ln

(
1− ∑

i=p+,p−,+,−
φi

)
(1)
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where β = 1/kBT is defined by the Boltzmann constant kB and
temperature T . The electrostatic correlation is treated at the
Debye–Hückel level,

βv fel =− 1
4π

[
ln(1+κσ)−κσ +

(κσ)2

2

]
(2)

where κ is the inverse Debye screening length defined as κσ =√
4π(lB/σ)∑i=p±,± Z2

i φi. The Bjerrum length has the usual defini-

tion of lB = βe2/4πε0εr, where e is the elementary charge, ε0 is the
vacuum permitivity, and εr is the relative dielectric constant of the
medium. The first order thermodynamic perturbation theory48

(TPT1) framework is commonly used to describe the chain con-
nectivity contribution to the electrostatic correlation, but Zhang
and Wang recently developed a TPT1-like expression for electro-
static correlation at the Debye–Hückel level that we employ here.
We direct readers to Ref. 28 for the full discussion on the deriva-
tion. For polyelectrolytes with charge on each segment, the free
energy contribution is

βv fch =
lB/σ

1+κσ
∑

i=p+,p−

Ni −1
Ni

Z2
i φi (3)

With the homogeneous free energy, one can study the
bulk phase behavior by calculating the coexisting supernatant–
coacervate phase diagram. Since the focus of this work is the
role of the solid surface, we provide only a brief description of
the supernatant–coacervate phase diagram and direct interested
readers to our other works that give a more detailed descrip-
tion49–51. For a symmetric polyelectrolyte mixture (ρB

p+ = ρB
p− ,

Np+ = Np− , Zp+ = −Zp−), as considered in this work, the coexist-
ing concentrations are determined by the equality of chemical po-
tential for each component in the coexisting phases (i.e. µ I

i = µ II
i )

and equality of osmotic pressure, ΠB = ∑i=p±,± µiρi − fB. The set
of chemical potentials {µi}i=p±,± are measured with respect to the
chemical potential of the solvent, which can be taken as a con-
stant (zero) due to incompressibility. When the polyelectrolyte
mixture is symmetric, the polycation/polyanion and cation/anion
concentrations are equal within the same phase. For a given lB,
there are 4 unknowns (ρ I

p± ,ρ II
p± , ρ I

±, and ρ II
± ) with 3 independent

equations (2 for chemical potential equality and one for osmotic
pressure equality). The phase diagram is constructed by specify-
ing one of the unknown components and solving for the other 3
unknowns using a Newton-Raphson approach. By scanning over
ρ II
± , for example, one can construct a phase diagram in the salt–

polymer plane.

We extend the homogeneous free energy fB to the inhomoge-
neous case by using a local approximation of the bulk free energy
density and introducing additional mean-field level free energy
contributions to account for the inhomogeneous spatial densities.
Namely, the Helmholtz free energy for a polyelectrolyte solution

in contact with a planar, homogeneous surface is

F = A
∫

∞

0
dz
[

fB({ρ(z)})+ ∑
i=p+,p−

kBT b2

6

(
d
√

ρi(z)
dz

)2

+

∑
i=p±,±

eZiρi(z)ψ(z)− ε0εr

2

(
dψ(z)

dz

)2

+ eQsψ(z)δ (z)+b ∑
i=p+,p−

ηiρi(z)δ (z)
]

(4)

where A is the area of the planar surface, b is the Kuhn length
(equivalent to σ in this work), ψ(z) is the mean electrostatic po-
tential, eQs is the surface charge density, η is a nonelectrostatic
interaction parameter between the polyelectrolyte and solid sur-
face, and δ (z) is the Dirac delta function. In the expression above,
we have assumed that the density variation only takes place in the
direction perpendicular to the surface. The first term in Eq. (4)
is the free energy density of the homogeneous solution evaluated
with the local density. The second term is the Lifshitz entropy that
arises from the ground-state dominance approximation in mean-
field theory to account for the conformation entropy penalty of
the polymer chains due to density inhomogeneity52. The third
and forth terms are the mean-field energy contributions that arise
from local net charge. The final two terms in Eq. (4) account for
the solid surface. The term involving Qs is the surface contribu-
tion to the electrostatic free energy that arises from the charge
accumulated on the solid surface. The last term accounts for the
nonelectrostatic interaction between monomer residues and the
surface, which is localized to the surface via the Dirac delta func-
tion. We do not include any nonelectrostatic surface interaction
for the salt ions in order to focus on the polyelectrolyte adsorp-
tion. Treating the polyelectrolyte–substrate interaction this way
follows previous studies of neutral polymer53,54 and polyelec-
trolyte adsorption55,56. Physically, ηp± does not represent the
bare interaction of the monomers with the surface. Instead, ηp±
is a combination of the hard wall repulsion and short range at-
traction with the surface. As we will see below, a value of zero
for ηp± corresponds to a polyelectrolyte that is indifferent to the
surface (neither adsorbing or depleted).

At this point, we emphasize that our theory is a simplified rep-
resentation of an inhomogeneous system. Treating the electro-
static correlation at the Debye–Hückel level is only valid when
electrostatic correlation is relatively weak (i.e. low salt concentra-
tion or small surface potentials) and is known to generally overes-
timate the electrostatic correlation for disconnected beads, while
the TPT1 approach underestimates the electrostatic correlation
for polyelectrolytes57. The majority of works studying complex
coacervation have employed a Debye–Hückel electrostatic corre-
lation term with no size correction and no chain connectivity cor-
rection, as is the case in VO theory1. Currently, there is no widely
accepted theory to describe electrostatic correlation in polyelec-
trolyte solutions, especially for inhomogeneous systems. Addi-
tionally, using a local incompressibility assumption only coarsely
captures the solvent–monomer or solvent–ion contacts that ex-
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ist in real solutions. A hard sphere model may be more realistic
but requires commensurate theoretical treatment of electrostatic
correlation.

Throughout this work, we will consider systems with a con-
stant electrostatic potential on the surface or constant surface
charge density. For a solution in contact with a single surface
maintained at constant surface potential ψ0, the thermodynamic
potential that is minimized at equilibrium is

Y = F − eQsAψ0 − ∑
i=p±,±

µiNi =

= A
∫

∞

0
dz
[

fB({ρ(z)})+ ∑
i=p±,±

eZiρi(z)ψ(z)− ε0εr

2

(
dψ(z)

dz

)2

+
kBT b2

6 ∑
i=p+,p−

(
d
√

ρi(z)
dz

)2

+b ∑
i=p+,p−

ηiρi(z)δ (z)

− ∑
i=p±,±

µiρi(z)
]

(5)

where Ni = A
∫

∞

0 ρi(z)dz. Note that the electrostatic surface term
is subtracted by the Legendre transform to account for the energy
of charging/discharging the surface58. For a fixed surface charge
density, the relevant free energy is W = F −∑i=p±,± µiNi. Y and
W are equivalent when either Qs or ψ0 are zero. We note again
that the salt and polyelectrolyte chemical potentials are measured
with respect to the pure solvent, which naturally results from the
incompressibility condition (v∑i=p±,±,s ρi = 1). To obtain equilib-
rium configurations, we extremize the relevant inhomogeneous
free energy with respect to the densities and electrostatic poten-
tial field to obtain the mean-field equations. Starting with the
electrostatic potential, we obtain the Poisson equation

∑
i=p±,±

eZiρi(z)+ ε0εr
d2ψ

dz2 = 0 (6)

For the polyelectrolyte densities,

δ fB({ρ(z)})
δρp±(z)

+bηp±δ (z)− kBT b2

6
√

ρp±(z)

d2√ρp±(z)
dz2

+ eZp±ψ(z)−µp± = 0 (7)

For small ions,

δ fB({ρ(z)})
δρ±(z)

+ eZ±ψ(z)−µ± = 0 (8)

For fixed surface charge density, the boundary condition for the
electrostatic potential is ε0εr

dψ

dz

∣∣∣
z=0

= −eQs . For fixed surface

potential, the boundary condition is simply given by the specified
potential at the surface, ψ(0) = ψ0. In either case, far from the
surface, the potential can be defined to be zero, ψ(z → ∞) = 0,

where we also have dψ

dz

∣∣∣
z→∞

= 0. For the polymer volume frac-

tion, the boundary condition near the surface can be obtained by
integrating Eq. (7) from 0− to 0+. Only the terms defined at the

surface remain, and one obtains

d
√

ρp±(z)
dz

∣∣∣∣∣
z=0

= 6b−1
βηp±

√
ρp±(0) (9)

As mentioned above, ηp± is not the bare interaction with the sur-
face but serves as an effective boundary condition for the polymer
density. In the absence of a polymer–substrate interaction, the en-
tropic penalty of a polymer chain near a solid surface should lead
to depletion53. A value of zero for ηp± indicates the slope of the
density profile is zero at the surface, which corresponds to some
degree of attraction to overcome the usual depletion arising from
loss of conformations near the surface. Likewise, in the absence
of electrostatic effects, the sign of ηp± determines whether the
polyelectrolyte is adsorbing or depleted from the surface. These
subtleties result from using a continuous chain model (Lifshitz
entropy) and have been discussed in detail elsewhere59. Far
from the surface, the polyelectrolyte volume fractions return to
the bulk solution conditions.

We conclude this section by writing the functional form of the
surface tension. The surface tension is equal to the excess grand
potential energy for constant surface potential system58. Sub-
tracting the grand potential energy of the homogeneous system
(Y0 =−ΠBV ) gives

γ =
Y −Y0

A
=
∫

∞

0
dz
[

fB({ρ(z)})− fB({ρ
B})

+ e ∑
i=p±,±

Ziρi(z)ψ(z)− ε0εr

2

(
dψ(z)

dz

)2

+
kBT b2

6 ∑
i=p+,p−

(
d
√

ρi(z)
dz

)2

− ∑
i=p±,±

µi

(
ρi(z)−ρ

B
i

)]
+b ∑

i=p+,p−
ηiρi(0) (10)

The expression above can be used to compute either the
supernatant–solid or coacervate–solid surface tension. The only
difference is the choice of bulk composition. Namely, the choice of
{ρB} will specify whether the bulk solution is on the supernatant
or coacervate side of the phase diagram. We note that the surface
tension obtained from Eq. 10 is not the true surface tension but
the excess surface tension relative to that of a pure solvent. How-
ever, the (constant) contribution to the surface tension from the
pure solvent has no bearing on the properties of interest in this
work (e.g. the contact angle).

2.1 Numerical Considerations

The mean-field equations above are solved by discretizing the spa-
tial coordinate from the surface to a distance far enough from the
surface where the volume fraction is sufficiently close to the bulk
concentration (z > 50b). The set of discretized mean-field equa-
tions can be written as F(X) = 0, where X = [{φ(z)},ψ(z)]. This
nonlinear system of equations can be solved in a variety of ways,
including relaxation methods or quasi-Newton approaches. We
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found that reformulating the problem in terms of fixed-point iter-
ations, where one solves X = G(X) = X+F(X), and solving using
Anderson Acceleration60 led to the fastest convergence. The con-
vergence criterion was considered met when the maximum value
of F(X) was less than an error tolerance (10−10).

3 Results and Discussion
We will explore the wetting behavior both off- and on-
coexistence. Both refer to locations or trajectories relative to
the supernatant–coacervate phase diagram. As the name implies,
off-coexistence refers to starting with a system prepared in the
one-phase region of the phase diagram and changing a state vari-
able that brings the system closer to the two-phase region. On-
coexistence refers to trajectories of the phase diagram that are re-
stricted to the binodal surface, where the contact angle is defined.
In this work, in order to reduce the overall number of parameters,
we will focus on a single phase diagram constructed in the salt–
polyelectrolyte plane. We fix the number of segments for each
chain Np+ = Np− = N = 100, the Bjerrum length lB/σ = 1.785, and
valencies of each species Zp+ = −Zp− = Z+ = −Z− = 1 to mimic
similar conditions in our earlier work28. For σ = 0.4 nm, the Bjer-
rum length corresponds to a relative dielectric of εr ≈ 80 at room
temperature.

The resulting supernatant–coacervate phase diagram is shown
in Figure 1. Figure 1 shows that the tie-lines connecting the
supernatant (dilute) and coacervate (dense) phases are slightly
negatively sloped and that above a threshold salt concentration
(φB

± = 0.115), the two phases are indistinguishable. One common
feature in the theoretical prediction of bulk phase diagrams of
complex coacervates is that the polyelectrolyte concentration in
the supernatant phase is exceedingly low61–66. In most current
theories, including this work, the physical picture of the super-
natant phase is a uniformly mixed polyelectrolyte solution. In re-
ality, the oppositely charged polyions in the supernatant phase
are likely to form dispersed clusters made up of two or more
polyions67–71. Such a distinction undoubtedly influences the be-
havior of the supernatant near a solid surface. We recognize this
as a limitation of our study; however, using a uniformly mixed as-
sumption allows for the complete phase diagram (Fig. 1), which
is useful for mapping surface phase transitions relative to the bin-
odal. The phase diagram near the critical salt concentration is not
available when accounting for the polyion clusters in the super-
natant phase70. Further, we expect many aspects of the wetting
behavior to be similar, which we will revisit later on.

The focus of off-coexistence trajectories is whether, and how,
the coacervate phase forms on the surface from an unsaturated
solution. From Cahn’s classical wetting theory72, reaching coex-
istence starting from an undersaturated solution generally leads
to one of two scenarios. The first is complete wetting, where a
macroscopically large, dense film forms on the surface at coexis-
tence. Complete wetting is a surface transition that can be first or
second order, depending on whether the film thickness diverges
discontinuously or continuously at coexistence, respectively73.
The second scenario is partial wetting, where the film thickness
remains finite at coexistence. To study this, we increase the bulk
polymer concentration (φ B

p±) from an undersaturated solution to

Fig. 1 Supernatant–coacervate bulk phase diagram in the salt–
polyelectrolyte plane for N = 100 and lB/σ = 1.785. Dashed black lines
indicate tie-lines. Red point indicates the bulk critical point.

the saturated solution at a fixed bulk salt concentration, which
is a horizontal path (left to right) on the phase diagram in Fig-
ure 1. Note that φ B

± is the overall salt concentration that includes
the added salt ions and counterions to the polyelectrolytes so that
increasing φ B

p± for fixed φ B
± amounts to removing added salt. We

calculate the excess adsorption Γex,ib2 =
∫

∞

0

[
φi(x)−φ B

i

]
dx to mea-

sure the presence of the coacervate film.

3.1 Nonelectrostatic Wetting

Figure 2 shows adsorption isotherms and interfacial profiles for
symmetrically adsorbing polyelectrolytes on a charge-neutral sur-
face for φ B

± = 0.1. Symmetric adsorption means that both poly-
cation and polyanion have identical nonelectrostatic affinity to
the surface (ηp+ = ηp− = ηp±). Without an applied potential on
the surface or non-zero surface charge density, there is no charge
separation so the positive/negative interfacial profiles are identi-
cal. The quantity ∆β µp± = β µp± − β µcoex

p± measures the chemi-
cal potential difference from the chemical potential of the super-
natant phase at coexistence. ∆β µp± < 0 corresponds to an un-
dersaturated supernatant phase in contact with the surface while
∆β µp± < 0 corresponds to a supersaturated, metastable super-
natant phase in contact with the surface. Figure 2a shows the
adsorption isotherms for representative values of ηp± . A key fea-
ture in this plot is the presence of turning points in the excess ad-
sorption curves. The turning points mark surface spinodals and
thus, are an indication of a first order transition. The section of
the adsorption isotherm connecting two surface spinodals is ther-
modynamically unstable. See the ESI† for more detail on turning
points and thermodynamic stability.

Surface phase coexistence is determined by the crossing of the
relevant surface excess free energy (Figure S2†). For βηp± =−0.1
(purple line in Figure 2a), a first order transition happens near
∆β µp± ≈ −0.06 and then the excess adsorption diverges contin-
uously. A surface transition off-coexistence where the excess ad-
sorption jumps to a finite value is known as a prewetting transi-
tion74, corresponding to coexistence between a thin and thick
coacervate layer on the surface75. Such a transition is illus-
trated in the interfacial profiles in Figure 2b. The red and green
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Fig. 2 (a) Polyelectrolyte adsorption isotherms for various nonelectrostatic attraction strengths at a constant bulk salt concentration of φ B
± = 0.1.

∆β µp± = β µp± −β µcoex
p± is a measure of the distance from coexistence. Corresponding (b) polyelectrolyte and (c) salt density profiles before and after

the prewetting transition for βηp+± =−0.05. Line colors match the circular markers in (a). For (a), values of βη± <−0.01 undergo complete wetting
via a prewetting transition.

lines correspond to coexisting surface phases before and after
the transition, respectively. Before the transition (green line),
a small amount of polyelectrolyte adsorbs on the surface. After
the prewetting transition (red line), there is strong adsorption in
the immediate vicinity of the surface, which continuously grows
into a macroscopically thick film upon further increase in the bulk
concentration (black line). The black curve in Figure 2b reaches
a plateau around z/b = 10. The same is true in the salt density
profiles. As the bulk concentration approaches the binodal, the
composition of the plateau approaches the coexisting coacervate
phase determined by the phase diagram in Figure 1. The nega-
tive tie-lines explain why the coacervate layer depletes salt from
the surface. The behavior of the tie-line slope is an active research
area1. Neitzel and coworkers recently measured positively sloped
tie-lines for low charge density polyelectrolytes76, which would
change the trend in salt composition of the wetted coacervate
layer.

In Figure 2a, a less favorable polymer–surface interaction shifts
or eliminates the prewetting transition. The curve for βηp± =

−0.01 exhibits partial wetting. As opposed to the other curves,
there is no crossing of the supernatant and coacervate surface
excess free energy (Figure S3†). In other words, a coacervate
layer on the surface can only exist as metastable state on the
supernatant side of the phase diagram for βηp± = −0.01. For
βηp± = 0.01, the excess adsorption is actually negative and de-
creases with bulk concentration, which indicates drying rather
than wetting. In that case, the surface also cannot support a
coacervate layer. The results presented at this point are similar
to that of Monteillet and coworkers that studied coacervation at
an oil–water interface using self-consistent field theory77. In their
work, the formation of a coacervate at the oil-water interface also
proceeded via a first order prewetting transition.

By scanning over many salt concentrations, we track the full
behavior of the wetting transition. Figure 3 shows the surface
phase diagram for βηp± =−0.05 plotted on top of the bulk phase
diagram. The green line is the surface spinodal for the super-
natant on the surface. Crossing this line from left to right on the
diagram results in spontaneous formation of the coacervate layer

on the surface (wetting). When the green line falls below the
binodal (red), the surface spinodal exists in the metastable re-
gion for the bulk supernatant phase. The pink line is the coacer-
vate surface spinodal, where the (metastable) coacervate surface
layer must dewet the surface. The black line is the surface co-
existence point determined by the crossing point of the relevant
free energy (see Figure S2†). Because the surface coexistence line
extends off the bulk binodal (red), this line is also known as the
prewetting line. As one approaches the critical bulk salt concen-
tration, there is no distinction of supernatant or coacervate phases
so the surface transition should be second order in the proximity
of the bulk critical point72. Indeed, the three lines in the sur-
face phase diagram converge on a surface critical point. Above
that point but below the bulk critical point, a horizontal trajec-
tory on the phase diagram leads to a continuous divergence of
the excess adsorption, which is consistent with a second order
wetting transition. For low salt, the surface coexistence line even-
tually intersects with the bulk binodal, which we define as the
wetting salt concentration, φwet

± . For the conditions in Figure 3,
this occurs at φwet

± ≈ 0.053. One can draw analogy to the wetting
temperature typical in liquid-vapor systems78,79. The existence
of surface spinodals below the wetting salt concentration, called
extended wetting, is also expected from classical wetting theory
when polyelectrolyte–surface interaction is favorable80. When
this occurs, the wetted coacervate surface phase can only exist on
the surface as a metastable state since there is no crossing of the
free energy (see Figure S3†).

When the nonelectrostatic adsorption is asymmetric (ηp+ ̸=
ηp−), the interfacial profiles for the polyions will differ from one
another and this charge separation gives rise to a spatially varying
electrostatic potential. Figure 4 shows the adsorption isotherms
for asymmetric adsorption on a charge-neutral surface (Qs = 0),
where we keep ηp− = 0 while varying the strength of the poly-
cation attraction to the surface ηp+ . With ηp− = 0, polyanions
are indifferent to the surface so the formation of the coacervate
on the surface must be driven by the adsorption of polycation.
Compared to Figure 2, the values of ηp+ to induce complete wet-
ting are necessarily higher since polycations must drag polyan-
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ions to the surface via electrostatic attraction to induce a surface
phase transition. The curve for βηp+ = −0.1 in Figure 4 looks
qualitatively similar to βηp± = −0.05 in Figure 2a. Another no-
ticeable difference for asymmetric adsorption is the disappear-
ance of turning points for βηp+ ≤ −0.15. The excess adsorption
diverges continuously, which indicates a second order transition
(Figure S4†). Second order wetting transitions are usually asso-
ciated with systems where long range fluid–fluid interactions are
dominant over the short range fluid-solid interaction81, as is the
case near the bulk critical point. The emergence of a second or-
der transition indicates that the electrostatic attraction between
adsorbed polycation and indifferent polyanion has an enhanced
role in the wetting transition compared to its role in symmetric
adsorption, pushing the surface critical point to lower salt concen-
trations. This result may at first seem nonintuitive since the sec-
ond order transition develops when the short range polycation–
surface interaction (ηp+) becomes more favorable. However, in-
creasing ηp+ increases the local charge separation near the sur-
face. There must be sufficient charge separation to see the effect
of long range electrostatics. At the same salt concentration, for
symmetric adsorption, we find only first order transitions when
increasing βηp± . The balance of the long range and short range
forces is tied to both the strengths and intrinsic length scales of
those forces, so we expect nontrivial phenomena to arise from
this competition when varying factors like the monomer charge
fraction or the salt concentration. Exploring each of these factors
is beyond the scope of the current work.

3.2 Electrowetting
Now, we consider the effect of applying an electric potential on
the surface transition and surface phase diagram. We consider
symmetric adsorption where βηp± = −0.05 with a positive ap-
plied surface potential (ψ0 > 0). A positive electrostatic potential
will enhance the attraction of the polyanion to the surface and
repel the polycation. The adsorption of salt ions will similarly be
affected. For a single salt concentration of φ B

± = 0.1, we show

Fig. 3 Surface phase diagram for βηp+± =−0.05 superimposed on bulk
phase diagram (red). Lines correspond to supernatant surface spinodal
(green), supernatant–coacervate surface coexistence (black), and coac-
ervate surface spinodal (pink). Symbols correspond to the wetting salt
concentration ( ), the surface critical point ( ), and the bulk critical
point ( ).

Fig. 4 Polyelectrolyte adsorption isotherms for asymmetric nonelectro-
static attraction strengths (ηp+ < 0 and ηp− = 0) at a constant bulk salt
concentration of φ B

± = 0.1. ∆β µp± = β µp± −β µcoex
p± is a measure of the

distance from coexistence.

Fig. 5 Polycation adsorption isotherms with βηp± = −0.05 for various
surface potentials βeψ0 at a constant bulk salt concentration of φ B

± = 0.1.
∆µp± = µp± −µcoex

p± is a measure of the distance from coexistence. (Inset)
Polyanion density profiles for βeψ = 0.3 corresponding to the matching
solid colored points on the adsorption isotherm. For reference, 1 βeψ ≈
22 mV.

the adsorption isotherm of the polycation for various applied po-
tentials in Figure 5. We show the polycation adsorption since
the main driving force for its adsorption is the nonelectrostatic
interaction with the surface. The polyanion will have higher ad-
sorption for increasing applied potentials to compensate for the
positive surface charge density. Figure 5 indicates that as the ap-
plied potential increases, the surface transition evolves from a
first order prewetting transition to a second order transition. The
switch is reflected in the absence of turning points in the curve
for βeψ0 = 0.5. This result is similar to the asymmetric nonelec-
trostatic adsorption discussed previously, where the charge sepa-
ration enhances the role of long range electrostatic forces.

The inset of Figure 5 shows the polyanion density profiles along
the adsorption isotherm for βeψ0 = 0.3. In the region very close
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Fig. 6 Rescaled salt concentration of the surface critical point, φ∗
±, versus

the applied potential for βηp± =−0.05. Rescaled variables are ∆φ∗
± = φ∗

±−(
φ∗
±

)
ψ0=0

with
(

φ∗
±

)
ψ0=0

= 0.11 (Figure 3). The solid black line indicates

the scaling of −∆φ∗
±/
(

φ∗
±

)1/2
∼ ψ2

0 fit to the first 3 points predicted
points.

to the surface, the adsorption of polyanion is greatly enhanced.
Upon approaching the binodal, the coacervate layer grows out of
the strongly adsorbing surface layer. The coacervate layer that
grows approaches same composition for all values of βeψ0, since,
as stated earlier, the eventual composition of the coacervate film
is determined by the tie-line on Figure 1. The interfacial profiles
for all species, potential profiles, and charge density are shown
in Figure S5† for βeψ0 = 0.3. The charge density and potential
profile return to bulk values of zero within z/b = 5. After this
distance, despite the coacervate layer on the surface, the effect
of electrostatic adsorption is screened out. Further, Figure S5†
shows that the potential profile and charge density crosses zero,
which is a sign of strong charge accumulation at the surface and is
typical of polyelectrolyte adsorption82–84. Practically, these find-
ings are advantageous since one can alter the wetting properties
(order of the transition, wetting salt concentration, etc.) by ap-
plying a potential without disrupting the coacervate film compo-
sition far from the surface. We briefly note that because the non-
electrostatic parameters for polycation and polyanion are equal
(βηp± =−0.05), applying a negative surface potential rather than
a positive one has the same overall effect with the labels for posi-
tive/negative species reversed.

The wetting transition is intimately tied to our description of
the supernatant phase as uniformly mixed. Figures S5a&b† show
that the wetting transition proceeds by initially forming a dense
layer of one polyion. We hypothesize that obtaining the same
degree of charge separation is unlikely if the supernatant phase
is made up of polyion clusters. For this reason, we expect that
the assumption of a uniformly mixed supernatant phase overesti-
mates the prevalence of charge separation and thus, the electro-
static effect on the order of the wetting transition. However, we
do not currently have a method of describing the adsorption of
such polyion clusters to a solid surface.

The crossover from a first order to second order wetting transi-
tion in Figure 5 indicates that the salt concentration correspond-
ing to the surface critical point (φ∗

±) has moved below φ B
± = 0.1

for applied potentials greater than βeψ0 = 0.2. There are sev-
eral works that describe how the surface or interfacial tension de-
creases for small applied potentials (within the linear regime) for
solid surfaces85,86 and even liquid–liquid interfaces87. However,
the location of the surface critical point does not have an obvious
scaling relationship. Using a simple scaling analysis, we hope to
give a physical reason for movement of φ∗

±. The wetting transi-
tion corresponds to replacing the supernatant–solid interface with
coacervate–solid and supernatant–coacervate interfaces. Along
the prewetting line (black line in Figure 3), the condition for
surface phase coexistence is S = γsup,co + γco,solid − γsup,solid = 0,
where S is the spreading coefficient. Below the bulk critical point,
γsup,co > 0 and we can combine the other two terms to repre-
sent the effect of adsorption of the coacervate phase compared
to the supernatant phase, Fads/A = γco,solid − γsup,solid. For favor-
able adsorption, Fads/A < 0. Thus, the prewetting line is deter-
mined by balancing γsup,co and Fads/A. When applying an elec-
tric potential, we consider how φ∗

± should change. We maintain
that S = 0 so that ∆γsup,co +∆Fads/A = 0, where the ∆ indicates
the change from no applied potential (ψ0 = 0). As mentioned in
the introduction, the scaling of the interfacial tension with salt
concentration is well studied, γsup,co ∼ (φ crit

± − φ±)3/2. Further,
∆Fads/A should scale with the energy stored in the electric dou-
ble layer, ∆Fads/A ∼ −eQsψ0. Small applied potentials lead to
small changes in φ∗

±. Expanding the difference from zero po-

tential to linear order, ∆γsup,co ∼
(

φ∗
±

)
ψ0=0

− φ∗
± ≡ −∆φ∗

±, and

for small potentials, Qs ∼ κψ0/lB. Assuming the salt concentra-
tion is much larger than the polyion concentration at the surface

critical point, κ ∼
(

φ∗
±

)1/2
. Thus, ∆Fads/A ∼ −

(
φ∗
±

)1/2
ψ2

0 and

ψ2
0 ∼−∆φ∗

±/
(

φ∗
±

)1/2
. Figure 6 shows this scaling relationship by

plotting −∆φ∗
±/
(

φ∗
±

)1/2
versus ψ2

0 , where the linear relationship

validates the scaling for small applied potential.

3.3 Contact Angle

Finally, we consider wetting behavior on-coexistence. The cen-
tral quantity in studying on-coexistence wetting is the contact an-
gle. The contact angle stems from the three-phase coexistence
between the surface, supernatant, and coacervate phases78 and
is determined from Young’s equation.

cos(θ) =
γsup,solid − γco,solid

γsup,co
(11)

where the terms in the numerator are the supernatant–solid
and coacervate–solid surface tension, respectively, and are deter-
mined separately from Eq. 10 using bulk conditions from coex-
isting phases from Figure 1. Although both terms in the numer-
ator should be the total interfacial tension, the contribution from
the pure solvent cancels out upon taking the difference, so that
only the excess supernatant–solid and coacervate–solid surface
tensions are needed. The denominator in Eq. 11 is the interfacial
tension, which we calculate using the methods described in our
earlier work28. Figure S6† gives γsup,co for the phase diagram in
Figure 1. The contact angle is only defined for partially wet sys-
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tems. For complete wetting or complete drying, the contact angle
will take the values of 0◦ and 180◦, respectively, since one phase
will form a macroscopic layer on the surface.

Figure 7 shows the contact angle versus the supernatant salt
fraction (φ±)sup for symmetric and asymmetric nonelectrostatic
adsorption. Starting with the symmetric case, negative values of
βηp± correspond to an favorable (attractive) interaction, while
positive values are a repulsive interaction with the surface. In-
creasing the salt concentration toward the bulk critical salt con-
centration leads to either complete wetting or complete drying.
Complete wetting only occurs for ηp± < 0, which indicates that
a favorable nonelectrostatic interaction is required for complete
wetting in the absence of electrostatic effects. For βηp± =−0.05,
the wetting salt concentration is (φ±)sup ≈ 0.053, which is equiv-
alent to the wetting salt concentration in the surface phase di-
agram in Figure 3. Increasing the magnitude of the attractive,
or repulsive, polyelectrolyte–surface interactions leads to smaller
φ

wet/dry
± . Figure 7b indicates that complete wetting or drying still

occurs when only one component has an interaction with the sur-
face. Compared to the same values of βηp+ as in Figure 7a, the
wetting and drying salt concentrations are higher. Such a result
is expected since the driving force for adsorption is not as strong
when only one component has an attractive, or repulsive, inter-
action with the surface.

Qualitatively, the curves featuring complete wetting in Figure
7 resemble data reported by Spruijt and coworkers21. To make a
direct comparison, we assume a length scale of σ = b = 0.4 nm
and fit βηp± such that the wetting salt concentration is 1 M,
which is consistent with the transition to complete wetting in their
work. Figure 8 shows semi-quantitative agreement between the
measured and predicted contact angles. We note that we have
assumed symmetric adsorption with no electrostatic potential to
minimize the number of fitted parameters. While not shown here,
one can also achieve similar agreement using the same fitting ap-
proach for asymmetric adsorption (ηp+ < 0, ηp− = 0).

Applying a positive electrostatic potential to the surface in-
creases the favorability of the surface interaction for the polyan-
ion but penalizes adsorption for the polycation. As seen in the
shift of the surface critical point for symmetric adsorption, apply-
ing a surface potential actually improves the overall wettability
(Figure 6). In Figure 9, we show the effect of an applied poten-
tial on the contact angle for symmetric adsorption. For no applied
potential, complete drying occurs upon increasing the salt con-
centration. With an applied potential of βeψ0 = 0.2, the system
exhibits complete wetting. Further increases in the applied poten-
tial move the wetting point lower on the phase diagram. The kink
in the contact angle for βeψ0 = 0.5 is due to a prewetting transi-
tion that occurs for high applied potentials at low salt concentra-
tion (see Figure S7†). The existence of multiple prewetting transi-
tions is well-known for highly favorable adsorption88. Physically,
these transitions correspond to layering-type transitions, where
the strongly adsorbing component (polyanion here) is highly en-
riched at the surface. We generally find that additional prewetting
transitions occur when βeψ0 ≥ 0.5 for almost all of the values of
ηp± studied. While we expect our theory to qualitatively identify
layering transitions, fully describing layering transitions requires

Fig. 7 Contact angle versus supernatant salt fraction for various (a) sym-
metric adsorption parameters βηp± and (b) asymmetric adsorption pa-
rameters (βηp− = 0). Critical salt concentration is φcrit

± = 0.115. Contact
angles calculated by Eq. 11. In (a) and (b), the electrostatic potential
at the surface is zero (βeψ0 = 0). For asymmetric adsorption, the overall
potential profile, ψ(z), is non-zero due to the asymmetric interaction with
the surface. Coexisting concentrations determined by phase diagram in
Figure 1.

Fig. 8 Contact angle versus salt concentration in the supernatant phase.
Line represents symmetric adsorption with a nonelectrostatic adsorption
strength βηp± =−0.06, which was determined by fitting described in the
text. Experimental data reproduced from Ref. 21 with permission from
the Royal Society of Chemistry.
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Fig. 9 Contact angle versus the supernatant salt fraction when applying
a surface potential for βη± = 0.01. Critical salt concentration is φcrit

± =

0.115. For reference, 1 βeψ ≈ 22 mV.

a more sophisticated treatment of electrostatic correlation and
packing effects, which is beyond the scope of this work.

The observation of layering phenomena seen with applied po-
tentials prompts reevaluation of the underlying physical picture
of our theory. At the start of Section 3, we claimed that some
aspects of wetting behavior are similar when using the assump-
tion of uniformly mixed polyions compared to explicitly consider-
ing polyion clusters in the supernatant phase. In Figure S8†, we
compare γsup,solid from two different representations of the super-
natant phase — a solution of uniformly mixed polyelectrolytes
and a polyelectrolyte-free solution of salt ions. Both represen-
tations have the same osmotic pressure as the coacervate phase.
As shown in the ESI†, γsup,solid is not meaningfully affected by
the presence of polyelectrolytes in the supernatant phase, ex-
cept when there is an applied potential to the surface. In other
words, the presence of polyelectrolyte in the supernatant phase
does not appreciably influence the contact angle for symmetric
and asymmetric nonelectrostatic adsorption without an applied
potential. We hypothesize that explicitly considering the nonelec-
trostatic adsorption of clusters will similarly have little influence
on γsup,solid compared to the γco,solid so that the contact angles
would be unaffected. When applying a surface potential, strong
polyelectrolyte adsorption leads to deviations in γsup,solid from the
polyelectrolyte-free case (Figure S8b†). Figure S9† compares the
contact angle prediction when using the excess surface tension
from the two representations of the supernatant phase. With
electrostatic-driven adsorption, we expect polyion clusters would
have different adsorption behavior at the coexisting supernatant
composition than the uniformly mixed solution. Such differences
would be enhanced as the influence of electrostatic effects near
the surface increases. We bring these subtleties to the readers’
attention to emphasize the limitations and assumptions in our
theory. Despite these limitations, we maintain that the essential
physics of wetting is captured by the uniformly mixed approach,
and we reserve any improved description of adsorption in the su-
pernatant phase to future work.

Figure 10 shows the contact angle as a function of the applied
potential for fixed bulk salt concentrations. In either panel, one
can see that increasing the applied surface potential decreases

Fig. 10 Contact angle versus applied surface potential for symmetric
adsorption at a fixed salt concentration. Bulk salt concentrations are
fixed at (a) φB

± = 0.1 and (b) φB
± = 0.0385 (1 M). For reference, 1 βeψ ≈

22 mV.

the contact angle, eventually leading to complete wetting. Most
notably, in Figure 10a, we see that a system with βη = 0.03 ini-
tially exhibits complete drying and transitions to complete wet-
ting with an applied potential of less than 15 mV. Lower salt con-
centrations, like Figure 10b, are further from the critical point
so the tendency to wet and dry the surface is lessened. In other
words, for all values of βηp± the contact angle moves toward
90◦ for ψ0 = 0. Upon applying the potential, all systems transi-
tion to complete wetting. However, we again note the kinks in
the curves that correspond to additional prewetting transitions.
The important aspect from the additional prewetting transition is
that the effect of the applied potential is diminished, evidenced
by the decrease in the magnitude of the slope of the curves after
the kink. For βηp± = 0.03, one can see that the applied potential
to induce complete wetting occurs closer to βeψ0 = 1.3, which is
nearly double the value in Figure 10a.

We can explain and quantify how the contact angle changes
with the applied potential using a simple thermodynamic ar-
gument. Consider varying the applied potential for a given
supernatant–coacervate tie-line on the phase diagram. Taking the
partial derivative of the contact angle with respect to the potential

(
∂ cos(θ)

∂ψ0

)
T,A,{µ}

=

1
γsup,co

[(
∂γsup,solid

∂ψ0

)
T,A,{µ}

−
(

∂γco,solid

∂ψ0

)
T,A,{µ}

]
(12)

with {µ} signifying the chemical potentials of all species. The
derivatives on the right-hand side are related to the surface
charge density by the Maxwell relation58,89; thus(

∂ cos(θ)
∂ψ0

)
T,A,{µ}

=
e [(Qs)

co − (Qs)
sup]

γsup,co
(13)

where the surface charge densities correspond to that of the co-
existing coacervate and supernatant phases each on the solid sur-
face. The second derivative is related to the capacitance of each
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phase on the solid surface85.(
∂ 2 cos(θ)

∂ψ2
0

)
T,A,{µ}

=
e [(C)co − (C)sup]

γsup,co
(14)

The capacitance generally increases with concentration so that
Eq. 14 is positive. Together, Equations 13 and 14 indicate that
cos(θ) is minimized when the surface charge of the coacervate
and supernatant on the surface is the same. For symmetric ad-
sorption, (Qs)

co = (Qs)
sup = 0 for no applied potential so that the

contact angle will always decrease with an applied potential (pos-
itive or negative). Near layering transitions, the capacitance of
the supernatant phase can be larger than the coacervate phase
for the same potential, resulting from the strong adsorption of
one polyion type associated with the transition. This phenomena
can been seen as positive curvature in the curves in Figure 10.

Figure 11 shows the wetting/drying salt concentration as a
function of the applied potential for various situations. As a
reminder, the wetting/drying salt concentration is the salt con-
centration where the coacervate/supernatant phase completely
wets/drys the surface. In Figure 11a, wetting and drying salt
concentrations are plotted on the same curve and are differenti-
ated by the line styles. The solid curves denote wetting and the
dashed ones indicate drying. One can read each curve as a phase
diagram, where vertically crossing the curves from low to high
salt concentration corresponds to the transition from partial to
complete wetting/drying. We can further interpret an increase
in φ

dry
± or decrease in φwet

± as improving the overall wettability

below φ
wet/dry
± . For instance, with βηp± = 0.01 (magenta curve),

by applying no potential, one can only cross the dashed line, cor-
responding to complete drying. By applying a negative or posi-
tive potential, the drying salt concentration increases, eventually
passing through the bulk critical point, indicating the system has
switched to complete wetting rather than drying. For the same
parameters, this transition from a drying salt concentration to a
wetting salt concentration is illustrated in Figure 9. For all of the
curves in the symmetric case in Figure 11a, applying a positive or
negative potential improves the overall wettability, where drying
switches to wetting and/or φwet

± moves to lower salt concentra-
tions.

For asymmetric adsorption in Figure 11b, we only plot sys-
tems that undergo complete wetting. For all parameters con-
sidered, the wetting salt concentration has a maximum at pos-
itive potentials. This result can best be explained by Equation
13. For no applied potential, polycations adsorb on the surface
due to the favorable nonelectrostatic interaction. Polycation ad-
sorption induces a negative surface charge density, and due to
the density differences in supernatant and coacervate phases,
(Qs)

co < (Qs)
sup. Because the capacitance of the coacervate is

higher than the capacitance of the supernatant (C)co > (C)sup,
applying a positive applied potential will lead to faster changes in
(Qs)

co than (Qs)
sup so that condition (Qs)

co = (Qs)
sup requires a

positive applied potential. The net result is a nonmonotonic de-
pendence of the wetting salt concentration on the applied poten-
tial. For the conditions in Figure 11b, applying a positive poten-
tial initially diminishes the wettability (increases contact angles

below φwet
± ), then improves wettability after the maximum con-

dition. On the other hand, applying a negative potential will only
improve the surface wettability.

4 Conclusions
In this work, we study wetting transitions and contact angles of
complex coacervates at solid surfaces. As expected from classical
wetting theory, the wettability improves when approaching the
bulk critical point. The wetting transition is found to be primar-
ily first order with metastable regions that span multiple orders
of magnitude of the polyelectrolyte concentration. Long range
electrostatic forces arising from local charge separation can shift
the surface critical point to lower salt concentrations, extending
the range of second order wetting transitions if there is sufficient
nonelectrostatic adsorption asymmetry or an applied surface po-
tential. Many of the results presented here are similar to wetting
behavior of simple fluids and polymer blends90–93. The essen-
tial difference is the presence of electrostatic forces that influence
both the phase separation of the polyelectrolytes and possibly
their interaction with the surface. The locations of the surface
critical point and wetting salt concentration can be tuned by the
polymer chemistry (nonelectrostatic interaction) and an applied
electrostatic potential on the surface. We rationalize the effect
of the electrostatic potential on wettability using arguments from
surface thermodynamics.

The issues addressed in this work are relevant to several fea-
tures seen in nature’s underwater adhesives. One aspect is re-
lated to symmetric and asymmetric adsorption in biological sys-
tems. DOPA residues are prevalent in several of mussel foot pro-
teins47 compared to the sandcastle worm’s adhesive proteins,
where DOPA is primarily present in only one of the proteins36.
Our results indicate that complete wetting is possible when only
one component has nonelectrostatic adsorption but such asym-
metry generally requires a more favorable polyion–substrate in-
teraction and the wettability is dependent on the electrostatic po-
tential of the surface. As discussed in the introduction, mussels
have the ability to tune the surface characteristics. For example,
they induce a pH change from 8 (seawater) to less than 5, which
will impart a negative zeta potential on most surfaces. As we
highlight in our work, electrostatic manipulation of the surface is
a powerful method to tune surface wettability, requiring only po-
tential changes on the order of 10 mV to dramatically affect the
contact angle. Conversely, given a surface condition (e.g. fixed
pH), there are optimal polycation/polyanion characteristics best
suited to wet the substrate. Tuning design parameters requires
understanding the delicate interplay of nonelectrostatic adsorp-
tion with electrostatic-driven adsorption. Overall, we hope that
our work can serve as a guide for designing systems that use com-
plex coacervates on solid surfaces.

Recently, the wetting behavior of protein condensates on solid
surfaces has also been associated with the origin of life94. The
general class of surface-mediated processes in biological systems
extends beyond solid surfaces. Many of the principles of wet-
ting a solid, rigid surface can be applied to the wetting of soft,
elastic substrates95,96. Zhao et al. used a thermodynamic ap-
proach to study how membrane surfaces decorated with surface
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Fig. 11 Wetting/drying salt concentration φ
wet/dry
± versus applied potential for (a) symmetric adsorption and (b) asymmetric adsorption. In (a),

dashed lines denote the drying salt concentration, φ
dry
± . In both panels, solid lines denote the wetting salt concentration, φwet

± .

bound molecules improve the wetting of neutral protein conden-
sates88. While complex coacervates represent only one type of
protein condensate, we expect that extensions of the present work
could be used to probe the combined effects of electrostatics and
membrane elasticity on the wetting of biological membranes.

We also hope to extend our work to capture some of the physics
that our inhomogeneous mean-field theory does not address. As
mentioned throughout, treating the supernatant phase as uni-
formly mixed dismisses the presence of polyion clusters. Form-
ing a coacervate phase on the surface would require the cluster–
surface interaction to overcome the translational entropy of the
clusters, and in asymmetric adsorption, the energy to rearrange
the cluster to facilitate local charge separation97. Other impor-
tant effects not included in this work are strong electrostatic cor-
relation and packing effects near the surface. Substantial ad-
sorption or large applied potentials can lead to layering transi-
tions75,98,99 and other non-intuitive phenomena84,100,101 where
the Debye–Hückel treatment of electrostatics and a point-particle
representation are not expected to be accurate. Capturing each of
these effects requires a more sophisticated theory, which remains
an outstanding challenge.
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