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ABSTRACT
This work applies a molecular theory to study the formation of lateral self-assembled aggregates in mixed brushes composed of polyanion
and polycation chains. In order to overcome the well-known limitations of mean-field electrostatics to capture polyelectrolyte complex-
ation, the formation of ion pairs between anionic and cationic groups in the polyelectrolytes is explicitly modeled in our theory as an
association reaction. This feature is essential to capture the microphase separation of the mixed brush and the formation of lateral aggre-
gates triggered by polyelectrolyte complexation. The effects of solution pH and ionic strength, surface coverage, and chain length on the
morphology of the mixed brush are systematically explored. It is shown that increasing salt concentration leads to the rupture of poly-
electrolyte complexes and the stabilization of the homogeneous, non-aggregated brush, providing that the formation of ion pairs between
the polyelectrolytes and the salt ions in solution is explicitly accounted for by the theory. The inclusion of ion-pairing association reac-
tions between oppositely charged polyelectrolytes within a mean-field description of electrostatics emerges from this work as a useful
and simple theoretical approach to capture the formation of polyelectrolyte complexes and their responsiveness to solution ionic strength
and pH.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0020779., s

I. INTRODUCTION

Polyanions and polycations mixed in solution are known to
form interpolyelectrolyte complexes stabilized by ion pairs between
the charged groups in the polyelectrolyte chains.1–4 The forma-
tion of these ion pairs results in the expulsion of small counterions
that are condensed on the polyelectrolytes. This entropic process—
known as counterion release—is now recognized to be a main driv-
ing force behind polyelectrolyte complexation.2,3,5–8 The formation
of interpolyelectrolyte complexes in solution usually results in the
separation of a polyelectrolyte-rich solid precipitate or liquid coac-
ervate and a polyelectrolyte-poor solution.1,2 On the other hand,
a mixture of polycations and polyanions end-grafted to a surface,
i.e., a mixed polyelectrolyte brush,9–14 is also expected to form

interpolymer complexes on the surface, but it cannot macroscopi-
cally phase-separate because of the constraints introduced by graft-
ing. In this work, we theoretically study whether the complexion
of oppositely charged polyions in a mixed polyelectrolyte brush
can lead to the formation of lateral aggregates via a microphase-
separation process.15,16

Polyelectrolyte complexation is a key phenomenon for different
technologies and applications. Protein/polysaccharide complexes
and coacervates have important applications as emulsifiers, viscosity
enhancers, and platforms for nano/microencapsulation.17,18 Poly-
electrolyte complexation is also likely to be a dominant force in the
formation of biologically relevant membraneless organelles19–21 and
underwater adhesives.22 The formation of polyelectrolyte complexes
at interfaces serves as the basis of the layer-by-layer method for the
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fabrication of ultrathin polyelectrolyte films.4,23 Polyelectrolyte com-
plexation can be relevant in the field of polyelectrolyte brushes, for
example, when two opposing surfaces bearing a polycation and a
polyanion brush, respectively, are brought into contact.24–26 Alter-
natively, the polycation and polyanion chains may be grafted onto
the same surface and form a mixed polyelectrolyte brush.9–11,13,14,27

The latter type of mixed brush has been much less studied than
single-component polyelectrolyte brushes or mixed neutral-polymer
brushes,28 but its amphoteric properties made it very appealing for
switchable surfaces.9,10,14,27

Houbenov et al. reported the first example of a mixed
polyanionic/polycationic brush.9 Both the polycation [poly(2-
vinylpyridine) (P2VP)] and the polyanion [poly(acrylic acid)
(PAA)] used in the study were weak polyelectrolytes, which allowed
the control of the morphology of the system by changing the pH.
A minimum thickness (most compact state) was obtained between
pHs 4 and 8, when both polyelectrolytes were partially ionized.9

Drechsler et al. studied the morphology of this system using in
situ AFM imaging as a function of the solution pH and ionic
strength.13 These authors observed ripple-like structures at low ionic
strengths (1 mM), which were ascribed to aggregates (bundles) of
interacting PAA and P2VP chains. These ripple structures soft-
ened at high ionic strengths (1M), which is in agreement with the
expected destabilizing effect of added salt on interpolyelectrolyte
complexes.1,3,24,29–31

The technological and biological relevance of interpolyelec-
trolyte complexes has motivated theoretical models and simula-
tions to rationalize their behavior. Mixed polyelectrolyte brushes
were theoretically studied by lattice theory32 and a molecular the-
ory.33 In both cases, the theory predicted a polymer-density profile
that is highly heterogeneous in the direction normal to the sur-
face, which indicates a coexistence of stretched and collapsed chains
within the brush. However, these theoretical works did not predict
the possibility of lateral aggregates (i.e., the formation of inhomo-
geneities in the plane of the substrate), and, therefore, they can-
not explain the nanomorphologies observed by AFM by Drech-
sler et al.13 We believe that a main limitation of previous works
to predict lateral phase separation resides in the mean-field treat-
ment of electrostatic interactions. Mean-field electrostatics neglects
the correlations between the polycation and polyanion that are
important to properly describe the formation of ion pairs and, ulti-
mately, the assembly of interpolyelectrolyte complexes. Theoretical
tools to model polyelectrolyte complexes in solution beyond the
mean-field level34 include the random phase approximation,35–38

field theoretic approaches,39,40 and the PRISM theory.41 On the
other hand, the theoretical description of polyelectrolyte complex-
ation on interfaces has received much less attention than that in
solution.

In this work, we introduce a molecular theory that captures
the formation of polyelectrolyte complexes by explicitly consider-
ing the formation of ion pairs between the segments of the oppo-
sitely charged polyelectrolytes. Borrowing previous ideas from the
fields of layer-by-layer self-assembly42,43 and polyelectrolyte com-
plexation in solution,2,31,36 we model the formation of these ion
pairs as an association chemical reaction. We apply the theory to
study the structure of mixed polyanion/polycation brushes and to
systematically investigate the effect of the polyelectrolyte surface
coverage and chain length, and the solution pH and the ionic

strength on the onset conditions for microphase separation. We
show that the formation of lateral aggregates is not predicted to
occur in the absence of the ion-pairing reaction and ascribe this
observation to the fact that mean-field electrostatic interactions by
themselves cannot properly describe polyelectrolyte complexation.
Moreover, we show that in order to capture the well-known destabi-
lizing effect of added salt on polyelectrolyte complexes, it is also nec-
essary to include in the theory the association of small salt ions with
the charges in the polyelectrolyte, which we also model as association
reactions.

II. THEORETICAL APPROACH
A. Formation of ion pairs and coupled chemical
equilibria

Figure 1 shows a scheme of the system under consideration: a
mixed brush of a weak polyacid (polyanion) and a weak polybase
(polycation) in a solution containing protons, hydroxyl ions, salt
anions (e.g., Cl−), and cations (e.g., Na+). As shown in Fig. 1, each
segment in the polyions can participate in three different association
reactions:

(i) Association with protons or hydroxyl ions in solution (i.e.,
acid–base reactions). These reactions include the acid–base
equilibria of the dissociation of acid groups in the polyacid
chains,

Pol–AH⇌Pol–A− + H+, (1)

and of the base groups in the polybase,

Pol–B + H2O⇌ Pol–BH+ + OH−. (2)

FIG. 1. We consider a mixed brush of a weak polyacid (polyanion) and a weak
polybase (polycation) immersed in an aqueous solution of salt ions (anions and
cations), protons, and hydroxyl ions. The polyelectrolyte chains are under good
solvent conditions, i.e., there are no effective non-electrostatic attractive interac-
tions between the polymer segments. The total surface density of grafting points is
σ = σA + σB, and the length of the chains is N. The theory explicitly considers the
formation of ion pairs between the acid and basic groups in the polyelectrolytes
(polyion–polyion ion pairs), their corresponding acid–base reactions, and the for-
mation of ions pairs between the anionic and cationic groups of the polyelectrolyte
and free salt ions in solution (ion–polyion ion pairs).
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(ii) Association between charged groups in the polyelectrolytes
according to the reaction:

Pol–A− + Pol–BH+⇌[Pol–A−Pol–BH+]. (3)

The inclusion of the ion-pair formation between
polyions in a molecular theory is a novel feature of the
present work, which is inspired by previous ideas in the
field of layer-by-layer films42,43 and polyelectrolyte com-
plexes in solution.2,31,36 We demonstrate below that this fea-
ture enables the formation of aggregates in the mixed poly-
electrolyte brushes. We will refer hereafter to the process
described by Eq. (3) as the formation of polyion–polyion
ion pairs to distinguish it from the ion–polyion ion pairs
described in the next paragraph.

(iii) Association between the charged groups in the polyelec-
trolyte chains and free salt ions in solution (also referred to as
counterion condensation44). We propose to model this pro-
cess as an association chemical reaction.31,36 The formation
of ion pairs between the polyanion and a cation in solution
is, thus, described by

Pol–A− + Na+⇌Pol–ANa, (4)

and the association of the polycation and an anion in solution
is described by

Pol–BH+ + Cl−⇌Pol–BHCl. (5)

We will refer hereafter to the ion pairs formed in Eqs. (4) and (5) as
ion–polyion ion pairs.

B. Molecular theory for a brush of oppositely charged
polyelectrolytes

In order to formulate the molecular theory for this system, we
start by writing down an approximate Helmholtz free-energy func-
tional, which has contributions from the translational entropy of
the solvent and the ions (−TSTrans), the internal free energy of these
species associated with their standard chemical potential (Fint), the
conformational entropy of the polyelectrolyte chains (−TSConf), the
free energy related to chemical acid–base and ion-pairing equilibria
(FChem), and the electrostatic contribution (FElect),

βF = −STrans/kB + βFint − SConf /kB + βFChem + βFElect , (6)

where kB is Boltzmann’s constant.
The term −STrans/kB, accounting for the translational (mixing)

free-energy of solvent molecules and ions, is given by

− STrans/kB = ∑
i=H+ ,OH− ,Na+ ,Cl− ,s

∫ ρi(r)[ln(ρi(r)vs) − 1]dr, (7)

where i = H+, OH−, Na+, Cl−, s for protons, hydroxyl ions, salt
cations, salt anions, and solvent molecules (water), respectively. ρi(r)
is the number density at position r and vs molecular volume of
the solvent. The next term is the internal free energy of mobile
species,

βFint = ∑
i=H+ ,OH− ,Na+ ,Cl− ,s

∫ ρi(r)βμoi dr, (8)

where μo
i is the standard chemical potential of species i.

The third term in Eq. (6) represents the conformational entropy
of the polymers, which is given by

−Sconf /kB =
NA

∑
j
∑
αA

PA(αA, j) ln(PA(αA, j))

+
NB

∑
j
∑
αB

PB(αB, j) ln(PB(αB, j)), (9)

where the summations over j run over the total number of chains of
each type. In this equation, PA(αA, j) is the probability of having the
polyanion at the grafting point j in the conformation αA and PB(αB, j)
is defined analogously for the polybase.

The fourth term, βFchem, includes all contributions to the free
energy from the chemical reactions in the system. This term is
given by

βFchem = ∫ ⟨nA(r)⟩ ∑
j=c,uc,

as,as - ion

f Aj (r)(ln( f Aj (r)) + βμo,A
j )dr

+ ∫ ⟨nB(r)⟩ ∑
j=c,uc,

as,as - ion

f Bj (r)(ln( f Bj (r)) + βμo,B
j )dr

− ∫ ⟨nA(r)⟩f Aas(r)(ln(⟨nA(r)⟩f Aas(r)vAB) − 1)dr. (10)

The summation over j in the first and second terms of
Eq. (10) includes all possible states of a segment in the polyelec-
trolyte chains: charged (“c,” correspond to pol-A− and pol-BH+),
uncharged (“uc,” pol-AH and pol-B), associated (“as,” correspond
to the [pol-A−⋯pol-BH+] complex) and associated with a salt ion
(“as-ion,” pol-ANa, and pol-BHCl). The expression in Eq. (10)
results from the combination of different chemical equilibria con-
sidered in previous studies,45–49 namely: (i) acid–base reactions,47,50

(ii) polymer–polymer association,48,49 and (iii) ion–polyion ion-
pair formation.45,51 In Eq. (10), μo,i

j and fj i(r) denote the chemi-
cal potential and the fraction of monomers, respectively, of state
j (j = c,uc,as,as-ion) for a segment of type i (i = A, B). vAB is the
volume of the [pol-A−⋯pol-BH+] complex. We present a detailed
derivation of Eq. (10) in the supplementary material.

It is important to remark that the fractions of segments in the
different states are not independent, since their summation must
fulfill

∑
j=c,uc,

as,as - ion

f ij (r) = 1 for i = A, B. (11)

In Eq. (10), ⟨ni(r)⟩ is the total concentration of monomers of type i
(i = A, B) at position r, which is given by

⟨ni(r)⟩ =
Ni

∑
j
∑
αi
Pi(αi, j)ni(r;αi, j), (12)

where ni(r;αi, j)dr is the number of polymer segments that a chain
of type i (i = A, B) in conformation αi and tethered to the grafting
point j has in the element of volume between r and r + dr.
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The last term in Eq. (6) is the electrostatic contribution to the
free energy. Here, ψ(r) is the electrostatic potential and ϵ is the
dielectric permittivity,

βFelec = β∫ [⟨ρq(r)⟩ψ(r) −
1
2
ϵ(∇ψ(r))2]dr, (13)

where the total charge density is

⟨ρq(r)⟩ = f Ac (r)qA⟨nA(r)⟩ + f Bc (r)qB⟨nB(r)⟩ + ∑
i=H+ ,OH− ,Na+ ,Cl−

qiρi(r),

(14)

where qi is the charge of the species i. We remark that the elec-
trostatic contribution in Eq. (13) does not account for the forma-
tion of ion pairs because of its mean-field nature. Therefore, we
explicitly consider the formation of ion pairs in our theory in the
Fchem term, as described above. Note also that the dielectric per-
mittivity is assumed to be constant throughout the system. In a
previous study, the lateral pressure of a single-component polyelec-
trolyte brush (which is the relevant quantity to study microphase
separation, see below) was shown to be almost identical for position-
independent and position-dependent dielectric functions (see Fig. 5
in Ref. 50).

It is important to note that the chemical potential of the ions
in the system is fixed by their concentration in the bulk solution;
therefore, the proper thermodynamic potential that describes the
system is not the Helmholtz free energy (which considers fixed num-
ber of particles), but rather a potential that is grand-canonical for the
ions and solvent and canonical for the polyelectrolyte chains. This
potential is

βω = βF − ∑
i=Na+ ,Cl− ,H+ ,OH− ,s

βμi ∫ ρi(r)dr − βμH+ ∫ f Auc(r)⟨nA(r)⟩dr

−βμNa+ ∫ f Aas–ion(r)⟨nA(r)⟩dr − βμOH− ∫ f Buc(r)⟨nB(r)⟩dr

−βμCl− ∫ f Bas–ion(r)⟨nB(r)⟩dr, (15)

where the third and fourth terms in the right-hand side account for
the protons and salt cations associated with the polyacid and the
fifth and sixth terms correspond to the hydroxyl ions and salt anions
associated with the polybase.

So far, we have not discussed attractive and repulsive inter-
actions in our theory besides the association processes modeled as
chemical reactions. In previous studies for single-component poly-
mer brushes under poor solvent conditions,15,46,47,52,53 microphase
separation resulted from the short-range effective van der
Waals attractions between polymer segments (difference between
segment–segment and segment-solvent attractions). In the present
work, short-range van der Waals attractions were on purposely not
included in the theory because we are interested in studying whether
the formation of ion-pairs can trigger aggregate formation in mixed
polyacid/polybase polymer brushes, even in a good solvent for both
polyelectrolyte chains.

Repulsions in the theory are approximately treated as excluded-
volume interactions using a packing constraint:

⟨ϕA(r)⟩ + ⟨ϕB(r)⟩ + ∑
i=H+ ,OH− ,Na+ ,Cl− ,s

ρi(r)vi = 1 at all r, (16)

where vi is the volume of species i and ⟨ϕi(r)⟩ = ⟨ni(r)⟩vp is the
volume fraction of segments of type i (i = A, B). The volume of
a polymer segments is vP and it is assumed to be the same for all
four states of the segment and both types of polymers. Equation (16)
models all repulsive interactions in the theory, with the exception
of intrachain repulsions, which are exactly considered by excluding
self-overlapping chain conformations.

There is a second constraint that enforces the stoichiome-
try of polyion–polyion ion pairs: at each r, the number density of
associated A-type and B-type segments must be the same,

⟨nA(r)⟩f Aas(r) = ⟨nB(r)⟩f Bas(r). (17)

A final constraint involves the normalization of the probability
distribution functions for the chain conformations, Pi(αA, j),

∑
αi
Pi(αi, j) = 1 for all j and i = A, B. (18)

The constraints in Eqs. (16)–(18) are enforced using Lagrange
multipliers. Therefore, the equilibrium state of the system corre-
sponds to an extreme of the following potential:

L = βw+β∫ π(r)
⎛
⎝
⟨ϕA(r)⟩+⟨ϕB(r)⟩+ ∑

i=s,Na+ ,Cl− ,H+ ,OH−
ρi(r)vi − 1

⎞
⎠
dr

+ ∫ λ(r)[⟨nA(r)⟩f Aas(r) − ⟨nB(r)⟩ f Bas(r)]dr

+ ∑
i=A,B

Ni

∑
j
ξi(j)
⎛
⎝∑αi

Pi(αi, j) − 1
⎞
⎠

. (19)

The functional extrema of this potential with respect to the
unknown functions in the theory, ρi(r), Pi(αi, j), ψ(r), fci(r), fuc

i(r),
fas

i(r), and fas-ion
i(r), lead to expressions for these quantities in equi-

librium. For simplicity, we will describe the final expressions that are
obtained after rearrangements and substitutions.

The extreme of L with respect to Pi(αi, j) (for i = A, B) results
in

Pi(αi, j) =
1

qi(j)
exp[−∫ ni(r;αi, j)(ln( f ic (r))

+ qiβψ(r) + βvpπ(r))dr], (20)

where qi(j) = 1/exp(1 + ξi(j)) is a single-chain partition function. The
expression in parentheses in Boltzmann’s factor has contributions
related to the electrostatic [qiβψ(r)] and osmotic-pressure [vpβπ(r)]
interactions, in addition to the term ln[f i

c(r)] that results from the
fact that each segment can exist in four different chemical states. This
last term is related to an entropic effect that arises from the chemical
contribution to the free energy. As explained in Ref. 50, Boltzmann’s
factor in Eq. (20) can be written in terms of any of the four possible
chemical states considered in the present theory. The factor ln[f i

j(r)]
(where j is the chosen state) appears in Boltzmann’s factor as a result
of that choice. In Eq. (20), Boltzmann’s factor was written in terms
of the charged state (j = c) and, for that reason, it contains the elec-
trostatic contribution qiβψ(r), which is the energy of interaction of a
charged segment with the electrostatic potential (qi = −|e| and |e| for
acid and basic segments, respectively).

J. Chem. Phys. 153, 144903 (2020); doi: 10.1063/5.0020779 153, 144903-4

Published under license by AIP Publishing

https://scitation.org/journal/jcp


The Journal
of Chemical Physics ARTICLE scitation.org/journal/jcp

The density distribution of each mobile species, i = s, OH−, H+,
Na+, Cl−, obtained from the corresponding functional derivatives of
L are

ρi(r)vi = exp(−β(μoi − μi(r) + π(r)vi + qiψ(r))). (21)

For the solvent (s), this expression is reduced to50

ρs(r)vs = exp(−βπ(r)vs). (22)

It is possible to rewrite the expressions of the local densities ρi(r) in
terms of the concentrations in the bulk.45,47,50

The minimization of L with respect to the fractions f i
c(r),

f i
uc(r), f i

as(r), and f i
as-ion (r) for i = A, B results in chemical equi-

librium equations. For the acid–base dissociation reaction of acid
groups, we have

f Ac (r)ρH+(r)
f Auc(r)ρs(r)

= AKo
a , (23)

where AKa
o is the thermodynamic equilibrium constant of the acid–

base reaction,

AKo
a = exp(−βΔGo) = exp(−β(μoH+ + μo,A

c − μo,A
uc )). (24)

An analogous expression is obtained for the basic segments,

f Bc (r)ρOH−(r)
f Buc(r)ρs(r)

= BKo
b , (25)

where

BKo
b = exp(−βΔGo) = exp(−β(μoOH− + μo,B

c − μo,B
uc )). (26)

In Eqs. (23) and (25), we assumed vs = vH+ = vOH− (see Sec. II E
below). Note that Eqs. (23) and (25) are the chemical equilibria
equations corresponding to reactions (1) and (2), respectively. The
thermodynamic equilibrium constants AKa

o and BKb
o can be related

to the most commonly used equilibrium constants using molar con-
centrations, AKa and BKb, by evaluating Eqs. (23) and (25) in the
bulk solution (where ρsvs ≈ 1) and applying a multiplicative factor
to change units. In this case, AKa and BKb are obtained by dividing
AKa

o and BKb
o by a factor co NA⋅vs/(1024 nm3/dm3), where NA is

Avogadro’s number and co = 1M is the concentration of the standard
reference state for AKa and BKb. The constant for the dissociation of
the base BKb can then be converted into the constant for the dis-
sociation of the conjugated acid (BH+): BKa = Kw/BKb, where Kw
is the equilibrium constant for the water self-dissociation reaction
(Kw = 10−14).

The equations for the interaction between the charged sites in
the polyelectrolytes with salt ions are similar to Eqs. (23) and (25),
although we opted to express them as association reactions instead
of the dissociation reactions used in Eqs. (23) and (25) to describe
acid–base reactions. For polymer A, the association of a negatively
charged segment with a cation in solution is given by

f Aas - ion(r)(ρs(r)vs)(vNa+ /vs)

f Ac (r)ρNa+(r)vs
= AKo

as - ion, (27)

where AKo
as-ion is the thermodynamic equilibrium constant of the

association reaction (4),

AKo
as - ion = exp(β(μoNa+ + μo,A

c − μo,A
as - ion)). (28)

An analog expression holds for the association of a positively
charged segment in polymer B and an anion in solution,

f Bas - ion(r)(ρs(r)vs)(vCl− /vs)

f Bc (r)ρCl−(r)vs
= BKo

as - ion, (29)

where BKo
as-ion is the thermodynamic equilibrium constant of the

association reaction (5),

BKo
as - ion = exp(β(μoCl− + μo,B

c − μo,B
as - ion)). (30)

In this case, the thermodynamic equilibrium constants AK0
as-ion

and BK0
as-ion can be converted to equilibrium constants in molar

concentrations (AKas-ion and BKas-ion) by multiplying them by a
factor co⋅NA⋅vs/(1024 nm3/dm3).

The chemical equilibria equation for the ion-pairing reaction,
reaction (3), is

f Aas(r)
f Ac (r)f Bc (r)⟨nA(r)⟩

= f Bas(r)
f Ac (r)f Bc (r)⟨nB(r)⟩

= Ko
asvAB, (31)

where Ko
as is the thermodynamic equilibrium constant that regu-

lates the polyion–polyion ion-pair formation, given by

Ko
as = exp(−β(μo,A

as + μo,B
as − μo,B

c − μo,A
c )). (32)

Note that the volume of the complex, vAB, can be absorbed
into an effective equilibrium constant. The conversion of the con-
stant vABKo

as to a constant in molar concentrations (Kas) requires
the multiplication by a factor co NA/(1024 nm3/dm3).

Finally, the extremization of L with respect to the electrostatic
potential, ψ(r), gives the expression,

ϵ∇2ψ(r) = −⟨ρq(r)⟩ (33)

with the following boundary condition for the bulk:

lim
z→∞

ψ(r) = 0, (34)

and the boundary condition at the uncharged grafting surface:

∂ψ(r)
∂z
∣
z=0
= 0. (35)

Note that Eq. (33) is analog to the Poisson equation with the
difference that the charge density and the electrostatic potential are
replaced by their ensemble-averaged quantities, ⟨ρq(r)⟩ and ψ(r),
respectively. While the Poisson equation is a fundamental equation
of electrostatics and exactly describes the electrostatic potential of a
given microstate, Eq. (33) is approximate. This mean-field electro-
static approach by itself can be inadequate to describe the behavior
of mixtures of oppositely charged electrolytes, where strong correla-
tions occur. For example, in a homogeneous solution of two oppo-
sitely charged polyelectrolytes, ⟨ρq⟩ = 0 because of the requirement
of phase electroneutrality and; therefore, the electrostatic potential
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is constant and the electrostatic contribution to the free energy van-
ishes. The present theory allows for spatial inhomogeneities, but
still two charges close enough (i.e., located at the same position
within the resolution of our discretization scheme, see below) will
cancel out. For these reasons, we introduced in the present theory
the polyion–polyion ion pairs as a method to partially correct the
underlying mean-field approach.

C. 1D-model approximation
The methodology described so far is the most general case for a

system that presents inhomogeneities in the three spatial directions
(x, y, and z). We will refer to this model hereafter as the 3D model.
A commonly used approximation is to assume that the system is
homogeneous in planes parallel to the grafting surface and, there-
fore, presents inhomogeneities only in the direction normal to it
(the z coordinate).50,54 We will refer to this approximation as the 1D
model. The 1D model has the obvious advantage of being computa-
tionally less expensive than the 3D model, and, therefore, it allows
us to perform a systematic exploration of the problem. By con-
struction, the 1D model cannot describe the shape of microphase-
separated aggregates, but it can provide the onset conditions for their
formation, as discussed in Sec. III.

In order to formulate the 1D model from the 3D model, we
simply assume that all functions that describe the structure of the
system (ρi, ψ, f i

c, f i
uc, f i

as, f i
as-ion) depend only on the z coordinate.

For example, Eq. (7) becomes

−STrans/(kBA) = ∑
i=H+ ,OH− ,Na+ ,Cl− ,s

∫ ρi(z)[ln(ρi(z)vs) − 1]dz. (36)

The case of Pi(αi, j) requires special attention because in the
1D model the specific locations of the grafting points on the surface
are lost and, therefore, the probability distribution function of chain
conformations does not depend on the grafting position j anymore.
The total number of grafting position in the system is equal to σiA,
where σi is the grafting density (grafting points per unit area) of the
chains of type i (i = A, B) and A is the area of the grafting surface.
Therefore, Eq. (9) becomes

−Sconf /(kBA) = σA∑
αA

PA(αA) ln(PA(αA))

+ σB∑
αB

PB(αB) ln(PB(αB)), (37)

and Eq. (12) is transformed to

⟨ni(z)⟩ = σi∑
αi
Pi(αi)ni(z;αi), (38)

where ni(z, αi)dz is the number of segments that a chain of type
i (i = A, B) has in the element volume between z and z + dz when it is
in conformation αi. It should be noted that in this model, the graft-
ing pattern is irrelevant because of the assumption of homogeneity
in the plane parallel to the grafting surface.

Note that in Eqs. (36) and (37), the entropies are divided
by the area of the system. The same is true for all terms in ω
[Eq. (15)] and, therefore, the 1D model provides us free energy
densities, ω/A.

D. Discretization and numerical solution
of the theory

The equations of the theory are discretized in a cubic lattice of
volume δ3 (3D model) or in layers of thickness δ (1D model), where
δ = 0.5 nm. The resulting set of equations is solved by replacing the
equations resulting from the functional extrema of L [Eqs. (20)–
(32)] into the packing constraints [Eq. (16)], the Poisson equation
[Eq. (33)], and the ion-pairing stoichiometry constraint [Eq. (17)].
This procedure produces a set of 3M equations (whereM is the num-
ber of cubic cells in the 3D model or planar layers in the 1D model)
and 3M unknowns: the values of ϕs, ψ and ⟨nA⟩ in each cell or layer
of the system. This coupled system of non-linear equations is solved
using numerical methods. The inputs of the theory are the molec-
ular model, the properties of the solution (salt concentration and
pH), and the grafted brush (surface coverage and chain length) and
the set of randomly generated polymer conformations. As an out-
put, we obtain structural and thermodynamic information on the
system.

E. Molecular model
We generated a set of 106 random polymer conformations

using the rotational isomeric state (RIS) model55 with a segment
length of 0.8 nm. The bulk pKa values (acid–base equilibrium con-
stants) for the acid and base groups were set to 5 and 9, respectively.
The dielectric constant ϵ was set to that of water 78.5ϵ0 every-
where in the system, which is a good approximation for polyelec-
trolyte brushes.50 The volumes of salt ions (vNa+ and vCl−), solvent
molecules (vs), and polymer segments (vp) were set to 0.08 nm3,
0.03 nm3 and 0.06 nm3, respectively.

III. RESULTS
A. Structure of the mixed polyelectrolyte brush

In Fig. 2, we analyze the structure of the mixed polyelectrolyte
brush determined with the 1D model. The polyacid and polybase
are symmetric in our system because we chose to use the same chain
length (N) and surface coverage (σ) for both polymers. We chose
their pKa values (acid–base equilibrium constants) to be pAKa = 5
and pBKa = 9, respectively, and, therefore, the system is fully sym-
metric for pH = 7, where both polymers bear the same charge. Fig-
ures 2(a) and 2(b) show the volume fraction of the polyacid (polyA)
and the polybase (polyB) as a function of the distance from the
grafting surface for values of pKas = 5 and −1.6 and pH = 7, respec-
tively. The value of pKas determines the polyion–polyion ion-pairing
constant Kas, pKas = −log10(Kas); therefore, a more positive pKas
indicates weaker ion-pairing. In Fig. 2, as well as in other cases
discussed in this section, we assume that the association between
the polyelectrolyte and salt ions is very weak, and, therefore, ion–
polyion association is neglected (the effect of the ion–polyion ion
pairs will be discussed in Sec. III B). The insets of Figs. 2(a) and
2(b) show that the fraction of associated segments as a function of
the distance to the grafting surface. For pKas = 5, the formation
of ion pairs is weak, the degree of association of both polyelec-
trolytes is close to zero [inset in Fig. 2(a)], and the predictions of
our theory are in line to previous work that did not explicitly con-
sidered ion-pairing interactions.32,33 At pH = 7 and pKas = 5, the

J. Chem. Phys. 153, 144903 (2020); doi: 10.1063/5.0020779 153, 144903-6

Published under license by AIP Publishing

https://scitation.org/journal/jcp


The Journal
of Chemical Physics ARTICLE scitation.org/journal/jcp

FIG. 2. The volume fraction of the polyacid and the polybase as a function of the
distance to the surface calculated with the 1D model for pH = 7 [panels (a) and (b)]
and 10 [panel (c)] and pKas = 5 [panel (a)] and −1.6 [panels (b) and (c)], where
pKas = −log10(Kas). Kas is the equilibrium constant of the polyion–polyion asso-
ciation reaction (larger values of pKas indicate weaker polyion–polyion ion pairs).
Inset: fraction of associated segments in the polyacid and the polybase, fas

i (i = A,
B), as a function of the distance from the surface. Note that in panels (a) and (b),
|pH − pKa| = 2 for both the polyacid and the polybase, and, therefore, the system
is symmetric and the volume fraction of the polymers and fraction of associated
segments of the polyacid and polybase are the same. Calculation conditions: pKa

polyacid = 5, pKa polybase = 9, N = 30, salt concentration 0.1M, surface coverage
σA = σB = 0.4 chain nm−2, and no ion–polyion association.

brush extends up to ∼13 nm from the surface. Note that a pure
polyacid or pure polybase brush under the same conditions is more
stretched than the mixed brush (up to ∼14 nm, see Fig. S1 in the
supplementary material). Pure polyacid or polybase brushes swell
because of the osmotic pressure of the mobile counterions required
to balance the charges of the polyelectrolyte.56 On the other hand,
in the symmetric mixed brush, the compensation of polyelectrolyte
charges results in a smaller degree of swelling than in the single-
component layer, even when ion-pairing interactions are absent
(Kas ≪ 1).

The formation of ion-pairs, which is not captured by standard
electrostatic mean-field interactions, is considered in the present
theory as a chemical association equilibrium; see Eq. (3). Figure 2(b)
shows results for pH = 7 and pKas = −1.6. Under these conditions,
∼70% of the polyelectrolyte charges participate in polyion–polyion
ion pairs (see the inset). The density profile in Fig. 2(b) shows that
the brush is considerably more collapsed than the case with pKas
= 5 in Fig. 2(a). Figure 2(c) shows the volume–fraction profiles
for pKas = −1.6 and pH = 10. Under these conditions, the poly-
acid (pAKa = 5) is fully charged while the polybase (pBKa = 9)
is not. The polyacid, therefore, is more stretched than the poly-
base. In the region 0 < z < 6 nm, the fraction of the associated
acid segments is higher than that of the associated base segments
[fasB < f asA, see the inset in Fig. 2(c)] and the opposite behavior
is observed for z > 6 nm. This result is a consequence of the stoi-
chiometry constraint, Eq. (17), which enforces that the total num-
ber of associated acid and basic segments to be the same locally. In
other words, when the total local density of a given type of segment
increases (and the density of segments of the other type remains
fixed), the fraction of those segments in the associated state should
decrease.

Let us analyze in detail the population of each possible chem-
ical state of the polyelectrolyte segments: (i) charged and unas-
sociated (pol-A− for the polyacid, pol-BH+ for the polybase), (ii)
uncharged (pol-AH for the polyacid, pol-B for the polybase), (iii)
associated in a polyion–polyion ion pair ([pol-A−⋯pol-BH+] com-
plex), and (iv) associated in an ion–polyion ion pair (pol-A−Na+

and pol-BH+Cl−; corresponds to a charged polyelectrolyte group
with a condensed counterion). The population of the latter state
is negligible for the results shown in this section because we used
very small ion–polyion association constants (AKas-ion, BKas-ion ≪ 1,
i.e., we neglected polyion–ion association in these calculations). In
Fig. 3, we analyze how the populations of the other three chem-
ical states (charged, uncharged, and associated) are controlled by
the pH and the polyelectrolyte–polyelectrolyte ion-pairing associ-
ation constant, Kas. In Fig. 3, the chemical state of the polyelec-
trolyte segments is summarized in terms of their average fractions,
defined as

⟨f pi ⟩ =
∫ f pi (z)⟨np(z)⟩dz
∫ ⟨np(z)⟩dz

, (39)

where i = c, uc, and as for charged, uncharged, and associated seg-
ments, respectively, and p = A, B for the polyacid and the polybase,
respectively. Note that in Fig. 3, ⟨ fasA⟩ = ⟨ fasB⟩ under all condi-
tions. This result is a consequence of the stoichiometry constraint:
even when the fractions of associated segments fasA (z) and fasB (z)
can differ locally [e.g., results shown in the inset of Fig. 2(c)], the
stoichiometry condition given by Eq. (17) results always in ⟨ fasA⟩
= ⟨ fasB⟩ [this result can be easily demonstrated by replacing Eq. (17)
into Eq. (39)].

For pKas = 5 (Kas = 10−5), the ion-pairing interaction is very
weak and, therefore, the fraction of associated segments is close to
zero for all pHs. The fraction of charged species follows the typ-
ical acid–base speciation curve. On the other hand, under strong
association conditions, pKas = −2, the ion-pairing interaction pro-
duces a significant fraction of associated segments. The fraction
of associated segments has a maximum at pH 7, where both the
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FIG. 3. Average fractions of charged, uncharged, and associated segments for
the polyacid and the polybase as a function of pH for pKas = 5 [panel (a), weak
polyion–polyion ion pairing] and −2 [panel (b), strong polyion–polyion ion pairing].

polyacid and the polybase are highly charged. As the pH is increased
from this value, the acid–base equilibrium of the basic segments is
shifted toward the uncharged species and the fraction of charged
pol-BH+ species decreases. This decrease shifts the ion-pairing asso-
ciation equilibria [Eq. (3)] toward the unassociated state. A simi-
lar argument holds for the effect of decreasing pH from the opti-
mum value of pH = 7. Note, however, that the associated state can
dominate the population even under conditions where the frac-
tion of charged free segments is much smaller than that of the
neutral free state (e.g., pH 4 for the polyacid and pH 10 for the
polybase).

B. Microphase separation due to ion-pairing
interactions

So far, we have shown that the 1D model predicts the col-
lapse of the mixed brush upon increasing the strength of ion pair-
ing. The question that arises is whether this interaction can lead to
microphase separation of the mixed brush, even when both poly-
electrolytes are in a good solvent (i.e., there are no effective van
der Waals attractions between segments). It is well known that a
mixture of polyanions and polycations in solution can phase sep-
arate forming a polymer rich phase (polyelectrolyte coacervate)

and a polymer-poor solution.1,2,31,34,36 This type of macroscopic
phase separation clearly cannot occur in a mixed brush due to
the constraint introduced by the grafting points; however, the sys-
tem can microphase separate, forming micro- or nanometer-sized
domains on the surface. Carignano and Szleifer57 have demon-
strated that it is possible to estimate the onset of microphase
separation in a polymer brush using a 1D model, as we explain
below.

Let us consider the thermodynamics of the system in Fig. 1
in terms of the following thermodynamic variables: nA (number of
grafted polyacid chains), nB (number of grafted polybase chains), T
(temperature), A (area), and μi (chemical potential of free species, i
= s, H+, OH−, Na+ and Cl−). Note that this description of the system
is just approximate for a polymer brush, where the number of poly-
electrolyte chains is not a proper thermodynamic variable because
it cannot be controlled by changing an intrinsic thermodynamically
conjugated variable (i.e., its chemical potential). In other words, the
following derivation is strictly valid for a system with laterally mobile
chains. However, in a previous study,47 we have shown that this
argument can predict the onset of microphase separation of poly-
mer brushes from 1D-model calculations in very good agreement
with fully 3D calculations.

The thermodynamic potential for the system described in the
previous paragraph is the semi-grand canonical free energy,ω [given
by Eq. (15)]. The differential of ω as a function of those of its natural
thermodynamic variables is

dω = −ΠdA + μAdnA + μBdnB + SdT + ∑
i=s,H+ ,OH− ,Na+ ,Cl−

nidμi, (40)

where Π is the lateral pressure. Euler integration results in

ω[A,nA,nB,T,{μi}] = −ΠA + μAnA + μBnB. (41)

In order to be thermodynamically stable with respect to the for-
mation of lateral inhomogeneities, a laterally homogeneous system
should fulfill the condition,

∂Π
∂A
)
nA ,nB ,T,{μi}

= − σ
A
∂Π
∂σ
)
xB ,T,{μi}

< 0, (42)

where in the second equality, we transformed the derivative with
respect to the area A (extensive variable) to a derivative with respect
to the intensive variable,58 σ = (nA + nB)/A = σA + σB and xB is the
molar fraction of the polybase on the surface, xB = nB/(nA + nB)
= B/σ.

The lateral pressure results from57

Π = − ∂ω
∂A
)
nA ,nB ,T,{μi}

= −A ∂ω/A
∂A
)
nA ,nB ,T,{μi}

− ω/A

= σ
∂ω/A
∂σ
)
xB ,T,{μi}

− ω/A. (43)

Note that the partial derivatives in Eqs. (42) and (43) are done
at constant xB (i.e., constant surface composition). The calculation of
Π requires the free energy density, ω/A, which is straightforwardly
obtained from the 1D-model molecular theory calculation, as a func-
tion of the total surface coverage (σ) for a fixed brush composition
(xB). According to Eq. (42), a system of laterally mobile chains will
be stable with respect to lateral phase separation when Π(σ) is a
monotonically increasing function. It can be shown that in the case
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of a single-component system, Eqs. (42) and (43) result in a condi-
tion over the slope of the chemical potential of the polymer (see the
supplementary material). In other words, the stability criterion
based on Π(σ) is more general than that based on μ(σ), and these
two criteria become equivalent only when there is only one type of
polymer chain in the system. In previous studies,46,47,52 the condition
over the chemical potential has been proved to correctly capture the
onset of microphase separation of the grafted polymer and polyelec-
trolyte brushes under poor-solvent conditions. Therefore, the condi-
tion of Π(σ) being a monotonically increasing function will be used
in the rest of this work as an approximate criterion for the thermo-
dynamic stability of the homogeneous polyanion/polycation brush.
In Sec. III C, this criterion is validated by comparing the predic-
tions of Eq. (43) for the mixed polyanion/polycation brush against
the predictions of the 3D model.

Figure 4(a) shows the theoretical predictions for the lateral
pressure, Π, of the mixed brush at pH = 7 as a function of the
total surface coverage, σ, for different values of the polyion–polyion
ion-pairing equilibrium constant. Interestingly, in the system where
ion-pairing interactions are negligible (pKas = 5, Kas = 10−5), Π
monotonically increases with σ. This result is important because
it indicates that a mean-field treatment of electrostatics without
including ion-pairing interactions cannot capture the formation of

FIG. 4. (a) Lateral pressure of the grafted polyelectrolyte molecules as a function
of the total surface coverage, σ (σ = σA + σB) for a constant surface composition
(σA = σB) and different values of the polyion–polyion ion-pair association con-
stant, pKas. (b) Stability diagram for the mixed polyelectrolyte brush derived from
condition in Eq. (42), showing the stability of the homogeneous brush and the inho-
mogeneous, microphase-separated brush as a function of σ and pKas for different
values of the polyelectrolyte chain length, N (the polyacid and the polybase have
the same chain length). Calculation conditions: salt concentration 0.1M, N = 30
[panel (a) only], pH = 7, pAKa = 5, pBKa = 9 and no ion–polyion association.

lateral aggregates in mixed polyacid/polybase brushes. On the other
hand, for pKas < −0.4 (Kas > 2.51), the Π vs σ curve exhibits a
minimum at a critical value, σcrit. For σ < σcrit, the condition given
by Eq. (42) suggests that the laterally homogeneous film is unsta-
ble and, therefore, microphase separation is expected. In summary,
microphase separation is predicted for mixed polyanion/polycation
brushes only when the possibility of ion-pairing interactions is
explicitly accounted for. The formation of lateral inhomogeneities
predicted by our theory may explain the observation of ripple-like
morphologies in the AFM experiments of Ref. 13. Interestingly,
experiments and theory have shown that ion pairing is responsible
for the formation of lateral aggregates in a related system: single-
component polyelectrolyte brushes immersed in a solution of multi-
valent ions.59 In that case, however, self-assembly into aggregates is
triggered by the formation of ion pairs between the polyelectrolyte
and the multivalent ion in solution rather than by complexation
between two oppositely charged polyelectrolytes grafted on the same
surface.

When the total polyelectrolyte surface coverage is smaller than
the critical value (minimum of the Π vs σ curve), the system is
predicted to form nanometric aggregates and become laterally inho-
mogeneous. Figure 4(b) shows the curves of stability of the homo-
geneous brush in the pKas vs σcrit plane for different chain lengths,
N (both the polyanion and polycation chains have the same length).
Note that below these curves, the homogeneous brush is predicted
to be thermodynamically unstable, and, thus, it should microphase
separate. In this regard, these curves indicate the “spinodal” stabil-
ity of the system, although they are not real spinodal curves from the
thermodynamic point of view because there are not two well-defined
phases in equilibrium and because Eq. (42) is not a strict criterion of
stability for grafted chains, as we discussed above. We observe that
increasing N leads to a decrease in the surface coverage required
for microphase separation and, therefore, to an increase in the
stability of the homogeneous-brush morphology. This same trend
was observed for the microphase separation of polymer brushes
under poor-solvent conditions,46 and it can be explained by con-
sidering that long chains can easily collapse to form a homoge-
neous layer, while short chains have limited extension, and, there-
fore, they tend to form aggregates upon collapsing. Interestingly,
one AFM study of mixed polybase/polyacid (4PVP/PAA) brushes
has shown a ripple morphology (attributed to a laterally segregated
structure),13 while in another study, a flat non-segregated surface
was observed.14 Based on the results of Fig. 4(b), we hypothesize
that the different morphologies observed in these two studies may
result from using different degrees of polymerization and/or sur-
face coverages, so the conditions of the first study may be in the
microphase separation regime, while those in the second one may
be not.

In Fig. 5, we analyze the effect of pH on the stability of the
homogeneous brush. It is interesting to mention that under some
conditions [e.g., pH 4 and N = 30, see Fig. 5(a)], the Π vs σ plot dif-
fers from the example shown for pH 7 in Fig. 4(a) in the fact that the
curve has two critical values for which dΠ/dσ = 0 (i.e., it forms a van
der Waals loop) instead of one. In those cases, microphase separa-
tion is predicted to occur between the two values of σcrit. The effect
of pH on the morphology diagram is summarized in Fig. 5(b). As
expected from the acid–base constants of each segment type (pAKa
= 5 and pBKa = 9), there is a symmetry in the morphology diagram
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FIG. 5. (a) Lateral pressure of the grafted polyelectrolyte molecules as a function
of the total surface coverage, σ for pH = 4. (b) Stability diagram for the mixed
polyelectrolyte brush as a function of σ (for σA = σB) and pKas for different values
of pH. Calculation conditions: pKas = −2 [panel (a) only], salt concentration 0.1M,
N = 30, pAKa = 5, pBKa = 9, and no ion–polyion association.

with respect to pH = 7. The predictions show that the microphase
separation is most effective at pH = 7, because, as we have shown
above, at this pH the fraction of associated segments is maximized.
The fact the homogeneous brush is more stable under asymmetric
conditions (pH 4 and 10) than under symmetric ones (pH 7) does
not imply that polyion–polyion pairing has a negligible effect on
the structure of the brush in the former case: in Fig. S3 in the sup-
plementary material, we show that pKas affects the morphology of
the brush for pH 4, even when the homogeneous brush is the stable
morphology.

Figure 5(b) shows that at low pH, the homogeneous brush
becomes stable at low surface coverages (a reentrant behavior).
A similar behavior has been previously predicted for single-
component weak polyelectrolyte brushes in a poor solvent.46 We
stress that our model does not consider short-range hydropho-
bic interactions and, therefore, microphase separation is only
attributable to the formation of polyion–polyion ion pairs. How-
ever, the origin of the reentrant behavior observed for pH < 5 in
the present system seems to be the same as that described for
single-component brushes in poor solvent. At pH < 5, the charge
of the polycation is in excess to that of the polyanion. Under
these conditions, the electrostatic repulsions among polycations
reduce their charge via the charge-regulation mechanism.46,47,60

Decreasing the surface coverage results in a decrease in polycation–
polycation repulsions and, therefore, in an increase in the frac-
tion of charged segments. This increase in the fraction of ion-
ized polycation segments increases the solubility of the layer, sta-
bilizing the homogeneous brush and giving rise to the reentrant
behavior.

In Fig. 6, we analyze the role of salt concentration (Csalt)
on the morphology of the brush. For very small values of the

FIG. 6. Effect of salt concentration on the stability diagrams of the mixed poly-
acid/polybase brush as a function of σ (for σA = σB) and pKas for different values
of the ion–polyion association constant: AKas-ion = BKas-ion = 10−5 [(a), ion–polyion
association does not occur under this condition], AKas-ion = BKas-ion = 0.123 (b), and
AKas-ion = BKas-ion = 7.9 (c). In (c), the curve for Csalt = 1M is not shown because the
homogeneous brush is stable in the whole pKas–σ region under study. Calculation
conditions: pH = 7, NA = NB = 30, pAKa = 5, and pBKa = 9.

ion–polyion association constant, Kas-ion = 10−5 (the same value was
used for the polyacid and the polybase), ion–polyion ion pairs are
not formed (i.e., same situation as in Figs. 2–5). Figure 6(a) shows
that in this case, the formation of lateral aggregates is insensitive to
salt concentration up to a 0.1M concentration, and for Csalt = 1M,
the homogeneous phase is slightly de-stabilized. This result does
not agree with experimental observations of the effect of salt on
polyelectrolyte complexes,1,3,24,29–31 which show that salt addition
leads to the dissolution of polyelectrolyte complexes in solution and
polyelectrolyte multilayers on surfaces. Destabilization of polyelec-
trolyte complexes by salt is, in general, ascribed to the disruption
of polyion–polyion ion pairs by the formation of ion–polyion ion
pairs,

Na+ +Cl−+[Pol–A−Pol–BH+]⇌Pol–A−Na+ +Pol−BH+Cl−. (44)

Therefore, increasing the salt concentration is expected to sta-
bilize the homogeneous phase instead of destabilizing it [as pre-
dicted by our theory for Kas-ion = 10−5 in Fig. 6(a)]. The correct
trend can be recovered in our theory by increasing the value of the
ion–polyion association constant, Kas-ion. For example, Figs. 6(b)
and 6(c) shows the morphology diagrams for Kas-ion = 0.123 [value
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for the association constant of carboxylates and Na+ determined
from molecular dynamics (MD) simulations in Ref. 45] and 7.9,
respectively. In these diagrams, an increase in the salt concentra-
tion leads to the expected stabilization of the homogeneous phase.
We would like to mention that the choice of Kas-ion does not have a
qualitative effect on the phase-diagrams where the salt concentra-
tion is fixed (results in Figs. 2–5), although it changes the results
quantitatively (i.e., increasing Kas-ion leads to an increase in the
value of Kas required for microphase separation). In summary, the
results in Fig. 6 shows that the effect of ionic strength is only
correctly captured by our ion-pairing formalism when the forma-
tion of ion pairs between salt ions and polyion charges is explicitly
considered.

At this point, it is important to discuss two aspects of our the-
ory. First, we have omitted the possibility of ion-pair formation
between salt ions in solution (e.g., Na+ + Cl− ⇌ [NaCl]). The asso-
ciation constant for this process has been estimated to be 0.6M−1.61

The fraction of associated ions will be ∼5% in a 0.1M solution, but
it will increase to ∼30% in a 1M solution; therefore, this effect will
be relevant only in very saline solutions. In that case, its effect will
be to decrease the real concentration of free salt ions, thus dis-
placing the chemical equilibrium in Eq. (44) to the left. For sim-
plicity, we omitted the association between free ions in the present
work, but its inclusion may be eventually necessary to quantitatively
reproduce experimental measurements. This observation brings us
to a second important point: the choice of the values of the ion-
pair association constants, Kas (polyion–polyion association) and
Kas-ion (ion–polyion association). In this work, we decided to scan
the values of these constants to study their qualitative effect on a
model system. In order to make quantitative predictions on a spe-
cific system, these constants should either be obtained by fitting
the experimental data31 or estimated by other theoretical methods,
such as molecular dynamics simulations.45,61 Salehi and Larson31

reported values for the polyion–polyion and ion–polyion associa-
tion constants obtained by fitting the phase diagram of polyelec-
trolyte coacervates. We note that the theory in Ref. 31 was devel-
oped for polyelectrolytes in solution and contains contributions that
were not included in our theory (such as hydrophobic interactions
and Debye–Hückel ionic activities). Therefore, the order of mag-
nitude of the values in that work can be compared with the val-
ues scanned here; however, the exact values cannot be straightfor-
wardly used as an input for our theory. For the system poly(acrylic
acid)/poly(diallyldimethylammonium), Salehi and Larson reported
pKas = −2.9 (data in Table 2 of Ref. 31, note that the reported
K ip
∞ was divided by 55.56 to convert it to the molar reference

state) and Kas-ion = 77–194 (pKas-ion = −1.89–2.29). These values
are around one pK unit more negative than the values explored in
Fig. 5(c).

C. Comparison between 1D and 3D models
To confirm the validity of using the 1D model together with

Eq. (42) to estimate the onset of microphase separation, we per-
formed calculations with the 3D model, which allows inhomo-
geneities in the three spatial directions. The positions of the grafting
points are irrelevant in the 1D model because homogeneity in the
planes parallel to the substrate is assumed (i.e., the 1D model can-
not distinguish different grafting patterns). However, the explicit

grafting positions should be defined in the 3D model. For all calcula-
tions in this section, we produced a square arrangement of grafting
points. We grafted one polycation and one polyanion chain at each
grafting position (experimentally, such arrangement can be obtained
using Y-shaped initiators62,63). Both polyions have the same chain
length (N = 30) and we used pH = 7, so the properties of the
polyacid and polybase are symmetric. This situation corresponds
to a very symmetric system, which greatly facilitated the conver-
gence of the 3D-model calculations. In general, we failed to converge
less symmetric cases involving other pHs, unequal chain lengths,
or other grafting point arrangements. We believe that this failure
is of numerical nature rather than an intrinsic problem with our
theory. Because we imposed symmetric properties for the polyacid
and polybase chains and used a Y-grafting arrangement, the densi-
ties of the polycation and polyanion segments are the same locally.
This latter condition allowed us to simplify the equations of the the-
ory and converge the numerical problem (this condition is also true
because we also used the same set of conformations for both types of
polyelectrolytes).

Figures 7(a) and 7(b) show the morphology of the system pre-
dicted by the 3D model for a microphase separated system (polyion–
polyion association constant pKas = −2) and the homogeneous
case (pKas = −1), respectively. In both cases, σ = 0.125 nm−2. The
microphase separated case shows aggregates that are similar in shape

FIG. 7. [(a) and (b)] Homogeneous brush [panel (a)] and microphase-separated
aggregates [panel (b)] obtained using the 3D model for a mixed polyelectrolyte
brush. The right panels show color maps of the total polymer volume fraction (sum
of the volume fractions of A-type and B-type segments) in a cut along a plane
normal to the substrate. Blue dots indicate the position of the grafting points (each
grafting point has one polyanion and one polycation chain of the same length,
see text). The left panels show a perspective representation of the morphologies.
(c) Morphology diagram comparing the predictions of the 1D model (black line)
and the 3D model (blue solid squares for homogeneous brush and red empty
squares for the aggregates) as a function of the total grafting density, σ, and the
polyion–polyion association constant, pKas.
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and size to those obtained for single-polymer brushes under poor
solvent conditions in previous works.47,52 This result suggests that
the size of the aggregates is likely controlled by the surface density
and chain length (which are similar in the present work and previ-
ous works for brushes in poor solvent) rather than by the mechanism
of aggregation. Note that in the present case, each aggregate contains
both polycation and polyanion chains.

Figure 7(c) shows a comparison of the morphology diagrams
predicted in the pKas vs σ plane by the 1D model (solid black line)
and the 3D model (symbols). We should mention that, under some
conditions, we were able to converge both the homogeneous and
aggregated morphologies, but in those cases, we always observed
that the microphase-separated system had the smallest free energy
(see supplementary material). Generally speaking, the stability curve
predicted by the 1D model is in good agreement with the pre-
dictions of the 3D model, although it tends to overestimate the
stability of the microphase-separated region for low surface cov-
erages (σ < 0.2 nm−2) and to underestimate it for high ones,
σ > 0.2 nm−2.

IV. CONCLUSIONS
We developed a molecular theory to study mixtures of poly-

acids and polybases at interfaces and used it to model a mixed
polyelectrolyte brush. In order to overcome the well-known limi-
tation of the mean-field theories to deal with polyelectrolyte com-
plexation, we explicitly included in our theory the formation of ion
pairs between the charges of the polyions. Notably, the inclusion
of polyion–polyion ion pairs in the theory enables the formation
of lateral aggregates (microphase separation). These aggregates may
explain the ripples observed by the recent AFM experiments.13 We
have also shown the importance of considering the formation of ion
pairs between polyion charges and salt ions in solution to properly
capture the rupture of polyion–polyion ion bonds with an increase
in ionic strength.

We analyzed the effect of pH, salt concentration, chain length,
and surface coverage in the microphase separation of mixed brushes.
The formation of lateral aggregates is favored when both polyions
are highly charged, which in the case of the present study occurs at
pH 7. Increasing the density of the polyelectrolyte segments, either
by increasing the chain length or the surface coverage, results in
most cases in a stabilization of the homogeneous brush. However,
at low pH (pH < 5) and high pH (pH > 9), the mixed brush exhibits
reentrant stability: the homogeneous brush stabilizes at low values
of surface coverage.

In summary, we have demonstrated the usefulness of includ-
ing the formation of polyion–polyion ion pairs via an association
reaction formalism within a molecular theory. We believe that this
simple strategy can be useful in the future to address other systems
of interest where polycation–polyanion interactions are dominant,
such as polyelectrolyte coacervates in solution or multilayer films
obtained by layer-by-layer deposition of polyelectrolytes.

SUPPLEMENTARY MATERIAL

See the supplementary material for polymer volume–fraction
profiles of single-component polyelectrolyte brushes, thermody-
namic criteria for microphase separation of a single-component

brush in terms of its chemical potential, a comparison of the free
energy of the microphase-separated and the homogeneous brush
in 3D model calculations, volume fraction profiles for asymmetric
conditions (pH 4) as a function of pKas, and the derivation of the
chemical-equilibrium contribution to the free energy.
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