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ABSTRACT
We explore interactions between equally charged surfaces in the presence of simple salt and either neutral or monovalently charged polyam-
pholytes. We consider the possibility of using these charged polymers as crude models of ion clusters. The latter have been hypothesized to
form in concentrated aqueous salt solutions and are possibly related to anomalous underscreening. This phenomenon usually manifests itself
in unexpectedly strong and long-ranged effective forces at very high ionic strengths. If ion clusters are formed, they are expected to carry at
most a weak net charge. Keeping this in mind, we investigate how polyampholyte chains mediate interactions between charged surfaces. A
significant amount of simple salt is also present in most cases. We highlight that if the charges of the polyampholytes are unevenly distributed,
there is a polarization response that, in turn, can generate very strong and long-ranged surface forces, even at rather high concentrations of
simple salt. Aside from their possible relevance to ion clusters and underscreening phenomena, these results also suggest the possibility of
tailoring synthetic polyampholytes in order to regulate colloidal stability.

© 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0313308

I. INTRODUCTION

Using simple salts to tune the stability of colloidal dispersions
containing charged particles is a long-established and theoretically
well-grounded process.1–13 For aqueous systems with monovalent
ions, mean-field theories provide reliable predictions at low and
intermediate concentrations. A central outcome of such treatments
is the Debye screening length, λD, which characterizes the effective
range of electrostatic interactions in an ionic medium. Increasing
the salt concentration enhances ionic screening, thereby reducing
λD (∼1/

√
c).

Surprisingly, recent measurements using the Surface Force
Apparatus (SFA) have revealed a non-monotonic trend: beyond
a threshold concentration (typically near 1 M), the range of
effective repulsion between charged surfaces increases with added
salt.14–17 Similar trends have been reported in studies of col-
loidal stability18 and thin films,19 although conflicting results also

exist.20 Despite numerous theoretical efforts to rationalize these
observations,21–32 the molecular origin of this anomalous behavior
remains unresolved.

One proposed mechanism involves the formation of ionic
clusters, which would alter the effective free ion population
and lead to unexpectedly long-ranged interactions at high ionic
strengths.14,29,30,32–35 Experimental evidence supporting ion cluster-
ing at high concentrations has been reported in previous studies.36–43

In this work, we examine surface forces in aqueous environ-
ments containing (mainly) linear ionic clusters that crudely mimic
the ionic aggregates that may form in reality. We use an implicit
solvent representation, where water enters only through its dielec-
tric constant (εr = 78.3) and where some of the ions are connected
to form linear aggregates. These clusters either carry a univalent
net charge or are overall neutral. A population of simple salt (at
least 100 mM) is also included in the (model) solution, keeping in
mind that even if ion clusters are formed, one would anticipate a
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remaining fraction of dissociated ions. These systems are analyzed
using classical polymer Density Functional Theory (cDFT). We
demonstrate that such “clustered electrolytes” can generate remark-
ably strong repulsive forces between similarly charged surfaces
at short and intermediate separations, especially if the polyam-
pholytes have a heterogeneous charge distribution, allowing a strong
polarization response.

II. MODEL AND THEORY
The cartoon in Fig. 1 illustrates our two main models, which

contain monodisperse ion clusters plus simple salt.
They are presented as monovalent linear 11-mer polyam-

pholytes, which we denote as an 11:11 salt, keeping in mind that
this does not imply that the species are multivalent. Indeed, we
will restrict our models to contain only monovalent or net neutral
polyampholytes. The single charged monomers are connected by
bonds with a fixed length, b, but with full rotational freedom. While
we primarily use linear architectures for these polyampholytes, some
comparisons with results from branched chain models are made
in Appendix A. We find that, at least for alternating charge mod-
els, cDFT predictions with linear and branched chains agree almost
quantitatively.

We shall consider polyampholytes with two different charge
arrangements: alternating charges and block charges. Even degrees
of polymerization give neutral polyampholytes, whereas odd degrees
of polymerization lead to a monovalent polyampholyte salt. We use
r to denote the degree of polymerization (the number of monomers
per polyampholyte chain). It should be noted that the block charge
model might be prone to folding or flocculation at low concentra-
tions of simple salt in the bulk solution, without a charged surface
stabilizing the polarized structures. However, these polymers are
likely to be soluble at high ionic strengths.

Unless otherwise specifically stated, surface interactions will
be evaluated for like-charged walls with a surface charge density
of σs = −0.014286e/Å2. This is close to the estimated values for
mica in a salt solution,44 which are used in SFA experiments. The
calculations are performed using polymer-cDFT, which accounts
for hard-sphere exclusion between particles and with a mean-field
treatment of Coulomb interactions.

Non-bonded interactions between monomers are described by
the pair potential ϕij(r), defined as

βϕij(r) =

⎧⎪⎪⎪⎪
⎨
⎪⎪⎪⎪⎩

∞, r ≤ d,

lB
ηiηj

r
, r > d,

(1)

where β = (kBT)−1 is the inverse thermal energy, and d denotes the
monomer diameter. The Bjerrum length is lB ≈ 7.16 Å, and ηi and
ηj denote the valencies of monomers i and j (∣η∣ = 1 throughout this
work), respectively. We use n+(r) and n−(r) to denote the densities
of positive and negative polyampholyte monomers, whereas nc(r)
and na(r) are the concentrations of dissociated cations and anions.

We consider a system consisting of two infinite, rigid, and
planar surfaces separated by a distance h. Each surface carries a uni-
form charge density, and the surfaces are immersed in the model
mixture, and the inter-surface distance, h, is varied. The system is
described within the grand canonical ensemble, implying that the
confined fluid remains in chemical equilibrium with a bulk reservoir
of infinite extent. For each separation, the equilibrium (minimal)
free energy is determined, and the resulting osmotic pressure is eval-
uated either by numerically differentiating the free energy or via the
contact densities of monomers at the surfaces. All polymer configu-
rations are included following Boltzmann weighting, assuming that
density variations occur solely in the direction perpendicular to the
walls.45

In a completely ideal bulk polymer solution, where the only
constraints are the intramolecular bonds and no intermolecular
interactions or external potentials are present, the free energy F (id)p
for an r-mer can be written exactly as

βF (id)p = ∫ N(R)(ln [N(R)] − 1)dR + β∫ N(R)Vb(R)dR, (2)

where R = (r1, . . . , rr) denotes a polymer configuration, and N(R)
is the distribution function such that N(R)dR gives the number
of polymer molecules with configurations in the range [R, R + dR].
The bond potential between adjacent monomers is denoted as
Vb(R). In this work, we assume bonds of fixed length, i.e.,

e−βVb(R) ∝∏ δ(∣ri+1 − ri∣ − b), (3)

where we recall that b is the bond length, and δ(x) is the Dirac delta
function. For the simple 1:1 salt, the corresponding ideal free energy,
Fs, naturally lacks the polymer components,

βF (id)s = ∑
k={c,a}

∫ nk(r)(ln [nk(r)] − 1)dr, (4)

where we recall that nc(r) and na(r) denote the simple salt cation
and anion densities, respectively.

In order to avoid complicated indexing, we will limit our cDFT
description to models of net monovalent polyampholyte chains. The
simplification that ensues for net neutral polyampholytes should be

FIG. 1. An illustration of a (monovalent)
11:11 polyampholyte plus 1:1 simple salt.
(a) The alternating charge model. (b) The
block charge model.
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obvious. The Helmholtz free energy for the bulk polyampholyte salt
model can be expressed as

F(V , T, N+, N−, nc, na) =∑
i=±

F (id)p,i + F (id)s

+ F (ex)
HS (n+, n−, nc, na) + U. (5)

Here, i distinguishes between the two oppositely charged mono-
valent polymers, both being composed of an odd number of
monomers. In bulk, both species contribute identically to the ideal
free energy, while in confined or heterogeneous environments, their
free energies differ. Excluded-volume effects are represented by
F (ex)

HS , which depends on the total cationic and anionic monomer
densities, n+ and n−, as well as the densities of the unconnected
(simple salt) ions, nc and na. This contribution is estimated using
the Generalized Flory–Dimer (GFD) approach,46 which accounts for
differences in excluded volume between end monomers, dissociated
monomers (simple salt ions), and inner monomers. All electrostatic
terms are contained in U and are treated within the mean-field
approximation.

In the slit geometry, with the planar charged surfaces separated
by h, we employ the grand potential Ω, related to F by the Legendre
transformation,

Ω(V , T, μp, μs, ΨD; [N+(Z), N−(Z), nc(z), na(z), σs])A−1

= F(V , T; [N+(Z), N−(Z), nc(z), na(z), σ, Vex(z, h)])A−1

− ∫ (μp − eΨD)N+(Z)dZ − ∫ (μp + eΨD)N−(Z)dZ

− ∫ (μc − eΨD)nc(z)dz − ∫ (μa + eΨD)na(z)dz, (6)

where e is the elementary charge, z denotes the coordinate per-
pendicular to the surfaces, Z is the planar generalization of R,
i.e., Z = z1, . . . , zr , A is the surface area, and ΨD is the Donnan
potential that ensures overall electroneutrality. The total Helmholtz
free energy F encompasses the contributions from configurational
entropy, excluded-volume interactions, and mean-field electrostat-
ics, including the wall–wall interaction. It is minimized for canonical
equilibrium density distributions under the constraint of fixed num-
bers of polymers and simple ions, under the influence of the wall
excluding potential Vex(z, h) and the surface charge density σs (at
each wall). The grand potential Ω, on the other hand, is minimized
for the equilibrium density distributions where the polymers and
simple ions are in chemical equilibrium with a bulk distribution with
fixed (input) polymer salt and simple salt chemical potentials, μp

and μs. Note that one may view (say) μeff
+
= μp − eΨD as an effective

chemical potential of cationic polyampholytes (sometimes denoted
as “electrochemical potential”), whereas μeff

−
= μp + eΨD. Analogous

relations exist for the simple ions, of course. The surface interac-
tion potential Vex(z, h) accounts for non-electrostatic exclusion and
is purely steric, being zero within the accessible region [d/2 < z
< (h − d/2)] and infinite elsewhere. The equilibrium grand poten-
tial, Ωeq(h), is obtained by numerical minimization using Picard
iteration. Defining gs(h) ≡ Ωeq/A − pbh, where pb is the bulk pres-
sure, the net interaction free energy is given by Δgs ≡ gs(h) − gs
(h→∞). In cases where the forces are quite long-ranged, the tail of

this interaction is assumed to be an exponential decay (which is con-
firmed numerically below). We then set gs(h→∞) ≈ gs(h0), where
larger than 15 decay lengths (as estimated from the fit).

Further details of the numerical algorithm are available in
Refs. 47 and 48, but a short summary is provided here. Due to
planar symmetry and the mean-field approximation, densities and
interactions can be integrated along the (x, y) directions parallel
to the surfaces while maintaining electroneutrality. Accordingly,
only z-dependent quantities are retained within the slit region. The
laterally integrated Coulomb interaction between two monomers
with valencies ηγ and ηδ at positions z and z′ is given by βϕ(z, z′)

= −2πηγηδlB∣z − z′∣. We introduce λHS ≡∂F (ex)
HS /∂n+ =∂F (ex)

HS /∂n−,
noting that cationic and anionic monomers are of equal size.

Polymer configurations are treated within a classical density
functional framework under mean-field weighting. The equilibrium
monomer density is expressed in terms of auxiliary propagator func-
tions c(i, z), where i labels the monomer along the chain. Separate
propagators, c+(i, z) and c−(i, z), are introduced for cationic and
anionic chains, respectively. For cationic polymers, the contribution
to the total monomer density n′(z) at position z reads

n′(z) = eβμ+
r

∑
i=1

c+(i, z)c+(r + 1 − i, z), (7)

where the prime indicates that only positively charged chains are
considered. Propagator relationships will, of course, depend on
the polymer architecture. For instance, if the chains have alter-
nating charges, then the recursive relation governing the auxiliary
functions is

c+(i, z) = eβλHS(z)/2ρ+(z)(−1)(i−1)
∫ c+(i − 1, z′)

× T(z, z′)ρ+(z′)(−1)i

dz′ (8)

for i > 1, and

c+(1, z) = eβλHS(z)/2ρ+(z), (9)

where ρ
+
(z) ≡ e−βeΨ(z)/2 and Ψ(z) is the local electrostatic potential

(including ΨD). The kernel T(z, z′) imposes the fixed bond length
constraint and includes a normalization factor,

T(z, z′) =
Θ(∣z − z′∣ − b)

2b
. (10)

Anionic chains are treated analogously, and for unconnected ions,
there is no need for auxiliary functions, as there are no bond inte-
grals.48 To ensure stable convergence, conservative Picard iterations
are applied, mixing a small fraction of updated densities with the
previous ones, and the Donnan potential is simultaneously adjusted
to maintain global electroneutrality. Convergence is achieved when
the maximum relative change between successive iterations falls
below 10−7 at all points.

In order to facilitate direct comparisons with SFA/AFM mea-
surements, we will assume the validity of the Derjaguin approxi-
mation and present interaction free energies as force per radius,
F/R.
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III. RESULTS. 1. NEUTRAL POLYAMPHOLYTES
We will initially explore surface interactions in the presence of

net neutral polyampholytes, i.e., those composed of an even number
of charged monomers.

A. Ideal dimers (zwitterions)
We begin by establishing the dipolar response of a fluid of ion

pairs with opposite charges bonded at a distance b without hard
cores. We denote these as “ideal dimers.”

1. Dielectric response, no salt
We can evaluate the impact that these ideal dimers have on

the overall dielectric response of the system49 by calculating the net
pressure between oppositely charged surfaces. In order to avoid satu-
ration effects, which are likely to vanish in the presence of added salt
anyway, we will, in this case, model these surfaces as weakly charged,
∣σs∣ = 0.001e/Å2. Since there is no salt present, these oppositely
charged walls will experience a constant attraction at long range,
with a net pressure that is inversely proportional to the dielectric
constant of the medium that separates them.

In the presence of zwitterions, this dielectric constant will shift
from the reference value εw , in the absence of dipoles, to some
higher value: ε. Hence, the ratio between these attractive pressures
will directly give us the ratio ε/εw . The results for various zwitte-
rion concentrations and charge separation values (b) are collected
in Fig. 2(a). In agreement with experimental findings,50,51 there is a
linear dependence on concentration.

2. Ideal dimers and ideal salts
We now consider interactions between equally charged surfaces

with a standard charge density of σs = −0.014 286e/Å2) in the pres-
ence of 1900 mM ideal dimers and 100 mM of a simple 1:1 (ideal)
salt. These concentrations are commensurate with a salt solution
that is overall 2 M, but in which a substantial degree of ion pair-
ing occurs, leaving only 100 mM of dissociated salt. We note that,
in this case, no charged species will carry a hard core. In Fig. 2(b),

we see the effect of the zwitterions on the double layer repulsion,
which is stronger when the zwitterions are present. This response is
also affected by the bond-length of the dimers. From mean-field the-
ory, we expect that the Debye length, λD, will scale as the square root
of the dielectric constant, ε. Extracting the appropriate values from
Fig. 2(a), we find ε(b = 4 Å, 1900 mM)/εw ≈ 1.55 and ε(b = 8 Å,
1900 mM)/εw ≈ 3.20. This implies that

λD(b = 4Å, 1900 mM)
λD(no dipoles)

≈
√

1.55 ≈ 1.25 (11)

and

λD(b = 8Å, 1900 mM)
λD(no dipoles)

≈
√

3.20 ≈ 1.79. (12)

These ratios can be directly compared with the observed electrostatic
decay lengths, evaluated from inverted slopes of the logarithm of the
net pressure, i.e., the dashed lines in Fig. 2(c). Denoting the inverse
of these linearly fitted slopes by α, we obtain

α(no dipoles)
α(b = 4Å, 1900 mM)

≈ 1.26 (13)

and

α(no dipoles)
α(b = 8Å, 1900 mM)

≈ 1.84. (14)

Given the excellent agreement between these sets of values, we con-
clude that the increased double layer repulsion observed in the
presence of the dimers can be fully ascribed to their dipolar response.
This response, which obviously is quite strong, is often neglected in
theoretical considerations of ion pairing and its impact on surface
forces.

FIG. 2. (a) The dependence of ε/εw on zwitterion concentration for two different choices of b. Calculated data are indicated by symbols. The lines are the linear regression
fits. (b) Force per radius values between equally charged surfaces, in the presence of 1900 mM zwitterions and 100 mM simple 1:1 salt (no excluded volume). (c) The
corresponding logarithm of the net pressure.
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B. Neutral polyampholytes plus simple salt.
The “gradual growth” of neutral ion clusters

As stated earlier, the above solution can be viewed as a crude
model wherein a 2 M 1:1 salt solution undergoes partial ion pairing,
leaving 100 mM of dissociated salt. Let us now explore what happens
if the clusters that are formed are larger. In particular, we will assume
that r-mers are now formed from the 2 M 1:1 solution, with 100 mM
free salt remaining. For instance, with r = 10, we will have a mixture
of 100 mM 1:1 salt and 380 mM of neutral 10-mers. Furthermore,
we will assume all species have hard cores of diameter d = 4 Å in
our ongoing calculations. Connected monomers in the r-mers are
separated by a bond-length of b = 6 Å.

1. Chains with alternating charges
In Fig. 3(a), we show the surface interaction free energies for

systems with neutral r-mers containing alternating charges. As in
the earlier case for ion pairs and simple salt, the presence of the
neutral clusters leads to a significantly stronger repulsion when
compared with the simple salt only solution. This is due to the
enhanced dielectric response of the ionic chains. On the other hand,

an increase of r from 10 to 20, even with a concomitant drop of the
polymer concentration, has essentially no impact on the net surface
interaction. This indicates the polarization response of the chains
depends primarily on the number of bonded ions, rather than the
concentration of the clusters.

2. Chains with block charge structure
The corresponding contribution from polyampholytes that are

composed of two blocks of opposing charge is enormous. This is illus-
trated in Fig. 3(b). Such a complete charge separation is arguably an
upper limit in “real” clusters, although one would expect a significant
polarization response in the vicinity of the charged surfaces (a more
realistic model, to be explored in future work). At this stage, we note
that the double layer forces acting in these systems are quite sensi-
tive to the internal structure of the polyampholytes, i.e., our model of
ion clusters. In contrast to the case with alternating charges, we here
see a strong dependence on polymer length, r. An increased degree
of polymerization leads to a stronger and longer-ranged interac-
tion when the chains have a block structure. This is not surprising,
since the block architecture creates larger dipole moments due to

FIG. 3. Interactions between equally charged surfaces in the presence of neutral r-mer polyampholytes and 100 mM simple 1:1 salt (including excluded volume). For a given
polymer length r , the polyampholyte concentration is chosen in a way that is commensurate with clustering of a 2 M simple salt solution. The case of a pure 100 mM simple
salt solution is shown as a reference. The insert presents the logarithm of the F/R data. (a) The chains are composed of monomers with an alternating charge structure. (b)
The chains are composed of monomers with a block charge structure. (c) Comparisons between density profiles of alternating and block charge structures. Full lines denote
the polyampholyte n+, dashed lines n−, and dotted lines nc . (d) Separate polymer and simple salt contributions to the net charge density, Δnp(z) ≡ n+(z) − n−(z) and
Δns(z) ≡ nc(z) − na(z). Full lines denote the polyampholyte density differences, Δnp(z), while the dotted lines present the dissociated simple salt density differences,
Δns(z).
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FIG. 4. (a) Surface forces in the presence of 100 mM pure 1:1 salt solutions, as well as in mixtures of 100 mM simple 1:1 plus added monovalent 25:25 (40 mM) or 1001:1001
(1 mM) salt. The concentrations of the polyampholyte salt are commensurate with an overall monomer concentration of 2000 mM. The alternating charge model has been
adopted for the polyampholyte chains. (b) Surface forces in solutions similar to those in (a), but where the polymers have a block charge structure. (c) Density profiles, at
h = 400 Å, in solutions containing 100 mM simple 1:1 salt and 40 mM 25:25 with a block charge architecture. Full lines denote the cations, while the dashed lines denote
the anions. (d) Apparent surface charge density, σapp(z), for the system depicted in (c). The apparent surface charge density is defined as σapp(z) ≡ σs + ∫ z

0 ρc(z′)dz′,
where ρc(z) is the total charge density at position z.

an increased separation of larger charged blocks within each clus-
ter. Both the separation and size of the charged blocks will increase
approximately with the inverse of concentration. This means the
dielectric response will also increase with the inverse concentration.

Monomer density profiles, as obtained with block and alter-
nating chain architectures, are plotted in Fig. 3(c). We observe a
relative enrichment of block monomers close to the charged sur-
face that even exceeds the dissociated cation density at the surface
(dotted lines). In Fig. 3(d), we present density differences, which
correspond to separate contributions to the charge density profile.
We see that for block structures, the charge density originating from
polyampholytes is of comparable magnitude to that from the sim-
ple salt charge density, although with a different sign for z > 8 Å.
That is to say, the polyampholyte monomer charge density is net
negative in this distal regime, whereas the charge density originating
from unconnected ions remains positive. This illustrates the origin
of the expanded double layer established in the presence of block
chains—cf. Fig. 4(c).

We have already mentioned that in a bulk solution, sponta-
neously formed ion clusters are unlikely to resemble block chains.
Nevertheless, near a strongly charged surface, this is perhaps not
a totally unrealistic description. Moreover, these predictions of

surface forces with a truly remarkable range and strength, even with
short polymer lengths, might imply novel applications of synthesized
polyampholytes with a block charge structure.

Another property that might be relevant but is neglected in the
current work is polydispersity effects. Real solutions of clustering
ions will contain clusters of varying size, some of which are likely to
be neutral, whereas others are weakly charged. Polydispersity effects
are beyond the scope of the current study but will be investigated in
future work.

IV. RESULTS. 2. MONOVALENT POLYAMPHOLYTES
PLUS SIMPLE SALT

In a recent work,52 we demonstrated that monovalent polyam-
pholyte salts generate much stronger repulsive surface forces than
a simple 1:1 salt at the same salt concentration. We have also
established (above) how the presence of neutral “ion clusters,” as
modeled by our polyampholyte description, also leads to a substan-
tially increased repulsion. Here, we will explore the surface force
response to the presence of monovalent charged polyampholytes
in addition to simple salt. We note that earlier simulation work
has established that ion clusters tend to be either neutral or weakly
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charged.29,32 This is also expected on physical grounds, since the
formation of highly charged clusters would be associated with a
considerable electrostatic free energy cost.

In Fig. 4(a), we see how the response to the addition of monova-
lent polyampholyte chains with an alternating charge is considerably
weaker than when these are net neutral [cf. Fig. 3(a)]. Longer
chains, at a constant monomer concentration, do increase the range
somewhat, but the net increase of the repulsion is hardly dramatic.

On the other hand, when the polyampholytes have a block
charge structure, they generate an enormous repulsion, even at high
ionic strength and with relatively short chains. This is illustrated in
Fig. 4(b), where we also note that the range and the strength of the
surface interaction increase quite substantially when such polymers
are added. As we have seen earlier, this is in turn related to a strong
polarization of molecules with such an architecture.

The slow decay of the electrostatic potential, obtained in the
presence of monovalent block charge polyampholytes, can also be
illustrated by density profiles of charged species. In Fig. 4(c), we see
how the polymer presence generates a remarkable extension to the
thickness of the “diffuse” layer; i.e., the electrostatic potential decays
much more slowly than in a corresponding salt solution without
polyampholytes. A seemingly peculiar behavior is that the anionic
monomers approach the midplane value from above, even though
the surfaces carry a negative charge. The behavior arises from the
combined effect of strong cooperative adsorption by the positive half
(roughly) of the polymers and the molecular connectivity, which
forces the rest of the chains to be located in rather close proxim-
ity, although in a broader region further away from the surface. We
have tried to illustrate this further in graph (d) of Fig. 4, where we
plot the “apparent” surface charge density, which, within a constant,
is defined as the integrated total charge density outside the surface.
Here, we note how the combination of effects discussed above leads
to an apparent surface charge density that varies non-monotonically
and with a rather long-ranged “tail” in a region distal to the surface.

A. Modeling the “gradual growth” of ion clusters
with a block charge structure

Let us revisit a process similar to that we considered for neu-
tral polyampholyte chains. We imagine a 2 M 1:1 salt solution in

FIG. 5. Surface forces in the presence of pure 1:1 salt solutions and in mixtures of
simple 1:1 and monovalent 25:25 salts. In the latter cases, the block charge model
has been adopted. With one exception, the total concentration of positive, as well
as negative, charged spheres in the bulk is 2 M. The case of a pure 100 mM simple
salt solution is shown as a reference.

which monovalent block charge 25:25 clusters are formed to a grad-
ually increasing extent. This then suggests a gradual drop of the
remaining “free” ions, which together form a 1:1 salt. The corre-
sponding cDFT predictions of surface forces are displayed in Fig. 5.
As before, we find a dramatic impact from the presence of block
polyampholytes. While we would expect that clusters of fully sep-
arated blocks of charge are unlikely, even at high ionic strength,
the results may be viewed as a useful limiting case, at the opposite
extreme to that of alternating charges. We would expect that alter-
nating clusters should be preferred far from the charged surface, but
the field from highly charged surfaces is expected to generate polar-
ized (block-like) clusters in their vicinity. We expect that in a real
scenario, surface forces will display a behavior between these two
extremes.

FIG. 6. A bulk solution composed of 100 mM simple 1:1 salt and mixtures of 36 mM monovalent 25:25 salt, a fraction ζ of which constitutes block charge chains, whereas
the remainder (1 − ζ) are polyampholytes with an alternating charge sequence. (a) Surface forces. (b) Cationic monomer density profiles. (c) Anionic monomer density
profiles.
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B. Mixtures of monovalent polyampholytes
plus simple salt

As we have already mentioned, it is possible that even though
strongly polar clusters are rare in a bulk solution, they might be
formed in the proximity of a charged surface. While we do not have
the theoretical tools to describe such a chain architectural response,
we can still estimate the relevance of such processes by allowing the
presence of trace amounts of polar (block) chains in the bulk, which
is dominated by polymers with an alternating sequence. In Fig. 6, we
evaluate surface forces in mixtures of 100 mM simple 1:1 salt and
36 mM of monovalent 25:25 polyampholytes, of which a fraction ζ
has a block charge structure, whereas the rest are composed of con-
nected monomers with an alternating charge. We see how even a
tiny amount of block polymers generates quite a strong repulsion.
Note that ζ = 10−7 implies a chemical potential difference of more
than 16kBT, suggesting that even if there is a high free energy cost
to produce a polarized “cluster” in the bulk, these rare structures (in
the bulk) can still have a strong impact on the surface forces. One
should also note that typical polymer configurations are rather com-
pact, i.e., the cartoon illustrations in Fig. 1 strongly exaggerate the
degree of charge separation of typical polarized chains.

We obviously expect to recover the pure alternating chain
results in the limit ζ → 0, but this is not obvious from the results pre-
sented in Fig. 6. This limit is reached at more reasonable fractions for
a smaller degree of polymerization, and we have, therefore, included
results obtained for 13-mers in Appendix B. The expected approach
is clearly illustrated for such short chains, which also underlines the
importance of cluster size in this respect.

V. CONCLUSIONS
We have demonstrated that a commonly adopted simplifica-

tion, where ion cluster effects on surface forces are accounted for
simply by the concomitant drop of the dissociated (free) ion con-
centration, may turn out to be inaccurate. This is because the ion
clusters themselves contribute substantially to the interactions. Neu-
tral clusters, modeled as chains of alternating charge (which may
be prevalent due to the small Coulombic cost of creating them29),
can have a significant effect due to their dielectric response. More-
over, the massive dipolar response we have observed for block
architectures suggests that perhaps even a modest anisotropy of the
ion cluster charge distribution may have a strong impact on the
interaction between charged surfaces.

As already mentioned, our current models would benefit from
the incorporation of polydispersity, as well as the ability of the
chains to alter the connectivity in response to the presence of
fields. These effects will be accounted for in future work, utilizing
cDFT formulations that we have previously developed for similar
systems.53

We have mainly discussed the polyampholytes as crude mod-
els of ion clusters, but it should be noted that our findings have
broader implications. Given a solution of relatively high ionic
strength, it would be quite feasible to synthesize polyampholytes with
a block charge structure, for instance, using established biochem-
ical approaches and suitably chosen peptides. Such block polyam-
pholytes could then serve as stabilizers of colloidal dispersions, and
their impact might be modulated by appropriate adjustments of pH.
Moreover, the strong dipolar response that we observe is likely to be

relevant in solutions containing “patchy” colloidal particles, such as
proteins.
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APPENDIX A: BRANCHED POLYAMPHOLYTE
STRUCTURES
1. Branched neutral chains (alternating charge)

It turns out that, at least within the mean-field approximation,
there is no difference of practical importance between the multi-
pole response from a linear or branched chain at a similar degree
of polymerization. This is illustrated in Fig. 7(a).

This lends support to the hypothesis that a linear poly-
mer model of ion clusters, which might appear unrealistically
“stretched,” actually is able to incorporate the most salient physics, at
least for models of neutral polyampholytes with alternating charges.
In other words, the overall multipole is quite similar (and significant)
to models using branched polymer architectures.

2. Branched monovalent chains (alternating charge)
Here, we evaluate effects from making the charged monova-

lent polymer models more compact and, arguably, more cluster-like
by using branched (star-like) backbone descriptions. As shown in
Fig. 7(b), the branched chains mediate stronger but shorter-range
surface forces. In the displayed case (40 mM monovalent 25-mers
plus 10 mM 1:1 salt), the threshold separation is about 70 Å, below
which the branched model produces a stronger repulsion.
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FIG. 7. (a) Interactions between equally charged surfaces in the presence of X
mM r : r polyampholytes and 100 mM simple 1:1 salt. For a given degree of poly-
merization r , X is chosen in a way that is commensurate with the clustering of
a 2 M simple salt solution. However, a neutral branched chain also contains an
uncharged central monomer. Moreover, the branched chains form a mixture of
polymers with cation/anion end charges (although all branches are overall elec-
troneutral). This means that (say) a 25-mer cluster contains 24 charges and that
there are two different versions of such a neutral cluster. (b) Surface forces, in the
presence of a mixture of 10 mM simple 1:1 salt and 40 mM monovalent 25:25 salt
(alternating charges). Apart from results for linear chains, we provide results for
branched (star-like) 25-mer polyampholyte models with 4 and 6 “arms.” The insert
presents the difference between the linear surface forces to highlight the structure
effect.

APPENDIX B: THE ζ → 0 LIMIT FOR POLYAMPHOLYTE
MIXTURES WITH SIMPLE SALT

This part is added to illustrate that the interactions obtained
from our simple salt + polyampholyte mixture do converge to the
expected pure alternating chain (plus salt) limit as the fraction
of block chains becomes vanishingly small, i.e., when ζ → 0. This
is conveniently illustrated for polymers that are shorter than the
25-mers discussed in the main paper.

FIG. 8. A bulk solution composed of 100 mM simple 1:1 salt and mixtures of
69.2 mM monovalent 13:13 salt, a fraction ζ of which constitutes block charge
chains, whereas the remainder (1 − ζ) are polyampholytes with an alternating
charge sequence.

In Fig. 8, we note converged behaviors already for
ζ ≈ 10−7–10−6. This is in contrast to our findings for 25-mers,
highlighting the importance of cooperativity effects that are typical
of polymeric systems. Our findings suggest that cluster polarization
effects may dominate at even smaller fractions (or higher free energy
costs per cluster) if the clusters contain more than 25 ions.
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