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Solvent-induced ion clusters generate
long-ranged double-layer forces
at high ionic strengthsf

David Ribar, (2@ Clifford E. Woodward® and Jan Forsman {2 *?

Recent experimental results by the surface force apparatus (SFA) have identified a dramatic deviation
from previously established theories of simple electrolytes. This deviation, referred to as anomalous
underscreening, suggests that the range of electrostatic interactions increase upon a further addition of
salt, beyond some threshold concentration (usually about 1 M). In this theoretical work, we explore an
extension of the restricted primitive model (RPM) wherein a short-ranged pair potential of mean force
(sPMF) is added to the usual Coulombic interactions so as to mimic changes of the hydration as two ions
approach one another. The strength of this potential is adjusted so that the modified RPM saturates at a
realistic concentration level (within a range 4-7 M, typical to aqueous 1:1 salts). We utilise grand canonical
simulations to establish surface forces predicted by the model and compare them directly with SFA data. We
explore different SPMF models, which in all cases display significant clustering at concentrations above about
1 M. In these models, we find significant double-layer repulsion at separations that significantly exceed those
expected from standard RPM predictions. We do not, however, observe an increase of the screening length
with salt concentration, but rather that this screening length seemingly saturates at a (rather high) value. The
simulated long-ranged interactions are shown to correlate with ion cluster formation, implicating the
important role of accompanying cluster—cluster interactions. In particular, steric interactions between clusters
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1 Introduction

The theoretical study of interactions between large charged
particles is important in almost all areas of colloid science.'™
For some time there had been a general consensus that the
behaviour of charged particles in aqueous solutions of mono-
valent (1:1) electrolytes could be described by so-called primi-
tive models (PM), at least qualitatively. In these models the
aqueous solvent is implicitly treated, only asserting itself via a
uniform relative dielectric constant, ¢.. The ionic species, on
the other hand, are explicitly accounted for as charged hard
spheres. In a mean-field treatment that ignores ion-ion corre-
lations, this description can be even further simplified by
neglecting the hard core interactions between the background
salt ions. Meanwhile, colloidal particles can be treated as
charged surfaces. Assuming additive van der Waals forces
(of quantum origin) between the surfaces results in the famous
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(manifested in density—density correlations) are quite relevant in these systems.

DLVO theory,”” which has proven very useful for the study of
the stability of colloidal suspensions.

One generally finds that mean-field (MF) treatments of the
PM predict that, at low electrolyte concentrations, the domi-
nant non-quantum interaction between charged surfaces is
electrostatic in origin and is exponential in form, with a range
largely dictated by the Debye screening length, /p. This inter-
action arises from the direct forces between the charged
surfaces that are screened by a counter-charge density sourced
from the background salt. The Debye length measures the
typical spatial length over which non-electroneutral fluctua-
tions occur in the electrolyte solution. Structural variations in
the overall density (rather than charge density) are also induced
by the surfaces, but the forces that arise from this effect are
usually negligible at large surface separations.”” The Debye
length decreases with electrolyte concentration, ¢, according to,
Jp ~ 1/4/c. Corrections to MF theories require the inclusion of
direct (short-ranged) ion correlations, which lead to minor
modifications of the Debye length. For example, taking into
account hard core interactions leads to an excluded volume
corrected ‘effective’ value /g, which is smaller than p.%® The
qualitative correctness of MF theories using the PM, and the
role played by the Debye length, is reasonably well-supported

This journal is © The Royal Society of Chemistry 2025
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at low electrolyte concentrations by experiments, as well as
simulations."

MF theories break down at high concentration where the
Debye length becomes small. In this regime, ion correlation
corrections must be included to provide even a qualitative
description of the PM. Such corrections predict that the surface
interactions of electrostatic origin will switch from exponential
to oscillatory, as the Debye length approaches the diameter
scale of the salt particles. This is the so-called Kirkwood
transition.’ This transition has been confirmed by simulations
of the PM and is due to the monotonically decreasing (essen-
tially exponential) ionic double-layer becoming unstable to the
formation of charged layers by the electrolyte.'® In this regime,
the non-electrostatic structural forces may compete with the
electrostatic interactions for relative importance as both are
oscillatory and of comparable range.®” However, recent experi-
mental measurements using the surface force apparatus (SFA)
have challenged this result.'* ' That is, instead of transition-
ing to an oscillatory function, the asymptotic interaction
between charged surfaces remains exponential, but with a
screening length that suddenly begins increasing (rather than
decreasing) with concentration, eventually becoming signifi-
cantly larger than the nominal Debye length. Surprisingly, this
occurs even in aqueous 1:1 salt solutions, where it was
generally believed that the PM should be reasonably reliable.
This phenomenon has been described as anomalous under-
screening. One consequence of this is that suspensions of like-
charged colloids may remain stable at high ionic strength due
to significant repulsive interactions at colloidal separations
where the attractive van der Waals interactions remain small.
This is counter to the predictions of traditional DLVO theory.
Despite considerable theoretical efforts,"” " there is at present
no consensus as to the physical origin of interactions at such
large inter-particle distances. One can find independent (non-
SFA) experimental evidence for anomalous underscreening
in literature.**>* It should also be noted that there is at least
one recent experimental work that does not support this
phenomenon.>® Kumar et al. used an atomic force microscope
to measure interactions between charged surfaces (mainly
silica-silica) in aqueous salt solutions. They did not find any
sign of anomalous underscreening, i.e. at high ionic strengths,
the measured surface forces were quite short-ranged.

The formation of ionic clusters of low overall charge has
been proposed as a possible mechanism for the putative
increase in the Debye length observed in the underscreening
concentration regime. Such a model implicitly assumes that the
electrostatic interactions between the surfaces remains domi-
nant and the formation of clusters will effectively reduce the
concentration of screening charges."*’ For this to be a feasible
explanation, clustering needs to be sufficient to reduce the free
charge concentration by a factor of up to ~10*. Recent simula-
tions of the restricted primitive model (RPM), wherein ions
have equal sizes, have investigated the degree of clustering that
occurs in a 1:1 electrolyte.”" That work also took into account
dielectric saturation by allowing the relative dielectric constant
of the solvent, &, to become concentration-dependent.
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In particular ¢, decreased with ¢ to account for the diminished
dielectric response of rotationally constrained water molecules
in the ionic hydration shells.”®** It was seen that, while
increased clustering was evident at high concentrations, and
lower ¢, it was not of a sufficient magnitude to explain
anomalous underscreening.”’ That is, the RPM (even account-
ing for dielectric saturation) would predict that forces between
like-charged surfaces would be essentially completely screened
by salt ions at the large distances where experiments still find a
significant repulsion.

This failure of the RPM led to a recent work® in which we
proposed a localised modification of the RPM by addition of
an additional short-ranged potential of mean force (sPMF)
between ions. The inclusion of the short-ranged potential
induced significant ion clustering (as confirmed via simula-
tions). In the present article, we study the consequences of the
formed clusters on the interactions between two charged
surfaces. These interactions are directly compared with experi-
mental SFA data, and it is demonstrated that cluster formation
indeed leads to remarkably long-ranged surface forces. We
provide analyses of the separate contributions to the correla-
tions in these systems in order to uncover the dominant
physical mechanism leading to these long-ranged forces.

2 Model and methods

A weakness of the RPM is that it does not (with an aqueous
solvent) saturate at reasonable concentrations. In this work, we
explore the hypothesis that what the RPM is lacking is a short-
ranged potential of mean force (sPMF), adjusted to induce solution
instability at a concentration that is close to typical saturation
values (4-7 M) for simple salts. While we do not have a detailed
knowledge of this potential of mean force, it is plausibly a result of
water restructuring as the ionic environment becomes crowded. In
previous work,* we took an approach whereby we assigned the
SPMF a range of about one water diameter (3 A). Since our
simulations are based on Coulomb interactions, a convenient
option was to increase the strength of the Coulomb interaction
in this separation range. This is achieved by varying the dielectric
constant using linear extrapolation from the bulk down to a
smaller contact value. Of course, this choice of additional short-
ranged interaction is not unique and in this paper we will consider
different functional forms of the sPMF, including the model we
used earlier.*® Due to its relatively narrow range, we will dub that
model the “narrow” sPMF.

2.1 The “narrow” sPMF, ¢,

As described above, the explicit form for this sSPMF uses the
following linear ramp function for the spatial variation of the
dielectric constant, &, within its range,

&c; r<d
e(r) = e+ (eb — &) ; d<r<d+4 (1)
Eb; I’>d+A
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Here, d is the hard-sphere diameter of the ions, while 4 is a
measure of the thickness of a hydration shell and chosen to be
A = 3 A, the diameter of a water molecule. The parameters, &
and ¢, are the contact and bulk values of the dielectric factor,
respectively. At room temperature, ¢, = 78.3 and we have
chosen, ¢. < &. It could be argued that this inequality reflects
the exclusion of water solvent as ions approach each other,
together with the strengthening of the electric field leading to
dielectric saturation. However, as we discuss later, these effects
are really many-body in character and can only qualitatively be
reproduced via an sPMF, which is a 2-body interaction. More
pragmatically, this approach can be viewed as merely a con-
venient way to introduce a solvent-induced PMF at short range
which promotes solution saturation and does not mean that
the dielectric factor actually varies in this way. Indeed, we
would argue that since the effects we attempt to incorporate
are effective at the molecular scale, they are not describable by
continuum electrostatics.

With this choice for the dielectric factor, the SPMF between
ions i and j of valency |Z;| = |Z;| = 1 (%) can be written as:

0; r>d+4

Bepa(r) = ZiZ/'(lB(r) —Ig(bulk)); d<r<d+4 )

r

where Ig(r) = feo’/(4nege(r)) and Iy(bulk) = fey’/(4meqes). It should
be noted that the nature of ¢ is given by the valency of the
interacting species, Le. it is always attractive between unlike
charges, and repulsive between charges of equal sign.

For a given choice of d, we can tune ¢. to a value where the
solution phase separates at a concentration typical of the
saturation limit for an aqueous monovalent electrolyte solution
(about 4-7 M, at room temperature). In practice, we chose
d = 3 A and ¢. = 23 where the solution is stable at 3.45 M, but
will phase separate at a marginally smaller value for ¢.. Our
rationale for choosing these values in given in ref. 35. We also
consider d = 4 A, in which case ¢ = 20 will give a similar
stability. We will use this as the main model of investigation in
this paper, including looking at the effect of salt concentration
on the interaction between charged surfaces.

We will also perform a more limited study on a so-called
“wide” version of an sPMF, where we will also explore other
different combinations of attractions and repulsions between
ionic species. The details of this interaction are given below.

2.2 The “wide” sPMF, ¢,

Here, we adopt a sSPMF with the same cut-off (4) as ¢Z, but with
a broader range over which it maintains a substantial strength.
Specifically, we define it as,

0; r>d+ 4

TP

One important difference, compared with the narrow version, is
that the sign of A; can be arbitrarily assigned. This leads to various
sPMF:s with a qualitatively different impact. The following

B (r) =
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nomenclature describes the choice of parameter values we used
in this study. For instance, ¢/(a, r) indicates that A, _ is positive
between unlike charges (attractive SPMF), but thatA, =—-A__ =
—A,, = 2.5. The corresponding notation for an overall attractive
SPMF is ¢y(a, a), for which A,, = A__ = A, = 0.5. Finally,
¢w(a, 0) signifies an attractive SPMF between unlike charges,
but with no impact on the interaction between ions of the
same sign, i.e. A, =A__ =0, and A,_ = 1.0. In all cases, the
amplitudes used were regulated to be strong enough to
“almost” induce phase separation in a bulk solution at
3.45 M. We have only investigated ¢,, systems in which d = 3 A.

The overall qualitative difference between ¢,(r) and ¢ () is
illustrated in Fig. 1. The total potential of mean force between
ions 7 and j, ¢;(r) (separated a distance r) can thus be written as:

SSH r<d

Bby(r) = {zB<bu1k>Z;Z-"+ bl r>d Y

where « = w or n, depending on the choice of sPMF. Impor-
tantly, for r > d + A4, the pair potential is equivalent to the

RPM pair potential, corroborating the local nature of our
modification.

2.3 Surface force simulation details

Our simulation system is comprised two parallel flat and
uniformly charged surfaces, separated at a distance H, and
extending infinitely along the x and y directions. We imagine
these surfaces to be immersed in a salt solution. The bulk
region external to the space between the surfaces is charac-
terised by the electro-chemical potential and the bulk osmotic
pressure, p,. A grand canonical simulation scheme ensured
that the simulated fluid, contained between the surfaces, was
in equilibrium with the bulk and that the surface charges were
properly neutralised.>® The surface charge density was chosen

07
_1_:
_2_:
1 _3 _: = "narrow”, ¢5L+7)
> ] — "wide”, ¢{} )
Q. 1
_4_:
_5_:
—6-.--..-.-......,....,.........
3.0 3.5 4.0 4.5 5.0 5.5 6.0
r (A)

Fig. 1 A comparison between ¢,(r) and ¢, (r). The illustration is made for
the +— sPMF, which is always attractive, and for d = 3 A. Moreover, for the
narrow sPMF, we have set ¢. = 23, whereas the wide sPMF is based on an
amplitude A, _ = 2.5.
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to be o, = 1/70 ~ —0.014336 e A~2, which is a value typical to
mica,*” ie. the surfaces used in SFA experiments. All simula-
tions were performed at 298 K. Periodic boundary conditions
were applied along the (x, y) directions, and the ‘“‘charged
sheet” method'® was adopted to account for long-ranged
interactions. Cluster moves were implemented, leading to
crucial improvements of the statistical performance. The inter-
nal (osmotic) pressure, p, acting transverse to the walls was
evaluated from the average normal force across the walls,
separated by the expected distance between Gibbs dividing
(solid-fluid) surfaces, h = H—d. Subtracting p;,, we obtain the
net pressure, pnet = p — pPp. Integrating this pressure, and
utilising the Derjaguin approximation

4

F(z)/R = —2th Pret(2)dz (5)

allows us to construct force per radius curves, F/R, facilitating
direct comparisons with SFA data (R is the radius of the curved
surface used in the experimental setup). To make comparisons
with the SFA data, the simulated interaction curves were
matched to the experimental results for a 2 M NaCl solution
at a separation of 57 A.

The non-electrostatic ion-wall interaction was modelled by
an analytic and purely repulsive wall potential. We explored two
different choices, decaying as 5~ * and 6~ °, respectively, where
o is the transverse distance between the ion and the wall. The
first model was adopted when investigating the effect of salt
concentration, using ¢, as the sSPMF. One might argue that this
softer choice amounts to a coarse-grained description of mole-
cularly rough surfaces. In another part of this study, which
explores the various choices for the sPMF in concentrated
solutions (1.6-2 M), we chose the steeper wall, decaying as
07°. This represents a better model for a molecularly smooth
surface, such as mica. Details are provided in the ESI,} includ-
ing a comparison between results obtained with either wall, for
a given system. The ESL{ also contains a more thorough
description of our model and simulation methods.

3 Results and discussion

Our results comprise two parts. In the first part, we evaluate
how surface forces respond to salt concentration changes,
using the “soft” wall (6~ *) description (see ESIf), and ¢, as
the sPMF. The second part compares surface interactions at a
high salt concentration, using various choices for the sPMF.
In that part, we have employed the “steep” wall (5~ °) description,
which arguably is a better choice for mica surfaces. On the other
hand, as we discuss in the ESI,{ the difference in wall softness
essentially amounts to a small shift (about 3 A) of the surface
separation.

3.1 Salt concentration effects, using ¢,,

In previous work we performed simulations using the “narrow”
¢n potential as the sPMF in addition to the standard RPM
interaction for bulk electrolyte solutions.*> We will denote this
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as the sRPM(¢,,) model The findings important to the current
investigation can be summarised as follows:

1. At low electrolyte concentration, charge-charge correla-
tions displayed behaviours typical of classic MF theory, and the
Debye length is the relevant length-scale.

2. At higher concentration (beyond 1 M) there was evidence
of strong cluster formation, much larger than predicted by the
RPM. Charge-charge correlations became short-ranged and
oscillatory (the Kirkwood transition), while density-density
correlations grew to become more dominant, displaying a
monotonic decay, with a length-scale much longer than the
Debye length.

3.1.1 Simulated surface forces. The presence of large clus-
ters in the SRPM(¢,) model prompted us to consider their
consequence on the interaction between charged surfaces.
Specifically, we report here simulations of charged surfaces
immersed in the sRPM(¢,) solution and compare our results
with experimentally measured forces that show anomalous
underscreening. Simulated net pressures acting on the charged
surfaces for a range of different concentrations of the SRPM(¢,,)
are shown in Fig. 2. We observe a significant repulsion for the
simulated curves over a large range of surface-surface separa-
tions. The range of the repulsion initially decreases as the ionic
strength increases, but then appears to level out and become
essentially concentration-independent above some threshold
value (1.6 M). For comparison, we have also included results for
the 1.6 M RPM electrolyte in which the relative dielectric
constant was uniform and set to ¢, = 23. We found no detectable
net pressure for the RPM electrolyte at any separation. A short-
ranged sPMF can induce clustering more efficiently than a
global increase of the electrostatic coupling. This can be
explained as follows. Consider linear cluster of alternating
charges: +—+—+—. A global increase of the Debye length will

5
] 0.2 5
4 ]
| 0.1 A
= ;
<t 31 ]
: 1 0.0 +V———T— 71
g 1 ; 40 45 50 55
527 ° — 24M
L
< — 1.6M
o] 0.5M
11 0.13M
0 e — — T

20 25 30 35 40 45 50 55
Slit width & (A)

Fig. 2 Results from sRPM(¢,) grand canonical simulations of net pres-
sures, at various bulk salt concentrations, with d = 3 A, &c = 23 and &, =
78.3. An exception is the dashed line, which displays results using the
standard RPM, with a uniform & = 23. The inset is a zoom-in at large
separations.
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generate a significant repulsion between next-nearest neigh-
bours, but this is not so with a short-ranged sPMF that is
attractive between ions of opposite charge but repulsive when
the ions share the same valency. Similar results would also be
obtained for an RPM model with ¢, = 78.3. That is, the SRPM(¢,,)
predicts surface forces of a much longer range than the tradi-
tional RPM, even if a broad a range of dielectric constants is
used in the latter. From our previous work, we found that the
SRPM(¢,,) predicts a much higher degree of clustering than the
RPM, again despite the value of &,. It follows that the much
longer-ranged forces observed in the sRPM(¢,) in Fig. 2 is
related to this increased cluster formation. The F/R predictions
that follow from the net pressures are given in Fig. 3. These are
compared with SFA data on NaCl,q), at a concentration of 2 M.
The simulation predictions at close to 2 M agree reasonably
well with experiments for separations less than about 40 A. To
put this agreement into context, we note that the F/R curves
predicted by the RPM would be essentially zero if included in
Fig. 3. Given the discussion above, this prompts us to assert
that the large range of the forces seen in experiments is due to
significant ionic clustering in the electrolyte. This assertion
implies that the relevant mechanism is to be found in the
behaviour of the solution phase and is not, for example,
a surface phenomenon. Moreover, given our previous findings
of the dominance of density-density correlation in the high
density regime (beyond 1 M), it is anticipated that the surface
forces are due to structural changes in the overall density,
rather than the charge density, as the surfaces approach. That
is, clusters will adsorb onto the surfaces, primarily due to
charge and multipole interactions. The adsorbed layers will
begin to breakdown as the surfaces encroach each other,
leading to a net repulsion with a length-scale of the typical
cluster size. We expect that the average cluster size should in
principle grow with the concentration of the electrolyte
solution, perhaps explaining the apparent growth in screening
length observed in anomalous underscreening. This notwith-
standing, the sRPM(¢,,) predictions are not completely consistent
with experiments. Fig. 3 indicates that at large concentrations the
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range of the interactions appears to reach a plateau where F/R
becomes concentration-independent. This disagrees with the
“anomalous underscreening” predictions by SFA, according to
which there is an increase of the decay length as the ionic strength
increases in the high concentration regime.

For completeness, we include results obtained with a larger
value for the hard-sphere diameter of the ions, d = 4 A. Recall
also that we chose ¢. = 20 at this diameter, as described in detail
in ref. 35. Comparisons with raw SFA data are given in Fig. 3(c).
We note that the difference between the interactions obtained
at 0.40 M and 1.6 M is considerably smaller than we find by a
similar comparison (0.50 M and 1.6 M), with d = 3 A.

We also compare the simulated net pressures directly with a
derivative of the experimentally observed free energies per unit
area (taking into account an appropriate scaling factor), Fig. 4.
In the latter case, we needed to smooth out the raw data by
performing “running averages” prior to taking the derivative
(via discrete difference). The extremely long-ranged tail found
by the SFA is perhaps even more apparent in this presentation,
and it appears to be an aspect of the experimental data that the
SRPM(¢,,) is unable to reproduce.

3.1.2 Structural analyses. Here we illustrate how the long
range forces are related to a slow density decay of the ionic
solution, which results from cluster formation. We will only
consider systems with d = 3 A. We start by analysing ion
concentration profiles, n(z), along the direction normal to the
surfaces. In Fig. 5(a), we note how the ion concentrations
rapidly approach the bulk value in RPM simulations. However,
using the sRPM(¢,,), this approach is quite slow, and even at a
surface separation of about 5 nm, both cation and anion mid
plane concentrations are greater the bulk value (recall that
these results are from grand canonical simulations). This is
because a significant fraction of the anions are members of a
cluster, many of which are expected to be net positively charged
and hence are adsorbed to the negative surface. This leads to an
anion concentration profile that approaches the mid plane
from above. By comparison, the RPM would produce an anionic
profile approaching its mid plane value from below.

F/R (mNm™1) @

| B AL L 0|||

10 10!

(a) — 0.18M (b)
0.50 M

= 8 7 — 1.6M e
| E 1 S |
g 1 g

6_
pd 1 pd
£, E 0%
S =
E 2_- LL« T

0 Frr e 10~ +———r—

20 30 40 50 20 30

Slit width h (A)

Slit width A (A)

40 50 20 30 40 50
Slit width h (A)

Fig. 3 Simulated prediction of F/R, withd = 3Aand d = 4 A, at various salt concentrations, compared with SFA data witha 2 M NaCl,q) solution, obtained
from prof. Susan Perkin (data previously published in ref. 13). Simulated curves have been shifted to roughly match the SFA data, at the largest investigated
separation. (a) d = 3 A (linear scale). (b) d = 3 A (log scale). (c) d = 4 A (linear scale).
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Fig. 4 Simulated net pressures, and corresponding predictions from SFA
data. The inset is a zoom-in at large separations.
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Fig. 5 lon concentration profiles along z. Solid lines depict cation density
profiles, whereas the dashed lines show anion profiles. The dotted
line indicates the bulk concentration. (a) Comparing concentration profiles
at h = 48 A, as obtained with the sRPM(¢,) and the standard RPM.
(b) Concentration profiles from sRPM(¢,) simulations, at two different
separations: h = 48 A and h = 57 A.
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In Fig. 5(b) we see how the mid plane values of the ion
profiles gradually decreases towards the bulk concentration,
but we note that a significant difference persists even at quite
large surface separations.

We also investigated the correlations parallel the surface,
focusing on the region at the mid plane. We computed lateral
(2D) species resolved pair correlation functions (presented in
detail in the ESI}) for low (0.13 M) and high (3.4 M) concentra-
tions, for all slit widths under investigation. No evidence of a
continuous solid phase was found in any of these systems
indicating the absence of a frozen state. In order to further
investigate the dominant correlations in our system, we com-
puted the 2D charge-charge, A..(p), and density-density, Z,,(p),
total correlation functions from the species resolved pair cor-
relation functions.” Note that the total correlation functions are
related to the pair distribution functions via h(p) = g(p) — 1. For

brevity, the explicit p = \/x? 4+ y?> dependence is omitted.

1
hee = Z(h++ +ho——2h) (6)

1
hnn = Z(h++ =+ h__ —+ 2]1+_). (7)

This allows us to essentially deconstruct the mean like-charge
total correlation functions and observe the correlations dom-

1
inating at the asymptotic limit via /imean :5(/1+++h,,) =

han + hee. The asymptotic behaviour of correlation functions,
as r - o, is described by a Yukawa decay, or an oscillatory
Yukawa decay’

Py (1) ~ AW 68" (8)

Py () ~ AW e=8"" cos [0y — @(’M] ; 9)

where uv € {c, n, +, —} denotes the corresponding correlation
type uv in a general sense. We define 1/£§") as the asymptotic
decay correlation length (the effective screening length) and
2m/E¥") as the asymptotic frequency correlation length, which
describes the spatial range of electrolyte charged layer oscilla-
tions appearing after the Kirkwood transition. A" is used for
the amplitude and O for the phase shift. Interested readers
are referred to ref. 6, 7 and 38 for detailed derivations. The
results for the ¢ ~ 3.4 M system, obtained at the mid plane, is
presented on Fig. 6. Further details including all results from
various slit widths under investigation is presented in the ESI.{
Fig. 6(a) and (b) presents the density-density and charge-
charge total correlation functions on a linear scale for two
different surface separations, h = 21 A (top) and h = 57 A
(bottom). For the large surface separation we observe apparent
monotonic decay of the density-density correlations at long
range and a damped oscillatory decay for the charge-charge
correlations for both surface separations. In order to better
observe the long-ranged asymptotic behaviour, we plot
plup)l, up € {nn, cc} using a log-linear scale in Fig. 6(c)
and (d). Here we observe two major changes in the correlation
functions as the surface separation increases. Firstly at the
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Fig. 6 Correlation function analysis in the slit, obtained for the ¢ ~ 3.4 M sRPM(¢,) system at the mid plane, for h = 21 A and h = 57 A respectively. Here,
red is used for the charge—charge and blue for the density—density total correlation functions, while grey denotes the mean like-charge total correlation
function. Note: hmean = hec + hnn. Graphs (a) and (b) present the 2D charge—charge, h.., and density—density, h,,, total correlation functions on a linear
scale. Graphs (c) and (d) provide the asymptotic analysis plots on a logarithmic scale.

smaller surface separations the charge-charge correlations
display a higher amplitude compared to larger separations.
Secondly, the density-density correlations decay faster at the
shorter separation, with a much longer range decay at larger
separations. This is consistent with the cluster picture
described above. Namely at shorter separations, typical clusters
will be smaller with highly correlated charge-charge interac-
tions, corresponding to more tightly packed ions. At larger
separations, much larger clusters can be accommodated between
the surfaces. Such clusters will have a more loose charge arrange-
ment. It is probably the exclusion of larger clusters as the surface
separation decreases that leads to the repulsion between the
surfaces. Indeed, this is a major conclusion of this paper. This
notwithstanding, our results have by no means proven that sub-
stantial ion clusters do indeed exist in reality for such systems. Our
SRPM(¢,,) potential approximates an effect due to the interaction
between salt ions and the solvent, which should in principle be
modelled by many-body interactions in a solute-only approach. It
should be noted that some all-atomistic molecular dynamics
simulations do suggest that ionic clustering can be quite signifi-
cant in the presence of explicit water models.*>*° On the other
hand, such findings are quite dependent upon the potential model
employed.*>**

In order to complement the investigation of lateral correla-
tion functions obtained at the mid plane, we present a compar-
ison with bulk correlation functions on Fig. 7, computed with
the method described in our previous work.>> We explicitly
investigate three extreme cases: the smallest # = 21 A surface

5568 | Soft Matter, 2025, 21, 5562-5572

separation, largest 7 = 57 A, and a neutral wall & = 77 A, by
directly comparing with bulk correlation functions for a system
of equal concentration. We plot all correlation functions on a
linear scale on Fig. 7(a). We can observe a minimal difference
between the full (2 = 57 A) and dashed (& = 77 A neutral walls)
lines, insert on Fig. 7(a). All of the correlations in the slit have
amplitudes lower than the bulk. Fig. 7(b)-(d) demonstrate the
similarity of the frequency correlation length 2mt/é(°” and decay
correlation length 1/£§¢) between the bulk and slit systems.
However, in both cases the amplitude of charge-charge correla-
tions is smaller than the corresponding bulk value, demon-
strated as a downwards shift on the y-axis. We also observe a
slight phase shift between the bulk and slit system charge-
charge correlations. The density—density correlations have a
smaller decay correlation length for the short surface separation
Fig. 7(b), and larger for the wider surface separation Fig. 7(c), when
compared to the bulk values. In both cases, the amplitude is again
smaller for the slit system. Fig. 7(d) demonstrates the correlation
analysis for a wide surface separation with neutral walls. We can
see that the difference between Fig. 7(c) and (d) is minimal,
demonstrating that the charge of the surfaces has no effect on
the lateral correlation decay at the mid plane at large surface
separations. Importantly, the similarity of frequency and decay
charge-charge correlation lengths between slit and bulk results at
all surface separations (albeit with moderately large differences in
amplitudes and a slight phase shift) demonstrate that the asymp-
totic behaviour lateral to the confining charged surfaces is dictated
by bulk properties of the ionic fluid and not by the surfaces

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 Comparisons of correlation functions obtained for the ¢ & 3.4 M sRPM(¢,)) system at the mid plane for h = 21 A, h = 57 A charged wall systems, as
well as the h = 77 A neutral wall (n.w.) system, with bulk correlation functions. For the bulk, all correlation functions have a standard radial dependence
i.e. hy, = f(r). Subplots compare the bulk correlation functions with (a) all the correlation functions on a linear scale, (b) h = 21 A slit correlation functions,
(c) h = 57 A slit correlation functions, and (d) h = 77 A with neutral walls slit correlation functions.

themselves. For completeness, the same analysis is also presented
for the low concentration system in the ESL.{ The ESL{ also
contains illustrative configurational snapshots, at various
separations, and bulk concentrations.

3.2 Comparison of different sSPMF models at high salt
concentrations

Here, we will compare results obtained with the SRPM(¢,,), and the
SRPM(¢,,) models (where the latter uses the wider form of the
SPMF in addition to the RPM interactions). Recall that with this

a)lo0 :
() 101 i —
) ¢1—U(a7’r)
0.8 7 —— ¢.(a,a)
f’\ : —h— ¢w(a70)
¢ 0.6 7
- ]
(s} 4
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g J
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«Q 0.2-_
0.0 Koo
T8 % L X Bk R R ey Y EF X §
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Slit width h (A)

latter model we have different combinations of attractions and
repulsions between ionic species. To reiterate, they are denoted as,
owla, 1) (attractive +—, repulsive ++, ——), ¢,(a, a) (attractive +—,
attractive ++, ——) and ¢y/(a, 0) (attractive +—, no SPMF between ++
and ——). In all cases below, we have set d = 3 A, and used the
“steep” wall description. Bulk salt concentrations were adjusted
(via the chemical potential) to lie in the regime 1.6-2 M.

Net pressure curves in concentrated samples (1.6-2 M),
for various choices of sPMF, are summarised in Fig. 8. A few
important observations immediately emerge:

(b) I
80 - * ]
] 10t 1 ".;.,
i 60 i _ © “.‘%J%%
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Fig. 8 Net pressure curves, as obtained with the sSRPM(¢,,) (reference) as well as with various versions of ¢,,. The bulk salt concentrations are within the
regime 1.6—2 M. Graph (a) focuses on the large separation regime. The negative part of the ¢,,(a, a) curve has been removed in the inset of graph (b), that

displays the net pressures on a log scale.
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e The long-ranged pressures that are obtained with models
in which the additional sPMF is attractive between unlike
charges, and repulsive between like charges, is large. That is,
the net pressures obtained from sRPM(¢,,(q, 1)) are qualitatively
similar to those of sSRPM(¢,). The sRPM(¢y(a, 7)) model
generates a somewhat stronger repulsion, but the difference
is small.

e The qualitative nature of the sPMF is quite important.
Specifically, the SRPM(¢(a, a)) model only produces a short-
ranged repulsive regime, outside of which we even note a weak
attractive interaction. The sRPM(¢y(a, 0)) model is an inter-
mediate case, where the repulsion clearly extends further
than with the pure RPM, but it is not as long-ranged as with
bwla, 1) or dn.

e We do not observe any force oscillations in the investigated
separation regime (irrespective of the chosen sPMF). SFA
measurements'' " have reported force “jumps”, indicative of
such oscillations. On the other hand, such behaviours were not
observed in a recent AFM?® study. It should be noted that
possible oscillations due to solvent packing will be unaccounted
for by our implicit solvent treatment.

It is also of interest to compare the cluster tendency dis-
played by some of our investigated models. On Fig. 9 we plot
cluster probability distributions, P.(N.), for a range of different
models. Here, P. measures the probability for a cluster of size
N.. A cluster is defined such that an ion must be within a
distance o, or less of at least one other ion within a cluster, in
order to be a member of that cluster. We have set d. = d + 2 A.
These distributions were obtained from grand canonical slit
simulations, where the chemical potential is adjusted so that
the corresponding bulk solution has a concentration of about
1.8 M. The distributions are based on at least 100 different
configurations, separated by 10® attempted moves to ensure
statistical independence.
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Fig. 10 The average net cluster charge, at two different separations, as
obtained with the sSRPM(¢,,), SRPM(¢p,(a, r)) and sRPM(¢y,(a, a)).

We note that the RPM approach does not generate large
clusters, even if the (uniform) dielectric constant is set as low
as 23. The sRPM:s, on the other hand, are able to produce quite
large ion clusters. Interestingly enough, this is true also for the
SRPM(¢w(a, a)), even though we have seen that the corres-
ponding surface forces are rather short-ranged. Nevertheless,
the large cluster tail does not extend as far as with SRPM(¢,(a, 1))
or (in particular) sSRPM(¢,). Even so, these results imply that it is
possibly not only the number of particles in each cluster that
matters, but also the intrinsic structure of such clusters. This is
supported by the long-ranged radial distribution tails that we
observe with ¢,, and ¢,(a, r), but not with ¢(a, a) (see the ESL T
for details). In future work, we will scrutinise this further, making
use of polymer classical density functional theory.
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Fig. 9 Cluster probability distributions. (a) Comparing the cluster distribution (P.(N.)), at a rather wide surface separation (61 A), of the SRPM(¢,)
with RPM:s with a uniform dielectric constant of 23 and 78.3. Also shown is the cluster distribution for the sRPM(¢,) at a narrow separation, 21 A.
(b) The long-ranged tail of P.(N,), at a surface separation of 61 A, for SRPM(¢,.), SRPM(pw(a, 1) and SRPM(p(a, a)).
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In graph (a) of Fig. 9 we also see that, as expected, very large
clusters become improbable at short separations. It should be
emphasised that this is not simply an effect of a diminishing
number of ions within the simulation box in this regime. This
is illustrated in the ESI,{ where we find a very similar cluster
probability distribution at short separations, but with an
increased lateral (x, y) size of the simulation box.

Another interesting aspect is the average cluster charge, and
how this varies with separation. We provide examples in Fig. 10.
We note that the slopes of the curves, which provide the average
net charge of an ion in a cluster, are similar between the
models, but vary strongly with separation. At z = 21 A, the
slope is about +0.25¢,, dropping to about +0.075¢, at & = 61 A.
The main reason is most likely a diminishing relative fraction
of counterions, as the separation increases.

4 Conclusion

In this article we have demonstrated that a modified RPM with
an added short-ranged PMF, adjusted to provide the model
more realistic saturation properties, produces surface forces in
much better agreement with experiments than can be obtained
with the RPM model itself. This is related to the increased
prevalence of clusters, brought about by the added short-
ranged solvent-induced potential, that we, in the initial part
of this work (concentration dependence), chose to model by a
locally enhanced electrostatic coupling. Density—density corre-
lations appear to dominate at high salt concentrations. Thus,
we hypothesise that the experimentally observed anomalous
screening lengths originate from cluster correlations rather
than simple ion correlations. One apparent failure of the
SRPM(¢,,) is its inability to predict a growth in the interaction
screening length with electrolyte concentration. This is possibly
due to the lack of many-body contributions to the ion-ion
interaction, which potentially leads to an underestimation of
the effects from concentration on particle interactions. A future
aim is to implement a simple many-body scheme which will
provide some estimate of this effect.

In the second part of this work, we established the qualita-
tive nature of the sSPMF is of crucial importance, even though its
functional form is not. Our combined surface force and bulk
solution cluster analyses suggest that the internal structure of
the ion clusters may be as important as their average size. This
will be investigated more closely in future work, employing
classical polymer density functional theory.
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