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Using classical density functional theory, we investigate the influence of solvent on the structure and
ionic screening of electrolytes under slit confinement and in contact with a reservoir. We consider a
symmetric electrolyte with implicit and explicit solvent models and find that spatially resolving solvent
molecules is essential for the ion structure at confining walls, excess ion adsorption, and the pressure
exerted on the walls. Despite this, we observe only moderate differences in the period of oscillations of the
pressure with the slit width and virtually coinciding decay lengths as functions of the scaling variable
Gion/ D, Where o, is the ion diameter and 4, the Debye length. Moreover, in the electrostatic-dominated
regime, this scaling behavior is practically independent of the relative permittivity and its dependence on
the ion concentration. In contrast, the crossover to the hard-core-dominated regime depends sensitively on

all three factors.

DOI: 10.1103/PhysRevLett.131.118201

Introduction.—Recent surface force balance (SFB)
experiments [ 1-3], suggesting anomalously large screening
lengths for concentrated electrolytes and room-temperature
ionic liquids (ILs), have revived the interest in ionic
screening in such systems. Despite the significant effort
by various experimental [4-7], theoretical [8—13], and
simulation [14—17] groups, the existence of anomalously
long screening lengths remains a mystery [18]. Most of the
recent theoretical [8—10] and simulation [14—16] works are
consistent with classical theories developed in the mid-
1990s [19,20] and show no signs of anomalously large
screening lengths.

At low ion densities, the screening of electrolyte-
mediated interactions is determined by the Debye length,
which for monovalent ions is

leoe kgT B
Ap = % = (4nlgp) 172, (1)

where p = p, + p_ is the total ion concentration (p, = p_
are the cation and anion concentrations), €, is the vacuum
and e, the relative permittivity, kp is the Boltzmann
constant and 7" temperature, e the proton charge, and [z =
e?/(4meye, kgT) is the Bjerrum length. As the ion density p
increases, the leading-order screening length deviates from
the Debye length and, from a certain point on, increases
with p. This point, known as the Kirkwood crossover, is
determined by the emergence of a damped oscillatory
behavior in the charge-charge correlation function
[19,20]. At yet higher densities, there is a crossover from
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this charge-dominated screening to the screening deter-
mined by hard-core interactions [10,19,21].

Most theoretical and simulation studies so far have
considered neat ionic liquids or treated the solvent as an
effective dielectric medium [8,10,11,17,22]. However, in
practical applications, ions are frequently mixed with a
solvent that affects ionic correlations directly through
screening of the bare Coulomb interactions and indirectly
through excluded volumes. The role of excluded volume
interactions has recently been analyzed by Coupette et al.
[23]. These authors considered a hard sphere model for the
solvent molecules but assumed that the relative dielectric
permittivity is independent of the solvent and ion densities.
Within these assumptions, they found multiple decay
lengths coexisting in the asymptotic limit and at inter-
mediate distances, determined by the ion and solvent
molecular sizes. All-atom simulations with various solvents
also resolve multiple decay lengths [15,16].

In this Letter, we use classical density functional
theory (DFT) to study how a solvent affects the screening
of electrolyte-mediated interactions between confining
charged walls. We consider implicit and explicit solvent
models and find that both models predict the same screen-
ing lengths when electrostatic interactions dominate the
screening. Nevertheless, spatially resolving solvent mole-
cules becomes essential for ionic structure and forces at
short separations. We also find that the dielectric properties
of the solvent play a crucial role in the crossover from the
electrostatic-dominated to the hard core-dominated screen-
ing regime that occurs when the ion density increases.

© 2023 American Physical Society


https://orcid.org/0000-0003-4448-0686
https://orcid.org/0000-0002-9016-832X
https://orcid.org/0000-0002-4250-363X
https://orcid.org/0000-0003-2739-310X
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevLett.131.118201&domain=pdf&date_stamp=2023-09-11
https://doi.org/10.1103/PhysRevLett.131.118201
https://doi.org/10.1103/PhysRevLett.131.118201
https://doi.org/10.1103/PhysRevLett.131.118201
https://doi.org/10.1103/PhysRevLett.131.118201

PHYSICAL REVIEW LETTERS 131, 118201 (2023)

(a) (b) (©)
- e o e e e e + i4' == Implicit
+ e c__ __(.J-mne O e + § ok _— .F.)-<p|icit | F
+ @ o - + 3
+Q @ © Gl e + 2 50 - Implicit ] %
QU i — Explicit | Implicit
B e —0.1p — Explicit
+ . + + = '
@ o +e°.+e+e N S N [ S
aF @ o 9 e+0 9 % + o 4_' Positive bead e — Solvent
a2 @ O 0 n < L \— Negative bead | N
T9Q° e ® ¢ =Y + SN\ N
tQ 09",
z=0 t=H 2/ Cion Slit width, H /o0,

FIG. 1.

Implicit and explicit solvent models and density profiles of confined electrolytes. (a) Schematics of two charged plates confining

an electrolyte with implicit (top) and explicit (bottom) solvent models. Cations and anions have the same diameter o;,, and the solvent
consists of two touching oppositely charged beads of the same diameter o,. x denotes the coordinate perpendicular to two plates separated
by distance H. (b) Density profiles of cations (top), anions (middle), and solvent beads (bottom) for bulk ion density p, =4 M (salt
concentration 2M) and H /o;,, = 6. The gray rectangles show the areas excluded to the center of ions (top and middle) and solvent beads
(bottom). (c) Excess adsorption Al'y,, = I'ion — 20/ e [Eq. (3)] for the ions (top) and T for the solvent (bottom) as functions of the plate-
plate separation H at p, = 4 M. Ton diameter o;,, = 0.5 nm, surface charge Q = 0.5 e/nm?, and temperature 7 = 293 K. For the implicit
solvent calculations, we have chosen €, = 9.8, as estimated by a dielectric capacitor model for the explicit solvent (see the main text).

Models and methods.—We modeled ions as charged hard
spheres of equal diameter o;,, = 0.5 nm. For the explicit
solvent model, we considered dumbbell-like solvent mol-
ecules, as suggested by Henderson et al. [24], consisting of
two oppositely charged beads s+ of charge g, = +0.1926
and the same diameter o, = 0.2 nm separated by distance
0.2 nm yielding a dipole moment of 1.85D [Fig. 1(a)].
Following their approach, we used a background dielectric
permittivity &, = 4.1 (corresponding to rescaling all
charges by a factor ~0.5) to enhance numerical conver-
gence. The electrolyte was confined between two identical
positively charged walls with the surface charge density
Q = 0.5 e/nm? (see Sec. S1 in the Supplemental Material
[25] for details).

Within DFT, the densities of species i = {+, —, s+, s—}
can be obtained by solving the nonlinear equations

o)}

5, (2)

Pi = eXP{ﬂﬂi —pU; —

where y; is the chemical potential, U; is an external
electrostatic potential acting on species i due to the
confining walls, and F, is the density-dependent excess
free energy functional. We considered F., consisting of
three contributions: (1) hard-core interactions modeled with
modified fundamental measure theory, which is known to
describe these interactions remarkably well [26,27,38];
(2) electrostatic interactions modeled on the level of the
mean spherical approximation (MSA) [39,40]; and (3) in
the case of an explicit solvent, F., also contained a

contribution due to the bonding potential between the
two beads of a solvent molecule (see Sec. S2 in the
Supplemental Material [25]). To relate the densities p; in
bulk to y;, we performed calculations for the bulk electro-
lyte at temperature 7 = 293 K and a given bulk ion density
Py With these u; at hand, we solved Eq. (2) numerically for
an electrolyte (with explicit and implicit solvents) confined
between two plates at separation H using the Picard
iteration method [28].

For the explicit solvent, we estimated the dielectric
permittivity using a dielectric capacitor model, which gave
€, ~ 9.8 (see Sec. S3 in the Supplemental Material [25]);
this result is in reasonable agreement with molecular
dynamics simulations of the same model [29]. To inves-
tigate how an explicit solvent affects the molecular struc-
ture and ionic screening, we used €, =9.8 in the
corresponding implicit solvent calculations. However, we
also considered other values of e¢,—and particularly its
concentration dependence—to study how it affects ionic
screening.

Implicit vs explicit solvent: Ion densities.—Exemplary
ion and solvent density profiles are presented in Fig. 1(b),
which show that spatially resolving solvent molecules
considerably affects the arrangement of ions at the surface.
Instead of decreasing when approaching the surface, as in
the implicit solvent model, the coion (cation in our case)
density shows a nonmonotonic behavior, exhibiting an
additional small peak and an increase at the surface. This
behavior is due to the presence of dipoles, which are
oriented predominantly perpendicularly to the surface,
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FIG. 2.

Implicit vs explicit solvent models: Pressure and screening behavior. (a) Relative pressure difference AP/P,, (where AP =

P — Py, and Py, is the bulk pressure) as a function of slit width H for the bulk ion density p, = 4 M (salt concentration pg,;, = 2 M). The
gray area shows separations H < o;,,, where o;, is the ion diameter. (b) Period of oscillations A and (c) decay length & as functions of
the scaling variable o,;,,/Ap obtained from fitting the numerical DFT results for the pressure by Eq. (4). The red symbols in panels (b)
and (c) denote the salt concentration 2M used in panel (a). The parameters are the same as in Fig. 1.

partially screening the surface charge and attracting more
coions to the surface [Fig. 1(b), bottom plot].

While both models predict a similar structure for the
counterion (anion) density, its value at the surface is nearly
three times higher for the explicit solvent model. Atomistic
simulations of polar and apolar aqueous interfaces have
reported oscillatory behavior of the anisotropic dielectric
response tensor, which strongly modifies the ionic free
energy profiles [30,41], in line with an effective reduction
of the dielectric constant [31]. Note that such a decrease of
the dielectric constant close to the interface and the
corresponding increase of the counterion density can also
be accounted for on a mean-field level by taking into
account excluded volume and solvent polarization effects
[42] or via a special simulation strategy [43,44]. Such
effects, however, are not captured by our implicit solvent
model, which rationalizes the qualitatively different inter-
facial ion density profiles in Fig. 1(b).

The difference in the counterion densities within the two
models manifests itself in the excess ion adsorption,

H_Gion/z
Fon = / "o =l 3)

which we defined such that it yields zero when the ion
density equals the bulk ion density. Since the slit walls are
charged, it is convenient to subtract from I, the contribu-
tion of the counterions. In Fig. 1(c), therefore, we show
AT, = ion — 20/ e. For the implicit solvent model, the
excess adsorption practically vanishes for large slits, corre-
sponding to a semi-infinite system; note that it is not exactly
zero likely due to the differences in nonelectrostatic (mainly
steric in our case) interactions in the bulk and at the wall. In
accord with the density profiles, AT}, is substantially larger
than zero for the explicit solvent model. Within both models,
however, Al';,,, shows a damped oscillatory behavior related
to ion layering and “quantized” expulsion of ionic layers
with decreasing H [45]. Correspondingly, the amplitude of

oscillations increases when H decreases. For the expli-
cit solvent model, the excess solvent adsorption, ['y=
fg/_;*/ ?[ps(x)=ps pdx, shows a similar behavior [Fig. 1(c)].

Implicit vs explicit solvent: Electrolyte-mediated
forces.—From the density profiles, we computed the force
per surface area (i.e., the pressure) exerted on the confining
walls within the two models (see Sec. S2 in the
Supplemental Material [25]). Figure 2(a) shows that spa-
tially resolving the solvent molecules is essential for the
pressure behavior at short distances. For the implicit model,
the pressure shows peaks at separations slightly larger than
26;0n> 40i0n, €tc. For the explicit solvent model, these peaks
are shifted towards larger separations because the presence
of solvent molecules enlarges the sizes of molecular layers.
The peaks are also more extended, showing small should-
ers, which is due to an additional expulsion of solvent
molecules as the slit width decreases.

To extract screening lengths, we fitted the DFT data for
the pressure at large plate-plate separation to (see Fig. S2 in
the Supplemental Material [25] for examples)

P(H) ~ Py + Ae™"/¢ cos(2zH /A + ¢), (4)

where A is the amplitude, A and ¢ are the period of
oscillations and the phase shift, respectively, and & is the
decay length, all treated as fitting parameters. In Figs. 2(b)
and 2(c), we plot the results for A and &. The oscillation
periods show similar qualitative but different quantitative
behaviors in the two models. At low densities, the implicit
solvent model predicts A nearly twice as large its value
obtained with the explicit solvent model. This behavior
suggests that spatially resolving solvent molecules shift the
Kirkwood point towards lower densities. In both models, A
decreases with increasing the ion concentration, albeit
saturating at different values. While in the implicit solvent
model, A approaches the ion diameter, in the explicit
solvent, the oscillation period is larger due to the presence
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of solvent molecules in the ionic structure [Figs. 1(b) and
1(c)], which is reflected in the behavior of pressure.

Figure 2(c) shows the screening lengths & plotted using
the scaling variables £/Ap and o6y,,/4p. The screening
lengths within both approaches practically coincide. While
it may seem surprising at first sight, this agreement between
the two models is because the electrostatic interactions,
which determine the screening in the considered concen-
tration range, are the same in both models. For concen-
trations above the Kirkwood point (6i,,/Ap ~ 1.25), the
screening lengths increase with the IL concentration in both
cases. The fitting yields a scaling law

&/Ap ~ (Gion//lD)"’ (5)

where the scaling exponent n= 1.5 is consistent with
previous MSA results [9].

Effect of relative dielectric permittivity.—Since explicit
and implicit solvent models predict virtually the same
correlation lengths & [Fig. 2(c)], we further consider only
the implicit solvent model, characterized by a relative
dielectric permittivity ¢, and study how e, influences the
scaling behavior of £. Figure 3(a) shows the correlation
lengths for a few values of ¢,, from ¢, = 9.8, as in Figs. 1
and 2, to ¢, = 78, corresponding to water at room temper-
ature (T = 293 K). Above the Kirkwood crossover at
Cion/Ap =~ 1.5, the screening lengths increase with concen-
tration, as expected, showing the n = 1.5 scaling exponent.
However, in the systems with higher permittivity (e, = 40),
the correlation lengths start deviating from the n = 1.5
scaling behavior. This deviation occurs at a lower concen-
tration for a higher permittivity and is related to a crossover
from the electrostatic-dominated to hard-core-dominated
screening [10]. To illustrate this crossover, we determined
the decay lengths &, and &, of the total density p and charge
density ¢ = e(p, — p_) at a single wall (we used confined
systems but of a large slit width H /s, > 16, see Sec. S4 in
the Supplemental Material [25]). Orange lines and symbols
in Fig. 3(a) show these decay lengths for ¢, = 78, dem-
onstrating that £, coincides with the screening length &
(determined from the H dependence of the pressure) for
Gion/Ap < 3, while & = £, above this threshold value. Thus,
at o;,n/Ap ~ 3, there is a crossover between the charge-
dominated and density-dominated regimes.

Ion concentration-dependent relative permittivity.—So
far, we have assumed a constant relative permittivity e,
independent of the ion concentration. However, it is known
that the presence of ions changes €, [46—-50]. To investigate
how the concentration dependence of ¢, influences ionic
screening, we considered aqueous electrolytes and per-
formed DFT calculations for e, = 78, corresponding to
water at room temperature (with no ions), and for €,(p) =
—0.031p3 + 1.322p? — 13.44p + 80.84, which describes
the measured dielectric permittivity of water as a function
of the concentration of NaCl at T = 293 K (see Refs. [50];
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FIG. 3. Effect of the relative permittivity of the solvent.

(a) Screening lengths & expressed in terms of the Debye length
Ap as functions of o;,,/4p for several values of the dielectric
constant €,, assumed ion concentration independent. The green
dashed line indicates the scaling power law &/Ap « (Gign/Ap)'.
(b) Screening lengths in aqueous electrolytes for a constant
dielectric permittivity e, = 78 [as in panel (a)] and when e,
depends on the ion concentration (see the main text for the
equation). The orange lines and symbols show the screening
lengths obtained for large slit width (H /o, > 16) from the decay
of the total ion density (§,) and charge density (£.) with the
distance from the wall for €, = 78 [panel (a)] and ¢,(p},) [panel
(b)]. The parameters are the same as in Fig. 1.

e.(p = 0) = 80.84 slightly differs from the value ¢, = 78
used in the constant ¢, calculations, but this small differ-
ence barely affects the results). Note that we neglected the
spatial variation of e, due to the spatially varying ion
density, assuming the same €, throughout the cell evaluated
at the bulk ion density py,.

Figure 3(b) (blue symbols) shows that /1, deviates
from the n = 1.5 scaling behavior at a higher ion concen-
tration (larger o;,,/4p) in the case of the concentration-
dependent permittivity. The orange lines and symbols in
Fig. 3(b) show the decay lengths £, and &., demonstrating
that the deviation from the n = 1.5 scaling is again due to a
crossover from the charge-dominated to density-dominated
regime. However, compared with the concentration-inde-
pendent ¢,, this crossover is shifted towards higher ion
densities because the presence of ions reduces ¢,, enhanc-
ing the electrostatic interactions and extending the electro-
statics-dominated regime.

Conclusions.—We have demonstrated that modeling a
solvent explicitly is essential in determining the molecular
structure of confined electrolytes, the ion adsorption, and
the electrolyte-mediated forces between confining walls
(Fig. 1). However, explicit and implicit solvent models
predict the same screening lengths at ion concentrations at
which the electrostatic interactions dominate the forces
(Fig. 2). In this regime, the screening lengths are indepen-
dent of the dielectric permittivity and its variation with the
ion concentration and follow the scaling law given by Eq. (5)
with n = 1.5. This scaling exponent agrees with previous
MSA results [9], but differs from the scaling exponents
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reported in other works, viz., n = 1 (Refs. [9,12,15]),n =2
(Refs. [8,12,15]), n ~ 1.3 (Ref. [14]), n = 5 (Ref. [12]), and
n =3 exponent [12,51]; which exponent is correct and
whether there is a single well-defined exponent remains to
be seen. We note that the screening lengths obtained in our
work are significantly smaller than reported by SFB experi-
ments of Refs. [1-3] but consistent with other (particularly
AFM) experiments, which do not show underscreen-
ing [6,7].

At higher ion concentrations, we observed a crossover
from the electrostatic-dominated screening to the screening
dominated by hard-core interactions (Fig. 3). Our calcu-
lations revealed that the crossover location depends sensi-
tively on the solvent model, the relative dielectric
permittivity of the solvent, and its concentration depend-
ence. Unlike in the electrostatic-dominated regime, we
have not found any scaling law akin to Eq. (5) in the hard-
core dominated regime.
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