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Abstract. We investigated the effective interaction potential (EIP) between
charged surfaces in solvent comprised of dipole dimer molecules added with a
certain amount of ionic liquid. Using classical density functional theory, the EIP
is calculated and decoupled into entropic and energy terms. Unlike the tradi-
tional Asakura–Oosawa (AO) depletion model, the present entropic term can be
positive or negative, depending on the entropy change associated with solvent
molecule migration from bulk into slit pore. This is determined by pore conges-
tion and disruption of the bulk dipole network. The energy term is determined
by the free energy associated with hard-core repulsion and electrostatic interac-
tions between surface charges, ion charges, and polarized charges carried by the
dipole dimer molecules. The calculations in this article clearly demonstrate the
variability of the entropy term, which contrasts sharply with the traditional AO
depletion model, and the corrective effects of electrostatic and spatial hindrance
interactions on the total EIP; we revealed several non-monotonic behaviors of the
EIP and its entropic and energy terms concerning solvent bulk concentration and
solvent molecule dipole moment; additionally, we demonstrated the promoting
effect of dipolar solvent on the emergence of like-charge attraction, even in 1:1
electrolyte solutions. The microscopic origin of the aforementioned phenomena
was analyzed to be due to the non-monotonic change of dipolar solvent adsorp-
tion with dipole moment under conditions of low solution dielectric constant. The
present findings offer novel approaches and molecular-level guidance for regulat-
ing the EIP. This insight has implications for understanding fundamental pro-
cesses in various fields, including biomolecule-ligand binding, activation energy
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barriers, ion tunneling transport, as well as the formation of hierarchical struc-
tures, such as mesophases, micro-, and nanostructures, and beyond.

Keywords: depletion interaction, solvent polarity, ionic liquid,
entropic driven potential
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1. Introduction

The potential of mean force, or effective interaction potential (EIP), between particles
(where the term ‘particle’ encompasses molecules, colloidal particles, and clusters) plays
a crucial role in various contexts, such as collision rates [1, 2], dispersion stability [3–5],
ion-ligand association [6, 7], particle assembly [8], enrichment and fractionation during
hydrothermal transport process [9, 10]. Although the EIP acquires distinct names in
different situations, the underlying phenomena share common features. For instance,
when a mixture of neutral, sterically stabilized colloids and non-adsorbing polymers
is formed, the presence of neutral polymers can induce diverse phenomena, including
fluid–fluid phase separation and the formation of gels or attractive glasses. This occurs
due to the induced inter-colloid effective interaction—known as the entropic driven
depletion potential—arising from the excluded volume repulsion between colloids and
polymers [11–14]. Similarly, when hydrophobic particles (with hydrophobicity denot-
ing an aversion or lack of affinity for water) are immersed in an aqueous environment,
the water-mediated EIP between the hydrophobic particles is referred to as the hydro-
phobic interaction potential [15–17]. Hydrophobic interactions play a significant role in
numerous processes occurring in aqueous solutions. These interactions are particularly
important in complexation, surfactant aggregation, coagulation, molecular recognition,
the development of waterproof coatings, and the formation and stabilization of proteins,
biological membranes, and micelles [18–22]. The EIP between charged colloids in ion
fluids is referred to as the effective electrostatic potential (EEP) [23–30], which arises
from the interplay of electrical forces in the presence of other ions in the surrounding
solution and is influenced by several factors, including surface charge, double layer, ionic
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strength, Debye length (which characterizes the screening of electrostatic interactions in
a solution), and steric effects. Understanding and controlling the EEP between colloids
is essential for various applications, such as stabilizing or destabilizing colloidal dis-
persions, emulsions, and suspensions [31, 32], designing effective drug delivery systems
[33, 34], and creating products with specific adhesion and durability properties [35].
The Casimir force is also a type of effective interaction that manifests as an attract-
ive force between two uncharged, closely spaced objects in a vacuum or a dielectric
medium [36, 37]. According to Lifshitz theory [38], this force results from fluctuations
in the electromagnetic field, which arise due to the inherent uncertainty principle in
quantum mechanics. At the nanoscale, the Casimir force can substantially influence
the behavior of micro- and nanoscale devices, contributing to the development of nano-
electromechanical systems [39]. Furthermore, the Casimir force is among the numerous
factors that affect the stability and behavior of colloidal systems. Depending on the
specific conditions and the interplay of other forces, it can either promote aggregation
(when attractive) or hinder it (when repulsive) [37, 40–42].

Among the four EIPs mentioned above, the depletion potential is primarily driven by
entropic contributions, while the hydrophobic interaction is determined by the repulsion
and attraction between neutral particles [43], system temperature and salt concentration
[44], and the interplay with solute size and shape [45]. The effective electrostatic inter-
action is mainly controlled by the electrostatic force between ions and charged surfaces.
The Casimir force relies on several factors, such as the objects’ geometry, the materials
they are made of, medium properties, and ion screening. Under specific conditions, the
Casimir force can be altered from attractive to repulsive [46].

However, in a broader sense, multiple forces between particles frequently coexist,
making it difficult to neatly categorize EIPs into distinct types. Instead, each category
of EIP has its historical reasons and unique characteristics. These complexities highlight
the need for a comprehensive understanding of the various forces’ interplay and their
combined effects on particle behaviors in assorted systems.

The rich diversity and complexity of intermolecular forces, surface properties, and
suspension compositions bestow upon EIPs a wide range of intriguing behaviors and
characteristics. These unique attributes open up new avenues for practical applica-
tions in various fields, prompting further exploration into the underlying principles and
potential uses of EIPs to help harness their benefits and contribute to advancements in
scientific research and technology [47–49].

A polar molecule is composed of atoms or atomic groups with varying electroneg-
ativity. This difference in electronegativity causes a charge separation within the polar
molecule, creating a positively polarized end and a negatively polarized end. One of the
most well-known examples of polar molecules is water (H2O). In a water molecule, the
oxygen atom is more electronegative than the hydrogen atoms, leading to an unequal
sharing of electrons. Consequently, the oxygen atom acquires a partially negative charge,
while the hydrogen atoms exhibit a partially positive charge. Other common polar
molecules include ethanol, acetone, acetonitrile, and methanol. The unique properties
of polar molecules allow for a wide range of applications in various fields. These applica-
tions encompass chemical reactions, solubility, environmental remediation, medicine and
pharmaceuticals, membrane permeability, cell signaling, and the maintenance of cellular
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environments. The versatility of polar molecules stems from their distinct characteristics
and underpins their significance in numerous scientific and industrial applications.

Ionic liquids (ILs) constitute a class of organic salts that exhibit a liquid state at or
near room temperatures. Composed of positively charged ions (cations) and negatively
charged ions (anions), ILs possess a unique combination of properties, such as tunab-
ility, low volatility, and high thermal stability. These properties make them suitable
for various applications, including green solvents, electrolytes, catalysts, supercritical
fluids, nanotechnology, chemical sensors, and energy storage. ILs can also potentially
affect cell functions through several mechanisms, such as cell membrane interactions,
cell viability and cytotoxicity, cell signaling, and gene expression. The impact of ILs
on cell function is highly context-dependent and can vary based on the specific chem-
ical composition of the IL used, its concentration, and the type of cells involved. This
inherent contextual variability necessitates a thorough understanding of the interactions
between ILs and biological systems to safely and effectively harness their potential in
various applications.

The objective of the present work is to examine the EEP between two charged
surfaces in a medium composed of solvents with varying polarities and ILs, as well
as to investigate the morphological characteristics and variations of the EEP curves
concerning system parameters. The focus lies in exploring the possible variability of
entropy changes and the consequent entropy term in the EEP as functions of solvent
polarities and solvent bulk concentrations. Understanding and controlling the EEP of
charged surfaces in such environments is crucial for a variety of applications, including
the design of colloidal materials, the development of new sensors, and the manipulation
of nanostructures.

This paper is structured as follows. In section 2, we provide a brief description of
the model defining the system, which consists of a neutral or polar solvent, IL, and two
charged surfaces, along with the classical density functional theory (cDFT) employed
to calculate the EEP. In section 3, we present theoretical results for the EEP and its
two decoupled terms: entropy and energy terms. Additionally, we conduct a thorough
theoretical analysis of the variation patterns of the potential energy curve, its decoupled
terms, and the corresponding molecular mechanisms. Lastly, in section 4, we summarize
the main findings and conclusions of this study.

2. Model and method

The current system is composed of two charged flat plates oriented face-to-face, solvent
molecules, and ILs with specific bulk mole concentrations denoted as cs and cil, respect-
ively. Surface charges are typically generated via chemical functionalization or ionization
of surface groups. We assume that these surface charges are uniformly distributed across
the surface, characterized by a surface charge density σ. In this model, positive mono-
valent cations and negative monovalent anions of the IL are represented as centrally
charged hard spheres. Since ILs typically consist of large organic cations and small
inorganic anions, their respective hard sphere diameters are set at 4 Å and 2.4 Å. The
polar solvent molecule is modeled as a dimer, composed of two hard spheres with equal
diameters of 1.92 Å each. One end of the dimer is positively polarized, while the other
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end is negatively polarized. Each end possesses a polarization charge of equal intens-
ity, denoted as δe, where e represents the elementary charge strength. The presence of
separated positive and negative charges within a molecule leads to the formation of an
electric dipole. Its electrical characteristics are commonly represented by the electric
dipole moment, denoted as µ. The electric dipole moment can be calculated using the
following formula:

µ = δed. (1)

In this formula, d represents the separation distance between the positively and neg-
atively polarized charges, d = 1.92 Å within the current context. The dipole moment is
extensively employed in physics and chemistry to elucidate various phenomena, encom-
passing intermolecular interactions and solute-solvent interactions in solutions.

In our model, we disregard the van der Waals interactions between particles, as they
arise from electron density fluctuations and are generally weak and short-ranged, par-
ticularly when compared to electrostatic interactions. This is especially true in certain
regions of the current system, which belong to a strongly correlated electrostatic regime.
The details of the cDFT method employed can be found in the literature [50] and are
not reiterated here; however, the principal equations involved are provided below. Given
that the system under investigation operates in high concentration and strong confine-
ment regimes, packing effects become overwhelmingly significant. It is crucial to address
how finite-size effects are accounted for. In addition, because the system is in a strong
coupling regime with a relatively low relative dielectric constant of 5, electrostatic correl-
ations play a vital role. Therefore, we offer a discussion on the approximations employed
beyond the mean-field level to account for such strong correlations.

Internal excess Helmholtz free energy Fex [{ρi}] can be decomposed into sum of four
terms:

Fex [{ρi}] = Frep [{ρi}] +Fele [{ρi}] +Fcoup [{ρi}] +Fassoc [{ρi}] , (2)

where Frep [{ρi}] describes the free energy caused by hard repulsion between four types
of particle, i.e. cation, anion, positive and negative ends; Fele [{ρi}] represents a long-
range mean field electrostatic interaction free energy; Fcoup [{ρi}] deals with a free energy
coming from short-range coupling effect between hard repulsion and electrostatic inter-
action. Fassoc [{ρi}] associated with the formation of a molecule through the bonding of
positive and negative ends is constructed using a modified interfacial statistical associ-
ating fluid theory; the applicability of this theory to a variety of inhomogeneous complex
fluids is demonstrated through Monte Carlo simulations [51].

We will employ the fundamental measure theory (FMT) to tackle the Frep [{ρi}].
Initially developed by Rosenfeld [52], the FMT is a highly-regarded and accurate model
within the field of cDFT for hard spheres. It originated from the exact results of Percus
and coauthors [53, 54] for one-dimensional systems along with an approximate descrip-
tion of hard-sphere statistical mechanics known as Scaled Particle Theory [55]. Since
its introduction, numerous modifications and improvements have been proposed [56],
particularly the so-called dimensional crossover approach [57]. This method aims to
work out the details for Frep [{ρi}] by requiring the theory in three dimensions to repro-
duce the exact lower-dimensional functionals when suitably restricted. This inspired the
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sophisticated modern ‘White Bear’ functionals [58], which provide an excellent descrip-
tion of inhomogeneous hard-sphere systems, including the freezing transition, and were,
for some time, considered the best available model. In this paper, we utilize the ‘White
Bear’ functionals [58] that account for the correct ‘dimensional crossover’ behavior and
are compatible with the Mansoori–Carnahan–Starling–Leland equation of state [59].

Both terms, Fele [{ρi}] and Fcoup [{ρi}], originate from the second-order functional
perturbation expansion of the Helmholtz free energy of an inhomogeneous fluid around
that of a coexisting homogeneous fluid. The expansion coefficients are based on the bulk
direct correlation functions obtained from the Ornstein–Zernike integral equation with
the mean spherical approximation (MSA) closure [60, 61]. The part of MSA’s second-
order direct correlation functions greater than the hard-sphere diameter is precisely the
negative electrostatic interaction potential between ions divided by the average thermal
energy kBT . As a result, its mathematical form is akin to the mean field approximation;
therefore, we refer to Fele [{ρi}] as ‘the treatment of long-range electrostatic interactions
using the mean field approximation’. The expansion coefficients for Fcoup [{ρi}] are the
portions of MSA’s second-order direct correlation functions that are less than the hard-
sphere diameter, subtracted by the Percus–Yevick approximation’s second-order direct
correlation functions [62] for the corresponding multicomponent hard-sphere mixture
(with all particle charges removed). When all particles are neutral and uncharged, this
difference is zero. Consequently, this expansion coefficient originates from the coupling of
electrostatic and hard-sphere interactions, hence Fcoup [{ρi}] can be reasonably referred
to as the correlation effect between hard-sphere and electrostatic interactions.

The reliability of the second-order Fcoup [{ρi}] term combined with the FMF for
strongly correlated systems has been established through simulation calculations. In
electrostatic systems, ‘strong correlation’ typically arises from the interplay of high
density, high ionic charge, and low relative permittivity. The first factor leads to a
strong spatial steric effect, which drives the system’s free energy into a region more
sensitive to particle density distribution. In contrast, the latter two factors intensify
electrostatic interactions between charges. The combined influence of these three factors
enhances the correlation effect between hard-sphere and electrostatic interactions. As
a result, strongly correlated systems present a rigorous test for perturbation expan-
sion. Zhou and Lamperski [63] demonstrated that the combination of the second-order
Fcoup [{ρi}] term and FMF is reliable for investigating the electrical capacitance prop-
erties of extreme nanoscale supercapacitors (where electrical capacitance signifies the
derivative of electrode charge density concerning electrode potential). Meanwhile, [64,
65] showed that even for tetravalent counterions, the combination yields reliable density
and potential distribution profiles.

A current concern is that even though the ions studied are only monovalent, the
relative permittivity employed in our calculations is 5, which represents a significant
reduction compared to the 78.5 used in the aforementioned [63–65]. This decrease in rel-
ative permittivity substantially increases the correlation strength of our computational
model, raising concerns about the potential impact on the reliability of the combination
of the second-order Fcoup [{ρi}] term and FMF.

Fortunately, the relative permittivity of 5 is only a residual value accounting for
the potential polarization of particles in the actual system. In our model, we employ
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a solvent with a specific dipole moment. Such a polar solvent possesses a dielectric
constant, which measures its ability to attenuate electrostatic interactions. Since we
explicitly consider solvent molecules in the calculations, there is no need to repeatedly
account for this dielectric constant by assigning an associated dielectric constant cor-
responding to the dipolar solvent on top of the residual dielectric constant. Thus, after
explicitly incorporating solvent molecules and adjusting the model with a residual per-
mittivity of 5, the actual electrostatic strength is not as pronounced as it would be with
a sole relative permittivity of 5.

The total free energy F [{ρi}] is available by combining Fex [{ρi}] with an analytically
available ideal gas free energy

F [{ρi}] = Fex [{ρi}] +
∑
i

ˆ
drρi (r)

[
ln
(
ρi (r)λi

2 − 1
)]

, (3)

where λi is the thermal de Broglie wavelength of the ith component. The F [{ρi}] is
converted into a grand potential functional Ω[{ρi}] by a Legendre transform. The vari-
ational principle of the giant potential gives the Euler–Lagrange equation. By numeric-
ally solving the equation, one obtains the equilibrium density distribution and relevant
equilibrium grand potential Ω[{ρi}] and excess grand potential Ωex [{ρi}].

The EEP is system free energy change when the two surfaces change their distance
from each other, and can be calculated as follows:

u(h) = Ωex (h, [{ρi}])−Ωex (hmax, [{ρi}]) (4)

where hmax is a sufficiently large plate spacing, its further increase will no longer alter
the excessive grand potential.

According to the basic thermodynamic formula, entropic term us of the EEP can
be calculated as follows

us = −T∆S, (5)

∆S = − ∂u

∂T
. (6)

We use EEPs of 298.15 K and 318.15 K and numerical differentiation to obtain the
temperature partial derivative needed for the entropy change ∆S for target temperature
308.15 K:

∆S = −u|T=318.15 −u|T=298.15

∆T
, (7)

where, ∆T = 20 K. We found that using a shorter temperature interval, for example
∆T = 10 yields the same results; but too small ∆T may cause artificial oscillation of
∆S. The ∆S obtained in this way corresponds to a system temperature of 308.15 K.

Energy term ue of the EEP is calculated by disposing of the us from the total
EEP u:

ue = u−us. (8)
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If not specifically stated, the system temperature considered is always 298.15 K. Only
when decoupling of the EEP needs to be calculated, system temperature of 308.15 K
is considered. About the relative dielectric constant εr, In practical systems, molecules
(whether polar or non polar) will further polarize in electric field, weakening the elec-
trical double layer electric field; this is equivalent to increasing the εr − value. Therefore,
we adopt a residual relative dielectric constant of εr = 5.0 to reflect this realistic
situation.

Thermal motion average energy kBT and d = 4Å are used as energy unit and length
unit, respectively. The u, us and ue are expressed as reduced energy per unit surface area
u* = ud2/kBT , us* = usd

2/kBT and ue* = ued
2/kBT , respectively. The plate separation

h is reduced as h* = h/d.

3. Discussion

Figures 1 and 2 show the potential energy curves for different solvent polarities
and solvent concentrations. The solvent polarities considered span from p = 0.0D to
p = 4.0D. In order to have a vivid understanding of the p− values, we have listed
the p− values of several solvents. For example, Propylene carbonate has a p− value
of 4.9D; Sulfolane, 4.8D; γ-butyrolactone, 4.27D; Dimethylsulfoxide (DMSO), 3.96D;
Acetonitrile, 3.91D; Acetone, 2.88D, and Tetrahydrofuran,1.75D.

It should be pointed out that we have not drawn the potential energy curve and its
decoupled terms in the range of h* less than 1.01, because particles are difficult to enter
such a narrow space and numerical procedure is difficult to converge.

In the upper and middle subgraphs of figure 1, the potential curves are depicted
as increasing monotonically with plate separation for neutral or weakly polar solvents
(e.g. p = 0.15D). This trend continues until the separation is approximately equal to the
sum of the counter-ion diameter and the solvent molecule length. Beyond this point, the
potential energy remains relatively stable. In situations with low solvent concentrations,
the potential energy decreases monotonically and approaches zero. However, at higher
solvent concentrations, the potential energy may exhibit weak oscillations as it tends
towards zero. When the plate separation is approximately equal to either the counter-ion
diameter or the solvent molecule length, the potential becomes negative.

However, as the solvent polarity increases, the potential curve morphology changes
significantly, as illustrated in the bottom subgraph of figures 1 and 2. When the plate
separation is close to the counter-ion diameter or solvent molecule length, the potential
energy is positive. As the plate separation increases, the potential energy decreases
until it reaches the sum of the counter-ion diameter and the solvent molecule length,
where the potential energy attains a minimum value. Subsequently, the potential energy
increases and reaches a maximum value; then, the potential energy curve exhibits weak
oscillations towards zero as the plate separation continues to increase.

In figure S1, we present a comprehensive view of the potential energy curves over
a wide range of dipole moments, spanning from zero to 4.0D for a specific parameter
combination. To enhance clarity, in figure 3 we have included the curves of potential
energy versus dipole moment, focusing on the range of plate separation from 1.01 to 1.8
times the counter-ion diameter. Additionally, we display the minimum and maximum
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Figure 1. Variation of reduced effective interaction potential u* with solvent bulk
mole concentration cs and solvent molecule dipole moment p. Top, middle, and bot-
tom subgraphs correspond to p = 0.0D, 0.15D, and 0.8D, respectively. Other para-
meter values are indicated in the graphs and in the text.

potential energy values, along with their corresponding plate separation values, when
the solvent polarity is not too low, allowing the potential energy curves to exhibit both
maximum and minimum values.

From the upper subgraph of figure 1, we observe that when the dipole moment is
zero, the near contact potentials (NCPs), primarily when the plate separation is less
than or equal to 1.6, are significantly negative. Additionally, their strengths decrease
with increasing plate separation, which is a typical attribute of the traditional depletion
potential. Traditionally, the depletion potential behaviors are explained using a simple
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Asakura–Oosawa (AO) model, which considers the existence of a so-called depletion
layer around each particle. Depletion agents, usually polymers, cannot penetrate this
area. Overlapping depletion layers of two approaching colloids or surfaces suggest a
larger free volume for polymers, leading to an increase in system entropy. The depletion
potential’s depth is mainly governed by polymer density, while its range correlates with
the polymer radius of gyration.

The AO model portrays non-adsorbing polymer coils as fixed-size, effective spheres.
However, this spherical polymer approximation overlooks the conformational diversity
of the polymer depletant, which can considerably influence system entropy. Moreover,
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solvent molecule dipole moment p. The reduced surface separations considered are:
h* = 1.01, 1.1, 1.2,1.3, 1.4, 1.5, 1.6,1.7, 1.8. (Middle subgraph) Minimum of the
potential energy curve and corresponding surface separation as a function of the
solvent dipole moment p. (Bottom subgraph) Maximum of the potential energy
curve and corresponding surface separation as a function of the solvent dipole
moment p.

in the AO model, the interactions between effective spheres are neglected, considering
only the interactions between effective spheres and colloidal particles. The current model
incorporates both electrostatic and short-range repulsion interactions between surfaces,
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ions, and sites of dimer depletant, as well as molecular non-sphericity, to account for
real-world complexities. As we will learn from the following discussion, considering these
real-world details causes the resulting EIP to exhibit both quantitative and qualitative
deviations from the traditional depletion potential.

The curves presented in figures 1–3 illustrate non-monotonic variation trends of
some key physical quantities related to the potential energy curves with respect to
solvent dipole moment, bulk IL concentration, and reversible variation relationship
between depth and location of like charge attraction (LCA) and ion concentration for
different dipole moments. This implies the existence of an optimal combination of sys-
tem parameters in practical applications. Understanding the occurrence mechanisms
behind these ‘anomalies’ will theoretically assist in determining the optimal combina-
tion through experiments.

The six subgraphs in figures 1 and 2 display several different types of potential
curves and their variations with the solvent dipole moment. The NCPs in both the
top and middle subgraphs of figure 1 are attractive (first type NCP), while those in
the bottom subgraph of figure 1 and all subgraphs of figure 2 are repulsive (second
type NCP). The difference between the two first type NCPs lies in the fact that the
attraction potential intensity of the former increases with the solvent bulk concentration
cs, while the latter decreases with the cs− value. The second type NCP can be further
subdivided into three subtypes, among which the bottom subgraph in figure 1 belongs
to the first subtype—its NCP intensity increases with the cs− value. The top subgraph
of figure 2 pertains to the second subtype, in which the NCP intensity is not sensitive
to the cs− value, and the relationship between the NCP and the cs− value appears to
have small irregularities in different sections. Lastly, the middle and bottom subgraphs
of figure 2 belong to the third subtype—here, their NCP intensities decrease with the
cs− value but are relatively unresponsive.

In figures 4–7, we illustrate the potential curves for four exemplary dipole moments
along with their respective entropy and energy term curves. These four representative
dipole moments, specifically 0.0D, 0.15D, 0.8D, and 4.0D, are featured in figures 1
and 2. Among these moments, for p = 0.0D and p = 0.15D, the associated potential
curves belong to the first type; on the other hand, for p = 0.8D and 4.0D, the related
potential curves pertain to the first and third subtypes of the second type. We did not
fully replicate the potential curve calculations from figures 1 and 2. For the potential
curves and their associated entropy and energy terms demonstrated in figures 4–7, the
calculated temperature is 308.15 K, while the temperature considered in figures 1 and 2
is 298.15 K. This variation is due to the need to involve temperatures 10 K lower
and 10 K higher than the target temperature when calculating the entropy increase in
equation (6) using a numerical method; however, the cDFT is challenging to converge
numerically at lower temperatures.

Let us first primarily analyze the behavior of non-NCPs as the system parameters
change.

To make the following analysis more reasoned and grounded, rather than speculative,
we need not only the EIP curve and its decoupled terms (entropy and energy terms)
but also the distribution of particles within the pore. For this purpose, in figures 8–
10, we plotted the solvent adsorption and the density distribution of various particles
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Figure 4. The potential energy curves (top subgraph) and its decoupled entropy
term curves (middle subgraph) and energy term curves (bottom subgraph). Three
solvent bulk densities are considered, they are cs = 6M,18M, and 30M,respectively.
The solvent dipole moment p = 0.0D. System temperature of 308.15 K is considered,
and other parameter values are indicated in the graphs and in the text.

(cations, anions, and positive and negative sites of solvent molecules) near the surface
as a function of solvent dipole moment.

It is demonstrated that the solvent adsorption curve, when portrayed as a function
of solvent dipole moment, is influenced by the size of the solution relative dielectric con-
stant εr. In scenarios with smaller εr-values, the curve displays a maximum value. As
the εr increases, the dipole moment associated with the maximum value also becomes
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Figure 5. The same as in figure 4 except p = 0.15D.

larger. When the εr becomes sufficiently large, the maximum value might no longer be
present. An observation from figure 8 reveals that for the maximum value to disappear,
the εr may need to be greater than 20. This is because, when the dielectric constant
is at 20, there is still a faint maximum value occurring at p = 2.65D. The above obser-
vation can be explained as follows: When the εr is small, electrostatic interactions are
stronger. The strong electrostatic interactions result in a larger adsorption of solvent
and increased pore congestion. Therefore, as the dipole moment increases further, the
increased electrostatic repulsion between like-charges caused by spatial crowding and
raised polarized charge strength leads to a decrease in solvent adsorption with increasing
dipole moments. However, even if the εr is small, if the dipole moment is also very small,
the electrostatic attraction interaction promoting solvent adsorption will not be strong.
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Figure 6. The same as in figure 4 except p = 0.8D.

As a result, the solvent adsorption will not be so large as to cause severe congestion inside
the pore, and making it difficult for adsorption to further increase. Consequently, the
adsorption is positively correlated with the dipole moment in the small dipole moment
range. In contrast, if the solution εr is large, the adsorption of solvent is naturally small,
and confinement in the pore is not severe in the small dipole moment range. Only in the
large dipole moment range does congestion reach a level sufficient to exhibit a maximum
adsorption value. Furthermore, severe congestion might not appear in certain scenarios,
allowing for solvent adsorption to increase with increasing dipole moments within a reas-
onably large dipole moment range. One piece of evidence supporting the above analysis
is the observation that although in most dipole moment ranges, the adsorption curve
with a larger εr is below the one with a smaller εr, in the very small range of dipole
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Figure 7. The same as in figure 4 except p = 4.0D.

moment approaching zero, the adsorption curve with a larger εr is above the one with
a smaller εr. According to the above analysis, this is because when the dipole moment
is very small, the change in the εr value almost does not directly affect the adsorption
of the dipoles, but the reduction in electrostatic attraction caused by the increase in
the εr can significantly decrease the adsorption of counter-ions. The resulting available
space indirectly increases the adsorption of the solvent. In the bulk, the dipoles form
an orderly network, which is a low entropy state. Solvent adsorption disrupts this state,
leading to an increase in system entropy. The larger the dipole moment, the smaller
the solution dielectric constant, the more pronounced the above effect, and the more
insignificant the increase in system entropy as the solvent adsorption decreases with the
dipole moment. Figures 9 and 10 show that solvent in the pore exhibits a noticeable
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Figure 8. The solvent adsorption curve as a function of solvent dipole moment.
Different curves correspond to different values of the relative dielectric constant of
the solution. The vertical axis represents the adsorbed solvent positive site number
per unit area, while the horizontal axis represents the solvent dipole moment. Values
of other parameters are indicated in the graph and in the text.

stratified distribution. Specifically, the density peaks for positive and negative sites of
the solvent are located at z/d = 0.24 and 0.72, respectively, and the difference between
these two peak positions exactly equals the distance between the positive and negative
sites in the solvent molecule, indicating that solvent molecules in the pore are mostly
arranged perpendicular to the surface along the axis of the solvent molecule. However,
thermal motion of the molecules means that this vertical arrangement is not absolute,
as evidenced by the non-negligible density distribution in the middle region between
these two peak positions. Furthermore, as figure 9 shows, the stratification of solvent
molecules within the pore weakens with increasing solvent dipole moment. This can be
inferred from the fact that the difference between the high-density peaks and the low-
density valleys for both positive and negative sites of the solvent molecules decreases
as the dipole moment increases. This phenomenon can be analyzed and understood
through the density distribution of counterions. Figure 9 shows that as solvent adsorp-
tion decreases with increasing dipole moment, counterion adsorption generally increases,
with the counterion adsorption peak located at z/d = 0.5, halfway between the adsorp-
tion peaks of the solvent’s positive and negative sites. It is the electrostatic attraction
of the counterion adsorption peak to the solvent’s negative site peak that causes the
solvent configuration to deviate from the absolute vertical arrangement. Clearly, the lar-
ger the dipole moment, the stronger the electrostatic attraction between the counterion
adsorption peak and the solvent’s negative site peak, and the greater the deviation. On
the contrary, if the solution εr reaches 20 or larger as shown in figure 8, then the solvent
adsorption and stratification of solvent molecules within the pore with the change of
dipole moment become completely opposite to those in figure 9, as shown in figure 10.
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Figure 9. The density distribution curves for cation, anion, and positive and neg-
ative sites of solvent molecules are presented. In the two top subplots and the
bottom-left subplot, curves are only drawn for the left half of the space calculated,
while the other half can be deduced by symmetry. The bottom-right subplot is an
enlarged view of the density distribution curves for the positive and negative sites
of solvent molecules, focusing on the narrow region very close to the left charged
surface. Different curves represent different values of the relative dielectric constant
of the solution, and the values of other parameters are indicated in the graphs and
in the text.

Although the deviation from the vertical arrangement is an entropy-increasing process,
it may not be dominant compared to the entropy-reducing effect of decreased solvent
adsorption as the dipole moment increases in the case of high dipole moments. Therefore,
in the case of low dielectric constant in this study, the overall effect of increasing solvent
dipole moments from 0.8 to 4 leads to a decrease in system entropy. As a consequence,
the entropic term increases. This effect becomes more pronounced as the bulk concen-
tration of the solvent increases. This phenomenon is already depicted in middle right
subgraph of figure 7, demonstrating that as the cs− value increases, the entropic term
near the vicinity of the LCA minimum becomes more positive. However, around the
LCA location, the energy term does not change significantly with the cs− value. This is
because, as the cs− value increases, solvent adsorption also increases, leading to greater
congestion and a subsequent increase in free energy due to particle hard-core repulsion.
On the other hand, the increase in adsorption also results in enhanced electrostatic
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Figure 10. Identical to figure 9, except for different relative dielectric constants of
the solution, as marked in the figure.

attraction between the walls, ions, and solvent molecules. The balance between these
two changes causes the energy term to remain essentially constant with respect to the
cs− value, as shown in the bottom subgraph of figure 7. By considering these factors,
we explain the inverse correlation between the LCA depth and the cs− value for highly
polar solvents. From the analysis of the solvent adsorption-dipole moment relationship
mentioned above, we can understand the significant positive energy term in the case
of p = 0.8D shown in figure 6 and the negative energy term for p = 4.0D shown in
figure 7. In the case of p = 0.8D, the solvent adsorption is substantial, which increases
the spatial resistance effect, leading to a rise in the free energy. In contrast, in the case
of p = 4.0D, the decrease in solvent adsorption alleviates the spatial congestion; at the
same time, the reduced pore congestion makes it easier for the positive and negative
charges in the pore to adopt a conformation where the electrostatic attraction is more
likely than electrostatic repulsion, and this effect is further intensified by the increase
in the dipole moment. In this manner, both the intrapore congestion and electrostatic
attraction factors work in the same direction, making the energy term more negative in
the p = 4.0D scenario.

When the solvent dipole moment is relatively small, for instance, p = 0.8D, the
solvent adsorption is considerable, as shown in figure 8, and overall, the congestion level
within the pore is higher, resulting in a decrease in the system entropy. Conversely,
migration from the bulk to the pore disrupts the network structure caused by dipoles
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in the bulk, an effect that contributes to an increase in entropy. Overall, the entropy
increase associated with solvent migration into the pores dominates the entropy loss
caused by congestion within the pores. Therefore, in this case, solvent adsorption can
also lead to elevated entropy, resulting in a relatively small negative entropy term around
the LCA location, as depicted in figure 6. However, due to the increase of congestion, the
change in the entropy term with the cs− value is no longer significant, as demonstrated
in figure 6. This is because, in highly congested situation, even if the bulk solvent
concentration increases, it does not considerably impact the solvent adsorption. On the
other hand, the increase in solvent adsorption results in a rise in particle hard-core
repulsion free energy, and consequently, the energy term naturally becomes a very large
positive value. Furthermore, it increases only slightly with the rise in bulk concentration,
as shown in the bottom-left plot of figure 6. It should be noted that this phenomenon
occurs only in the near-surface region, as the solvent positive site peak is located in
this area. In the region outside the solvent positive site peak, the particle densities
significantly decrease, leading to the electrostatic attraction energy between walls, ions,
and dipoles dominating over the free energy caused by the hard-core repulsion. In this
manner, the energy term becomes negative outside of the solvent positive site peak, and
the increasing adsorption with the cs− value renders the energy term more negative,
as illustrated in the right-side bottom subgraph of figure 6. This explanation provides
insights into the positive correlation between the LCA depth and the cs− value for lower
solvent polarities.

Now let us proceed to explain why the depth of LCA exhibits a non monotonic
behavior with the solvent dipole moment, as shown in figure 3.

As the dipole moment decreases, for instance, from p = 4.0D to p = 0.8D, pore con-
gestion increases, similar to the analysis for figure 8, and although the resulting entropy
decrease becomes more significant, the entropy term is primarily influenced by the
entropy increase caused by the disruption of the bulk dipole grid driven by the solvent
adsorption. As a result, the entropy term assumes a negative value around the LCA
location, as shown in the middle right subgraph of figure 6. On the other hand, the con-
gestion occurs only in the near-surface region at the solvent positive site density peak,
and there is no severe congestion outside of this region. In these areas, the electrostatic
attraction between walls, ions, and dipoles dominates due to the increase in solvent
adsorption, thereby making the energy term more negative. This effect can be observed
by comparing the energy terms around the LCA location in the two bottom subgraphs
in figures 6 and 7. In this manner, the LCA strength naturally becomes stronger with a
decrease in the solvent dipole moment, resulting in a LCA strength maximum appearing
around p = 0.5D, as demonstrated in the middle right subgraph of figure 3.

As the dipole moment further decreases, for example, to below p=0.6D, say
p =0.15D, according to figure 8, solvent adsorption declines. As a result, the entropy
increase caused by the breakdown of the bulk dipole grid accompanying the solvent
adsorption is less significant; on the contrary, the entropy reduction resulting from
solvent adsorption-induced congestion also becomes less substantial around the LCA
location, though it still exists. Since the first factor plays a dominant role, their com-
bination results in a more positive or less negative entropic term around the LCA loca-
tion compared to the larger dipole moment case. This outcome can also be observed by
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comparing the entropy terms around the LCA location in the middle right subgraphs of
figures 5 and 6. To be specific, at h*=1.8 (near the reduced inter-plate separation where
the LCA occurs for p = 0.15D), the entropy term u*

s in figure 5 are around −1.0; while
at h*=2.0 (approaching the reduced plate spacing at which the LCA for the p = 0.8D
case occurs), the entropy term u*

s in figure 6 are around −2.0.
On the other hand, both a reduction in solvent adsorption capacity and a decline

in dipole moment result in a decreased total electrostatic attraction strength between
wall-charges, dipoles, and ions, which consequently leads to an increase in the energy
term. Quantitatively speaking, as depicted in the bottom right subgraphs of figures 5
and 6, for p = 0.15D, the energy terms at h* = 1.8 are around −1.2, −1.6 and −2.5, for
cs = 6M, 18 M, 30 M, respectively; while for p = 0.8D, the energy terms at h* = 2.0 are
around −1.2, −1.9 and −3.7, for cs = 6M, 18 M, 30 M, respectively. We interestingly note
that, at two higher cs− values: 18 M and 30 M, the dipole moments of p = 0.15D and
p = 0.8D indeed cause significant differences in the energy terms at their respective LCA
minima. However, for the smallest cs− value studied, there is essentially no difference
in the energy terms between the p = 0.15D and p = 0.8D scenarios. This can be
understood because the magnitude of the dipole moment’s effect naturally depends on
the number of molecules carrying this dipole moment. As cs− value becomes smaller,
this effect is less likely to be evident, especially in complex systems where numerous
factors also influence the magnitude of the energy term. It should be pointed out that
if we compare the energy terms of the p = 0.15D and p = 0.8D scenarios uniformly at
h* = 2.0, we can observe the following: for p = 0.15D, the energy terms at h* = 2.0 are
around 0.093, −0.27, and −0.61, for cs =6 M, 18 M, and 30 M, respectively. As a result,
the differences in the energy terms caused by p = 0.15D and p = 0.8D scenarios change
more in the direction predicted by our analysis, which can be considered as a piece of
corroborating evidence for the reliability of the aforementioned analysis. In summary,
the overall effect is that the LCA weakens when the dipole moment is very small. In this
way, we explain the positive correlation between the LCA strength and solvent dipole
moment on the low solvent polarity side, as displayed in the middle right subgraph of
figure 3.

Now we will discuss the variation of the NCP with solvent dipole moment.
As explained above, the variation patterns of the NCPs with the dipole moment can

be categorized into several types. Firstly, when the dipole moment is very small, for
instance, p = 0.0D, the NCP is negative, and its absolute value increases with solvent
bulk concentration, which represents a typical characteristic of the AO depletion poten-
tial. Secondly, as the dipole moment slightly increases, for example from p = 0.0D to
p = 0.15D, the absolute value of the negative NCPs tends to decrease; this is clearly vis-
ible in the top subgraphs of figures 3–5, and top and middle subgraphs of figure 1. The
most notable observation is that the absolute value of the NCP in the p = 0.15D case
(middle subgraph of figure 1 and top subgraph of figure 5) decreases with the solvent
bulk concentration, in stark contrast to the p = 0.0D situation, as illustrated in the top
subgraph of figure 1 and the top subgraph of figure 4. Thirdly, as the solvent dipole
moment increases further, for instance, up to p = 0.8D, the NCP becomes positive. From
figure 3, it is evident that in the regime (p⩾ 0.8D), the NCP strength as a function of
the solvent dipole moment exhibits a maximum value, approximately occurring around
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p = 1.0D. However, in this regime, the relationship between the NCP strength and the
solvent bulk concentration can be divided into three types: as the solvent dipole moment
increases, the relationship transitions from a positive correlation to a weak correlation,
and finally to an inverse correlation. To be specific, when the solvent dipole moment
increases up to p = 2.1D, the NCP becomes insensitive to the solvent bulk concentra-
tion. Finally, when the dipole moment further increases, the NCP decreases with the
solvent bulk concentration, but the correlation remains insignificant.

The above NCP change behavior can be explained by comprehensively considering
the hard sphere repulsion free energy caused by pore congestion, electrostatic attraction,
and the entropic change resulting from solvent molecules migrating from bulk into pore.

Compared to the case of a neutral solvent (figure 4), for p = 0.15D (figure 5), the
migration of solvent molecules into the pore disrupts the network structure of the
bulk, leading to an increase in system entropy. Correspondingly, the entropy term
becomes more negative, which is clearly reflected in the middle left subgraph of figure 5.
Moreover, figure 5 also shows that the absolute value of the entropy term clearly
increases with the solvent bulk concentration. This latter characteristic is evidently due
to the fact that, on one hand, solvent adsorption is still not large enough at p = 0.15D, as
shown in figure 8. In this case, an increase in solvent bulk concentration can significantly
enhance solvent adsorption, thereby increasing the entropy change and consequently,
making the absolute value of the entropy term larger; on the other hand, an increase in
the solvent bulk concentration strengthens the bulk dipole grid, resulting in a decrease
in bulk entropy and an increase in the entropic change accompanying solvent migra-
tion into the pore. Finally, as the solvent dipole moment increases from p = 0.0D to
p = 0.15D, the resultant increase in solvent adsorption inside the pore (as shown in
figure 8) raises the hard-core repulsion free energy and the energy term. Moreover,
this effect is obviously positively correlated with the bulk solvent concentration, as just
analyzed. As a result, the near contact energy term should be less negative or positive
compared with the p = 0.0D case, and increases with the solvent bulk concentration,
as demonstrated in the bottom left subgraph of figure 5.

Figure 6 displays the potential energy curves and their decoupled results when the
dipole moment is p = 0.8D. Compared to the case of p = 0.15D, figure 8 shows that
p = 0.8D corresponds to a larger adsorption. As a result, the negative entropy term
associated with the increase in entropy, and the less negative or positive energy term
related to the hard sphere repulsion accompanying the solvent adsorption, as depicted in
the left and middle/bottom subgraphs of figure 5, become more pronounced at p = 0.8D.
This can be observed by comparing the middle and bottom left subgraphs in figures 5
and 6. This comparison indicates that for p = 0.8D, both the attractive entropy term and
the positive energy term indeed become significantly larger than when p = 0.15D. An
interesting distinction between these two dipole moment cases (p = 0.8D and p = 0.15D)
is that, at p = 0.8D, both the entropy and energy terms exhibit smaller relative changes
with solvent bulk concentration compared to those at p = 0.15D. This is because, as
shown in figure 8, the solvent adsorption at p = 0.8D is significantly higher than that
at p = 0.15D. In more congested pore, the increase in adsorption driving force due
to the solvent bulk concentration becomes more limited in its effectiveness to enhance
the solvent adsorption. Therefore, its impact on the entropy and energy terms is also
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constrained, resulting in a more stable behavior of the entropy and energy terms when
the solvent bulk concentration changes.

One might wonder, does not the increase in solvent adsorption also increase the
electrostatic attraction energy, in addition to increasing the hard sphere repulsion free
energy? Why does the energy term necessarily become more positive? This is because, in
the p = 0.8D scenario, solvent adsorption is very large, and the hard sphere repulsion
free energy as a function of density is quite steep at high densities. As a result, the
increase in free energy due to hard sphere repulsion dominates over the decrease in
free energy caused by electrostatic attraction. Consequently, the energy term is much
larger than at p = 0.15D, leading to not only a positive total NCP but also a positive
correlation between the total NCP and solvent bulk concentration, as illustrated in the
top subgraph of figure 6 and the bottom subgraph of figure 1.

As the solvent dipole moment further increases, for example, from p = 0.8D to
p = 4.0D, the solvent adsorption decreases, as shown in figure 8. Correspondingly, the
entropy increase associated with the migration of solvent from the bulk into the pore
becomes less significant. Although at the same time, the alleviation of intrapore con-
gestion leads to an increase in entropy, the decrease in entropy increase due to reduced
solvent adsorption plays a more dominant role. Therefore, overall the entropy increase
at p = 4.0D is smaller than that at p = 0.8D. In this way, the entropy term changes
from negative at p = 0.8D to positive or less negative at p = 4.0D, as illustrated in the
middle subgraph of figure 7. Simultaneously, the decrease in solvent adsorption leads to
a reduction in free energy due to hard sphere repulsion, while the electrostatic attraction
becomes stronger due to the increase in dipole moment. Thus, the electrostatic attrac-
tion in the pore eventually dominates the hard sphere repulsion, causing the energy
term to change from a large positive value in the case of small dipole moments, such
as p = 0.8D, to a small negative value in the case of high dipole moments, such as
p = 4.0D, as shown in the bottom subgraph of figure 7.

Figures 4–7 illustrate the potential energy curves and their decoupled terms, the
entropy term and the energy term, at T = 308.15 K, for dipole moments p = 0.0D,
p = 0.15D, p = 0.8D, and p = 4.0D, respectively. Coincidentally, figures 1 and 2 also
depict the potential energy curves for these dipole moment values but at T = 298.15 K.
By comparing these corresponding curves, we can obtain the impact of temperature on
the potential energy curves of our system. Since molecular thermal motion is ubiquitous,
the influence of potential energy curves on the system’s thermodynamic properties is
always determined by the relative values of potential energy versus thermal motion
energy. Therefore, to analyze differing temperature potential energy curves, we should
compare the relative values of potential energy and thermal motion energy, making it
appropriate to compare the reduced potential energy curves at different temperatures.

Upon comparison, we find that, at these two temperatures, the potential energy
curves exhibit similar shapes and qualitatively display similar variations with respect
to system parameters. However, there are quantifiable differences that can be observed
even though both temperatures fall within the normal range for biological systems. More
specifically, one finds that regardless of whether the potential energy at the contact
point is positive or negative, the reduced potential strength is always higher at lower
temperatures compared to higher temperatures. Similarly, for the well depth of the LCA,
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the well is slightly deeper at lower temperatures. This temperature effect has notable
macroscopic implications, which can substantially impact the behavior and properties
of systems at larger scales. The LCA well depth determines the stability of molecular
arrangements and the binding of biomolecules with their ligands, whereas the contact
potential strength is related to the formation (or absence) of particle pairs. Furthermore,
contact potential strength influences the formation of gels, networks, or aggregates, as
well as mechanical properties such as elasticity, viscosity, and deformation.

There have been some research reports on the interplay of electrostatic interactions
and entropic effect. It is concluded [66–68] through theory and experiment that when
binary colloidal species are moderately charged, the electrostatic repulsion force between
large and small colloids will enhance the exclusion of the small particles from the larger
ones. This effect enhances at low ionic strength the depletion attraction even for very low
concentration of small colloidal component. In literature [69] an electrostatic-enhanced
depletion attraction is observed by adding charged nonadsorbing polymers to electro-
statically structured suspensions of charged liposomes; in particular, it is shown that the
depletion attraction is especially long ranged, and is dominated by electrostatic effects
rather than entropic ones. Again, it is considered that electrostatic-enhanced depletion
attraction arises from the fact that the charged polymers are removed away from the
region around the liposomes, as a consequence of the electrostatic repulsion between
the liposome and charged polymer.

The above studies [66–69] have all emphasized the direct relationship between the
depletion potential and adsorption of small particles or polyelectrolyte chains near the
similarly charged large colloidal particle. In our system, the primary depletant is an
overall neutral dimer short chain with a certain dipole moment, and its bulk concentra-
tion is generally higher than that of the depletants reported in the literature [66–69]. The
differences between our system and other ones [66–69] led us to observe a far richer set
of phenomena. In real systems, the relationship between entropy change and depletant
adsorption is more complex, and their impact on the EIP is subject to electrostatic
interactions between charged particles or dimer sites and surface charges, as well as
spatial hindrance effects, and their coupling.

Unlike in the AO model, where the entropy change related to depletant adsorp-
tion simply originates from the increase in the system’s entropy due to the expansion
of particle free mobility space in the bulk caused by the overlap of repulsion layers
around each large particle, in our more realistic system, it also depends on whether
the three-dimensional grid formed by the solvent molecules’ electrical dipoles in the
bulk is destroyed due to their adsorption, which can also lead to an entropy increase.
Additionally, the increase/decrease in solvent adsorption caused by the dipole moment
change can result in congestion/congestion alleviation within the pore, which is also a
factor contributing to the decrease/increase in system entropy. Consequently, in more
realistic systems, whether the adsorption of depletant at the surface of large-size particle
leads to an increase or decrease in system entropy depends on the relative magnitudes of
these three factors. The interesting non-monotonic variations of the entropy term in the
EIP with respect to system parameters that we observed in the figures are a combined
reflection of the impacts of these three factors on the entropy change. Furthermore,
the adsorption of dimer solvent molecules with dipoles causes two effects regarding the
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Figure 11. Comparison of effective interaction potential (EIP) with and without
considering correlation effect. Top, middle, and bottom plots correspond to different
surface charge densities, as indicated in the graphs. Values of other parameters are
indicated in the graphs and in the text.

system’s free energy. On one hand, the hard-core repulsion between ions, dimer sites,
and the surface charges will result in an increase in the system’s free energy, with the
extent of this increase significantly growing as the congestion rises. On the other hand,
in the presence of high-dipole-moment solvent molecules within the pore, electrostatic
attraction also contributes to reducing the system free energy. This is because particles
inside the pore will spontaneously adjust their relative positions in order to minimize
their free energy. It is apparent that the decrease in the system’s free energy caused by
net electrostatic attraction is positively correlated with the solvent molecules’ dipole
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moment. The former effect contributes to inducing a positive energy term in the EIP,
while the latter effect contributes to a negative energy term.

Figure 11 illustrates the impact of the electrostatic correlation on the EIP by examin-
ing the difference between considering and disregarding the correlation effect between
the hard sphere repulsion and electrostatic interactions, which can simply be done by
retaining or removing the Fcoup [{ρi}] term from equation (2). We can observe that the
correlation effect exerts a qualitative impact on EIP: it is precisely the correlation effect
that results in the emergence of LCA in 1:1 electrolyte solutions. Nevertheless, numerous
past theoretical and simulation studies [70, 71] have demonstrated that in the absence
of dipolar solvent, solely relying on correlation effect is insufficient to produce the LCA
in the presence of mono-valent counterions only, under typical conditions (when the
values of electrolyte bulk concentration and surface charge density are not exceedingly
large). This suggests that the presence of dipolar solvent can facilitate the emergence
of LCA.

In summary, it is precisely due to the diversity of factors that affect the system’s
entropy change and their interplay with the electrostatic, hard-core interactions, as well
as the coupling effect between electrostatic and hard-core interactions, that give rise to
more diverse and interesting EIP curve shapes in the current system than before. This
provides new methods and corresponding molecular mechanisms for regulating the EIP
in complex systems.

4. Summary

We investigated the influences of solvent polarity and solvent bulk concentration on
the EIP between similarly charged surfaces in the simultaneous presence of IL and
dimer solvent. Through the dimer dipole model, we considered the solvent molecule’s
non-spherical structure and polarity; by the cDFT functionals, we comprehensively
considered the hard sphere repulsion, electrostatic interactions, and their coupling in
our analysis. Consequently, the cDFT calculations in this article take into account the
comprehensive and synergistic effects arising from various inter-particle interactions and
entropy effects caused by depletant adsorption on the EIP. This approach provides a
more accurate and holistic understanding of the phenomena involved in more realistic
systems.

Several non monotonic EIP behaviors are found. Firstly, the LCA strength at plate
separation approximately equal to sum of the counter-ion diameter and the solvent
molecule length exhibits non-monotonicity with the solvent dipole moment. Secondly,
in different solvent dipole moment intervals, depth of the LCA monotonically increases,
decreases, or remains almost constant with the solvent bulk concentration. Thirdly, the
NCP varies non-monotonically with the solvent dipole moment, which can be attract-
ive for very small dipole moments and repulsive for high polarities. Finally, the NCP
exhibits five different patterns as the solvent bulk concentration changes. In the very low
solvent polarity regime, the NCP is attractive, its strength increases (neutral solvent)
and decreases (p = 0.15D) with the solvent bulk concentration. In the case of non very
weakly polar solvents, the repulsive NCP always occur; in this regime, as the solvent
polarity increases, the NCP strength is positively correlated with (such as p = 0.8D),
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insensitive to (such as p = 2.15D), and weakly and negatively correlated with (such as
p = 4.0D) the solvent bulk concentration.

By decoupling the EIP into entropy and energy terms, we found that the interesting
phenomena disclosed in this work originate from the synergistic change of these two
terms with system parameters; the cause of their respective changes lies in the non-
monotonic variation of solvent adsorption with the solvent molecule dipole moment.
Particularly, it is found that the entropy change accompanying the solvent migration
into the pore depends on multiple factors, such as pore congestion and the destruction
of the dipole grid in the bulk, in addition to the overlap of exclusion layers surrounding
each large particle surface, which is the primary mechanism previously disclosed by
means of the AO model. The use of the more sophisticated dimer dipole model and
cDFT method reveals the interplay of various factors that contribute to a more nuanced
understanding of the system.

From the above analysis, we can clearly see that the electrostatic interaction, origin-
ating from the charged surface and the polarized charges carried by the polar solvent
molecule, has a significant correction effect on the entropy term caused by the oversim-
plified AO model, endowing the total EIP with a more diverse morphology. The current
theoretical analysis also provides more diverse means for regulation of the EIP, allowing
scientists to model complex systems more tractably and gain insights into the funda-
mental behaviors of matter at the microscopic scale. This, in turn, helps in developing
efficient and reliable nano devices for various applications in fields such as electronics,
sensors, and nanotechnology.
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