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|. Introduction

Electrostatic interactions are ubiquitous in nature, with examples
spanning physical, chemical, and biological systems'~” and includ-
ing binding processes in enzyme catalysis,® solvent polarity of ionic
liquids,” and the self-assembly of nanoparticles.'>'" At the ato-
mistic or molecular level, electrostatic interactions are crucial in
the bond-formation processes of ionic compounds, the attractive
interactions of polar molecules, and the stabilization of large
biomolecules such as proteins and DNAs.'* At the macroscopic
level, electrostatic phenomena manifest themselves in a variety of
scenarios, from triboelectricity to atmospheric lightning.'®

One of the fundamental topics of interest, relating to a variety
of electrostatic phenomena in nature, concerns how a pair of
polarizable particles at given electrostatic charges, dielectric
constants and particle sizes and at a given interparticle separa-
tion interact. This is relevant to the formation of clouds and
rains,"* aerosol growth in the atmosphere of Titan," and climate
change due to the lifting of mineral dust.'® Surprisingly, for such
a simple system, we are still far from a comprehensive under-
standing of the corresponding mechanisms of interparticle
interactions, especially at short interparticle separations where
non-linear effects are dominant due to multiple scattering of
electric fields between the particles.'”
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separation in each sphere and of polarization in the medium behind such counterintuitive behaviour.

While the classic Coulomb’s law'® describes the electrostatic
force between two point charges in a vacuum, it does not
necessarily describe the electrostatic force between two charged
dielectric particles. In some cases, there could be a significant
deviation from the Coulomb force at small separations, resulting in
the occurrence of polarization-driven like-charge attraction.'”*2®
On the other hand, charged particles immersed in an electrolyte
could also exhibit anti-Coulomb behaviour, including cases
of like-charge attraction®*® and also cases of opposite-charge
repulsion,”’”™*' but such behaviour is not purely driven by the
polarizability of the particles nor that of the surrounding medium.
Such cases, where ionic effects are significant, could be investigated
theoretically via mean-field approaches,>** the variational-field
theory,"* the statistical-field theory,” the self-consistent field
theory,® or a thermomechanical approach.”” While it is physically
impossible for two dielectric particles in a vacuum to exhibit
opposite-charge repulsion, by taking into account the polarizability
of the medium it would be worthwhile to investigate whether
opposite-charge repulsion could also occur as a pure consequence
of polarization effects, as in the case of like-charge attraction
between two dielectric particles in a vacuum.

To understand the physical mechanisms behind the occur-
rence of polarization-driven like-charge attraction between two
polarizable particles, much research has been conducted by
means of (1) accurate evaluations of the interparticle force or
energy>®?*27#87%0 that take into account all possible higher-
order interactions, or (2) effective-dipole-based models*® or
computations®?” that provide a physical picture of charge
separation in each particle. For the former, a multiple scatter-
ing formalism'”****** has been developed, where
analytic solutions for generally many-body systems could be
obtained through an application of the perturbative many-body
expansion to the interaction energy. On the other hand, there
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have been various attempts to develop efficient numerical methods
for accurate computations of force or energy: conventional
approaches, such as the finite element method® and the boundary
element method,***'™* typically involve the discretization of a
volume or surface. At small interparticle separations, such appro-
aches become computationally expensive, because a high resolution
of the discretization is required. For this reason, some more efficient
approaches have been developed. These include (1) the image charge
method®** where, for each particle, the polarization field is approxi-
mated as a field generated by the image charges in the other particle
and by the multiply-reflected image charges due to the presence of
two interfaces, (2) the method of moments®>***>*® where the
polarization-related potential is described in terms of a multipole
expansion, the coefficients of which are determined by substituting
the expansion into the Poisson equation and the corresponding
boundary conditions, and (3) a hybrid computational method that
employs the image charge method to compute the fast varying near-
field interactions and the method of moments to solve the remain-
ing smooth far-field interactions.

In this research, we used a combination of the hybrid computa-
tional method with the effective-dipole approach to investigate the
possibility of polarization-induced opposite-charge repulsion
between two dielectric spheres in close proximity inside a polarizable
medium. This effective-dipole approach averages over not only the
first-order dipole contributions but also all quadrupole and higher-
order contributions. Our findings revealed that such a possibility
exists if the dielectric constant of the medium is greater than the
dielectric constants of both spheres, in which case the repulsive
interaction corresponds to an anti-parallel alignment of the particles’
effective dipoles* and hence a dominant like-charge repulsion
between the polarization charges of the particles. The problem of
how the electrostatic interactions of charged dielectric particles can
be mediated by the polarizability of the medium is of fundamental
interest and importance to the scientific community. In this paper,
we provide a unified understanding of how the counterintuitive
polarization-driven phenomena of like-charge attraction and
opposite-charge repulsion can be triggered, where our effective-
dipole analysis provides insights into the physics of charge separa-
tion in each particle under the influence of a polarizable medium.

This paper is organized as follows. In Section II, we present a
theoretical model of two charged dielectric spheres, on which our
research is based, along with a brief review of the hybrid computa-
tional method®” that we employed to compute the interparticle force
and the effective-dipole moment of each particle.** In Section III, we
present our findings for four different scenarios of interparticle
interactions. In Section IV, we discuss the mechanisms of inter-
particle interactions and the corresponding orientations and relative
positions of effective dipoles for each scenario. In Section V, we
summarize our findings and discuss their implications.

ll. Model and methodology
A. Model of dielectric spheres in a polarizable medium

Consider two dielectric spheres immersed in a polarizable
medium (see Fig. 1) and separated by a centre-to-centre
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Fig. 1 Schematic illustration of two dielectric spheres, immersed in a
medium of dielectric constant ko and separated by a centre-to-centre
separation h. For sphere i € {1,2} with a radius a; and a dielectric constant
k;, its free charge g; is concentrated at the particle’s centre z;, and its bound
charge spans the particle’s surface.

separation k. For sphere i € {1,2} with a radius g, its free
charge g, is concentrated at the particle’s centre z; = [0, 0, 2],
and its bound charge spans the particle’s surface. At any
position r, the volume density p(r) of total charge is a sum of
the volume density p¢(r) of free charge and the volume density
pp(r) of polarization-induced bound charge:

p(r) = ps(r) + pu(r), 1)
where
2
pe(r) = qid(r =), (2)
P
The electrostatic energy U of the system is given by”’
1
U =3 [oromar 3)

where the electrostatic potential ¢(r) is a sum of Coulomb
contributions from all free charge and bound charge elsewhere
in the system. It is worth pointing out that the electrostatic
energy U duly excludes the interaction between any given point
charge and the potential it generates, where such self-
interaction would inappropriately make the energy divergent.
This potential approaches zero at any position far away from
the pair of dielectric spheres. According to Gauss’ law, we have

p(r)

&0

~Vio(r) = 4)

or equivalently

V- V) = 2, (5)

&0

where ¢,(r) is the relative permittivity and ¢, the permittivity of
free space. Since the polarizable medium and the two dielectric
spheres are each homogeneous, the position-dependent rela-
tive permittivity is given by

&(r) =

ki, sphere i
(6)

ko, medium
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where k; is the dielectric constant of sphere i and k, the
dielectric constant of the medium. At the interfacial boundary
between sphere i and the medium, the interface condition

$r) = ¢(r") (7)

for a continuity of the electrostatic potential, and the interface
condition

9¢(r)

_, 0¢(r)
on =k

™

r=r

ki

(8

r=rt

for the absence of free surface charge, are satisfied. The super-
scripts r' and r~ denote the limits of the position r as
approached from, respectively, the medium and the sphere.
This sphere-medium boundary is characterised by a surface
density oy(r) of bound charge, from which the effective-dipole
moment of the sphere could be computed. With the above
specification, our model is well-defined with the existence of a
unique solution of ¢(r) for any position r.

B. Computational method

Using spherical harmonics, the electrostatic potential inside
the medium and that inside sphere i can be expressed as

4n£0k0 Z Z élfrln Y (05 4) 9)

][mi

qi 1
4neok;r — z;|  dmepko —

¢;(r) = Bi/m’"f Y"(0:, ) (10)

respectively, where Y7'(0;,/;) denotes the spherical harmonics
function with degree / and order m. The expansion coefficients
Ai/m and B; ., were evaluated numerically via the aforemen-
tioned hybrid computational method,””*® and truncated up to
some prescribed order p to achieve a desired accuracy.
Although we do not have general analytic solutions for the
expansion coefficients 4, ,,, and B, ,,, there is one special case
where the coefficient can be determined analytically and is
found to be h-independent:®” 4,4, = g;. Any h-dependence of
monopole strength arises from a screening effect of mobile
ions, which is not considered in our study of purely
polarization-driven interparticle interactions. Therefore the
model considered in our study corresponds to the limiting case
of zero ionic strength.”® Upon a computation of the electro-
static energy U using eqn (3) and (10), the electrostatic force on
sphere i can be evaluated as follows:

=-V,U. (11)

For sphere i, the surface density of bound charge is given by

1 Ai,[/m
b,i(r) _Fsoz 20+ l)koafﬂ fa 25(0 Y0, 9,) (12)

lm

according to eqn (9) and (10) and the corresponding interfacial
boundary condition. For the sphere’s effective dipole,** the
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total positive polarization-charge

gt = Jabﬁ,-(r)lp(ab,,-(r))dS,- (13)
and its charge-weighted position

—_— Jobi(r)1p (ov,:(r))rdS; (14)

Job(r) lp(ab,( ))dS,-

as well as the total negative polarization-charge

gi = Jabj(r)lN(abT,‘(r))dS[ (15)
and its charge-weighted position

— [ob,i(r)In (ov,:(r))rdS; (16)

b Iabl

can then be computed using eqn (12) as well as two indicator
functions, defined as

lN(Gb,(l‘))dS,'

17 O’bA[(l‘) >0
1p(ov,(r)): = { (17)
O7 O'b_’l'(l‘) S 0
and
1, O'b7l'(l‘) <0
In(ob,(r)): = { (18)
07 O—bj(r) Z 0

respectively. Any polarization effect, which by definition corre-
sponds to a spatial separation of positive and negative charge,
does not contribute to the net charge of a sphere, and therefore
the total polarization charge of a sphere must be zero, ie.

g +di =0 (19)
where eqn (19) has been verified in all of our numerical
simulations. For sphere i, the absolute quantity g, := |§;*| is
the magnitude of induced charge, and the positions #* are the
charge-weighted average positions of the two types of induced
charge. Due to azimuthal symmetry, the induced charges are all

located on the z-axis such that the positions ¥ are given by
£/ :=[0,0, %] and ¥, := [0, 0, £ ], respectively.

[ll. Scenarios of interparticle
interactions

To investigate how the electrostatic interaction between two
charged dielectric spheres depends on the dielectric constants
k;, free charges g; and radii a; of the spheres (i = 1, 2) and on the
dielectric constant k, of the polarizable medium, we first
consider two types of scenarios: (i) two equal-sized spheres
with different dielectric constants k; and charge magnitudes
|g:|, and (ii) two unequal-sized spheres sharing the same
dielectric constant k; and charge magnitude |g;|. For each type
of scenarios, we consider how the total electrostatic force and
polarization force vary with the interparticle separation at four
possible combinations of charge ratio (g,/g; > 0 for like-charge
interactions, or ¢,/q; < 0 for opposite-charge interactions) and
medium polarizability (k; < k, for a more polarizable medium,

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Rescaled electrostatic force and rescaled polarization force on
sphere 2 for a pair of equal-sized dielectric spheres inside a polarizable
medium: (a) k1/ko = 0.001, ko/ko = 0.08 and g»/q; = 8 (scenario A); (b) ki/ko =
30, ka/ko = 4 and q,/q; = 7 (scenario B); (c) ki/kg = 0.001, ko/ko = 0.08 and
q2/q1 = —8 (scenario C); (d) ki/ko = 30, ka/ko = 4 and q»/q, = —7 (scenario D).

or k; > ko for a less polarizable medium): (a) g,/q; > 0 and k; <
ko (scenario A); (b) g»/q; > 0and k; > ko (scenario B); (¢) g»/q1 <
0 and k; < ko (scenario C); (d) g»/q, < 0 and k; > ko (scenario
D). Without loss of generality, we adopted the parameter values
ko =1, q1 = 1e and a; = 1 pm in our numerical simulations.
Fig. 2 shows how the rescaled electrostatic force and
rescaled polarization force vary with the interparticle separa-
tion for cases of equal-sized spheres with different dielectric
constants k; and charge magnitudes |g;|. For scenarios A and C,
where the dielectric constants of the spheres are smaller than
that of the polarizable medium, the polarization force is all the
way repulsive, regardless of whether the spheres exhibit like-
charge or opposite-charge interactions. For scenario A, the
Coulomb force is inherently repulsive, and the polarization
force simply enhances the repulsive nature of the interparticle
interaction. For scenario C, the Coulomb force is inherently
attractive, and the polarization force results in a switch of the
total electrostatic force from attraction to repulsion for decreas-
ing separation. For scenarios B and D, where the dielectric
constants of the spheres are larger than that of the polarizable
medium, the polarization force is all the way attractive. For
scenario B, the Coulomb force is inherently repulsive, and the
polarization force results in a switch of the total electrostatic
force from repulsion to attraction for decreasing separation.
For scenario D, the Coulomb force is inherently attractive, and
the polarization force simply enhances the attractive nature of
the interparticle interaction. For all cases, at large interparticle
separations, the polarization force approaches zero and the
total electrostatic force becomes practically equal to the

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Rescaled electrostatic force and rescaled polarization force on
sphere 2 for a pair of unequal-sized dielectric spheres at |g1| = |g»l, a>/a; =
0.2 and ki/ko = kalko = k inside a polarizable medium: (a) g1 = g, and k =
0.25 (scenario A); (b) g1 = g» and k = 4 (scenario B); (c) g = —g, and k =
0.25 (scenario C); (d) g1 = —g» and k = 4 (scenario D).

Coulomb force. Fig. 3 shows corresponding results for cases
of unequal-sized spheres sharing the same dielectric constant k;
and charge magnitude |g;|. The results, which display the same
qualitative features as those shown in Fig. 2, suggest a universal
picture of electrostatic interactions upon the dominant polar-
ization of one sphere by the other, as summarized in Fig. 4.
If the dielectric constant of the surrounding medium exceeds
the dielectric constants of both spheres, i.e. k; < ko and k, < ky,
the polarization within the system results in an additional repul-
sive interaction that either strengthens the Coulomb repulsion
between two like-charged particles (g,/g; > 0) in scenario A or
weakens (or even overcomes) the Coulomb attraction between two
oppositely charged particles (g»/q; < 0) in scenario C. Else if the
dielectric constant of the surrounding medium is smaller than the
dielectric constants of both spheres, i.e. k; > k, and k, > k, the
polarization within the system results in an additional attractive
interaction that either weakens (or even overcomes) the Coulomb
repulsion between two like-charged particles (g,/q; > 0) in
scenario B or strengthens the Coulomb attraction between two
oppositely-charged particles (g,/g; < 0) in scenario D.

IV. Mechanisms of interparticle
interactions

Without loss of generality, we have conducted an effective-
dipole analysis of the mechanisms of interparticle interactions

for cases of two equal-sized spheres with different dielectric
constants k; and charge magnitudes |g;|, with a focus on how

Soft Matter, 2025, 21,1860-1872 | 1863
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k, < ko, ki > ko,
ky < ko k, >k,
Coulomb attraction
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Overcome
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Fig. 4 Four scenarios of electrostatic interactions under consideration:
(@) k1 < ko. ko < ko and g2/qy > O (scenario A); (b) k1 > ko, ko > ko and
g2/q1 > 0 (scenario B); (c) k1 < ko, ko < ko and g2/q, < 0 (scenario C); (d)
ki > ko, ko > kg and g»/g; < O (scenario D).

the nature of interaction varies as the spheres approach each
other. For each scenario, we consider various combinations of
¢; and k; that correspond to a dominant mechanism of polar-
ization of sphere 1 on the left by sphere 2 on the right (Fig. 1),
and look into how our results vary with the strength of such
polarization for decreasing interparticle separation.

A. Cases of a less polarizable medium

If two charged spheres are placed in a less polarizable medium,
for example in a vacuum, the effective dipole in the strongly
polarized sphere 1 must align along the direction of the strong
Coulomb field from sphere 2. If sphere 2 is positively charged,
as in scenario B described below for two positively charged
spheres, the induced negative charge in sphere 1 would be
located closer to sphere 2 than its positive counterpart in the
same sphere. Conversely, if sphere 2 is negatively charged, as in
scenario D described below for a positively charged sphere 1
and a negatively charged sphere 2, the induced positive charge
in sphere 1 would be located closer to sphere 2 than its negative
counterpart in the same sphere. Scenarios B and D could be
realized experimentally in a vacuum (k, = 1) with a lanthana-
based sphere 1 (k; ~ 30) and a silica-based sphere 2 (k, ~ 4).

A.1  Scenario B: like-charge repulsion or attraction in a less
polarizable medium. For scenario B we consider like-charge
interactions for respectively the charge ratios (a) ¢./q1 = 2, (b)
g2/91 = 4, (¢) g2/q1 = 7, and (d) g»/g, = 26 with g, = 1e, at the
dielectric-constant ratios k,/k, = 30 and k,/k, = 4 with k, = 1. The
results are summarized in Fig. 5. As shown in the first column,
for decreasing interparticle separation, there is generally an
increasing deviation of the electrostatic force F, on sphere 2
from the Coulomb force Fc, due to a strengthening of
polarization-induced attraction. At sufficiently large absolute

1864 | Soft Matter, 2025, 21,1860-1872
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values of g,/q1 (e.g q»/q1 = 4, g2/q1 = 7 and ¢,/q, = 26), the
Coulomb repulsion is overtaken by the polarization-induced
attractive force at short interparticle separations such that the
overall interparticle interaction becomes counterintuitively
attractive.

As shown in the second column, for decreasing interparticle
separation, the magnitude of induced charge in each sphere
as relative to ¢, i.e. §;/q;, generally increases. For the four
different values of g,/q,, we observed qualitative differences in
the variation of §;/q; for decreasing interparticle separation:
(a) at g»/gq; = 2, neither the value of §,/q, nor that of §,/q;
exceeds unity, and the interparticle interaction remains repul-
sive all the way; (b) at g,/g; = 4, the magnitudes of induced
charge in both spheres are still all the way smaller than ¢,, yet
the value of §,/q; is not far from unity at short interparticle
separations. This corresponds to a sufficiently strong effect of
polarization for the occurrence of like-charge attraction; (c) at
q»/q1 = 7, the value of §;/q, exceeds unity at small interparticle
separations but the value of §,/g; is still all the way smaller than
unity, and like-charge attraction occurs at short interparticle
separations; (d) at ¢g,/q, = 26, both the value of §,/q; and that of
G»/q,1 exceed unity at certain interparticle separations, and like-
charge attraction occurs at short interparticle separations.

As shown in the third column, the positions of induced
positive charge and induced negative charge in sphere 2 as
relative to the sphere’s centre exhibit a non-trivial variation for
decreasing interparticle separation, at all four values of g,/g;.
The results are translated into a pictorial representation in the
fourth column, which illustrates the positional order of
induced charge and free charge in each sphere. While the
positional order of charge in sphere 1 is the same for any
interparticle separation or charge ratio, i.e. with the induced
positive charge on the left, the free positive charge in the
middle, and the induced negative charge on the right, the
positional order of charge in sphere 2 exhibits an interesting
dependence on the interparticle separation and on the charge
ratio, as discussed below:

At (a) g»/q1 = 2, the dominant polarization of sphere 1 by
sphere 2 is relatively weak at large interparticle separations, such
that the electrostatic force F, on sphere 2 is almost identical to
the Coulomb force Fc. For decreasing interparticle separation,
the mild enhancement in the induced negative charge ¢, in
sphere 1 results in an attraction of the induced positive charge
G," in sphere 2 from the rightmost position to the middle
position in the corresponding pictorial representation. Despite
such an alteration in charge distribution, the overall interparticle
interaction is all the way repulsive, because the repulsive inter-
action between the induced negative charge ¢, in sphere 1 and
the induced negative charge ¢, in sphere 2 remains dominant.

At (b) g»/g1 = 4 and (c) g»/q, = 7, the dominant polarization of
sphere 1 by sphere 2 is generally stronger than the case of
g»/q: = 2. For decreasing interparticle separation, the significant
enhancement in the induced negative charge ¢, in sphere 1 results
in an attraction of the induced positive charge g," in sphere 2
from the rightmost position to the leftmost position in the
corresponding pictorial representation. This results in a reversal

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Scenario B: like-charge repulsion or attraction for spheres immersed in a less polarizable medium at ki/ko = 30 and ko/kg = 4. The rows
from top to bottom document results at respectively four different charge ratios: (a) g»/q: = 2, (b) g2/q1 = 4, (c) g2/q1 = 7, and (d) g./q, = 26.
The columns from left to right document results for (1) F./|Fc| (F, is the electrostatic force on sphere 2 and F¢ is the Coulomb force), (2) §i/g,
(relative magnitude of induced charge in each sphere with respect to g,), (3) (2, — z,)/a (relative positions of positive and negative induced charge in
sphere 2 with respect to the sphere’s centre) and (4) a pictorial representation of positional order of induced charge and free charge in each sphere. In
columns 1 to 3, the horizontal axis is set as h/a, representing a relative centre-to-centre separation with respect to the radius of the equal-sized
spheres. In column 4, any induced charge is represented by a symbol with a dashed boundary, and any free charge is represented by a symbol with a
solid boundary.

of polarization in sphere 2 and a switch of the electrostatic force
from repulsive to attractive, in which case the attractive interaction
between the induced negative charge ¢, in sphere 1 and the
induced positive charge §," in sphere 2 becomes dominant.

At (d) g»/g; = 26, the dominant polarization of sphere 1 by
sphere 2 is stronger than the three cases described above. For

This journal is © The Royal Society of Chemistry 2025

decreasing interparticle separation, the significant enhance-
ment in the induced negative charge ¢, in sphere 1 not only
results in an attraction of the induced positive charge §," in
sphere 2 from the rightmost position to the leftmost position
in the corresponding pictorial representation, but also a
repulsion of the induced negative charge ¢, in sphere 2 from
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the leftmost position to the rightmost position. Like the cases 1 and the induced positive charge §," in sphere 2 becomes
of g./q1 = 4 and g,/q1 = 7, this results in a reversal of dominant.

polarization in sphere 2 and a switch of the electrostatic force A.2 Scenario D: opposite-charge attraction in a less polar-
from repulsive to attractive, in which case the attractive izable medium. To investigate how two oppositely-charged parti-
interaction between the induced negative charge ¢, in sphere cles in a less polarizable medium interact and facilitate a
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Fig. 6 Scenario D: opposite-charge attraction for spheres immersed in a less polarizable medium at ki/ko = 30 and ka/ko = 4. The rows from top
to bottom document results at respectively four different charge ratios: (a) g2/q1 = —2, (b) g2/q1 = —4, (c) g2/g1 = =7, and (d) g2/q1 = —26. The
columns from left to right document results for (1) Fo/|Fc| (F, is the electrostatic force on sphere 2 and Fc is the Coulomb force), (2) g;/q; (relative
magnitude of induced charge in each sphere with respect to gi), (3) (2, — z,)/a (relative positions of positive and negative induced charge in sphere 2
with respect to the sphere’s centre) and (4) a pictorial representation of positional order of induced charge and free charge in each sphere. In columns
1 to 3, the horizontal axis is set as h/a, representing a relative centre-to-centre separation with respect to the radius of the equal-sized spheres. In
column 4, any induced charge is represented by a symbol with a dashed boundary, and any free charge is represented by a symbol with a solid
boundary.
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comparison with scenario B, we have repeated the numerical
investigations described above with a sign inversion of g, and with
all other parameters remaining unchanged. The charge ratios
considered are therefore (a) g»/q; = —2, (b) g2/q1 = —4, (¢) go/g1 =
—7, and (d) ¢»/q; = —26, respectively, with g, = 1e. The results are
summarized in Fig. 6. As shown in the first column, the electro-
static force between the two spheres is uniformly attractive, regard-
less of the charge ratio nor the interparticle separation. Such
attraction, which diverges from the conventional attraction between
opposite charges as described by Coulomb’s law, is generally an
enhancement of the Coulomb attraction. The larger the absolute
value of the charge ratio, the stronger the enhancement. For
decreasing interparticle separation, the electrostatic force F, on
sphere 2 generally becomes more attractive and exhibits a greater
deviation from the Coulomb force Fg, due to a strengthening of
polarization-induced attraction. The fact that both the Coulomb
force and the polarization-induced interaction are attractive in
nature, as illustrated in Fig. 7 for the latter, excludes any possibility
of opposite-charge repulsion.

Regardless of the charge ratio nor the interparticle separa-
tion, the positional order of charge in either sphere is fixed, i.e.
with the induced negative charge on the left, the free positive or
negative charge in the middle, and the induced positive charge
on the right. This is because, for decreasing interparticle
separation at any given charge ratio, the enhancement in the
induced positive charge §," in sphere 1 results in a further
stabilization of the leftmost position of the induced negative
charge g,  and the rightmost position of the induced positive
charge §," in the pictorial representation of sphere 2.

h/a h/a

Fig. 7 Plot of the rescaled polarization force (F, — Fc)/|Fc| against the
rescaled interparticle separation h/a for cases of like-charge interactions as
well as cases of opposite-charge interactions, at ki/ko = 30 and ka/kg = 4. The
sub-figures (a)—(d) document results at g»/q; = £2, g»/q; = +4, galgqy = £7
and g,/q1 = £26, respectively. In all cases, the polarization force is attractive,
be it for cases of like-charge interactions or opposite-charge interactions.

This journal is © The Royal Society of Chemistry 2025
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In general, if the dielectric constant of the surrounding medium
is smaller than the dielectric constants of two like-charged spheres,
ie. ky > ky and k, > k,, the force F, acting on sphere 2 is a
mitigation of the Coulomb repulsion by a polarization-induced
attractive force. Else if the spheres are oppositely charged, the force
F, experienced by sphere 2 is an enhancement of the Coulomb
attraction by a polarization-induced attractive force. It is worth
noting that a sign inversion of g, has little impact on the
polarization-induced attractive force, as illustrated in Fig. 7 for
the charge ratios q,/q, = £2, g»/q: = £4, g»/q: = £7 and g,/q, = £26.

B. Cases of a more polarizable medium

A possible experimental realization is the placement of a non-
polarizable sphere 1 (k; ~ 1) and a water-based sphere 2 (k, ~
80), inside a superdielectric medium® of dielectric constant
ko = 1000. In such a strongly polarizable medium, the region
surrounding the strongly polarizing sphere 2 is filled with
induced charge. As a result of significant influence from such
induced charge, the effective dipole in sphere 1 must align in a
direction opposite to the strong Coulomb field from sphere 2.

B.1 Scenario A: like-charge repulsion in a more polarizable
medium. We have conducted numerical investigations for four
different charge ratios at (a) g»/q; = 3, (b) ¢2/q1 = 8, (c) g2/q1 = 16, and
(d) g»/g1 = 80, respectively, with g; = 1le. The results, which are
summarized in Fig. 8, are analogous to scenario D, where in either
scenario the corresponding Coulomb interaction is enhanced. As an
enhancement of the Coulomb repulsion, the electrostatic force
between the two spheres is uniformly repulsive, where the same
repulsive nature of the Coulomb force and the polarization-induced
interaction (Fig. 10) excludes any possibility of like-charge attraction.

In this scenario, the positional order of charge in sphere 1 is
fixed, i.e. with the induced negative charge on the left, the free
positive charge in the middle, and the induced positive charge
on the right. For decreasing separation at any given charge
ratio, the enhancement in the induced negative charge in the
medium region between the particles results in a further
stabilization of the leftmost position of the induced negative
charge ¢, and the rightmost position of the induced positive
charge ¢," in the pictorial representation of sphere 1.

At very short interparticle separations, if the absolute value
of the charge ratio is sufficiently large (e.g. g»/g; = 16 and ¢,/q; =
80), the induced negative charge in the medium region to the
right of sphere 2 and the depletion-weakened induced negative
charge in the medium region between the spheres together
result in an expulsion of the induced negative charge g, in
sphere 2, from the rightmost position to the middle position in
the corresponding pictorial representation.

B.2 Scenario C: opposite-charge attraction or repulsion in
a more polarizable medium. We have repeated our numerical
investigations with a sign inversion of ¢, and with all other
parameters remaining unchanged. The charge ratios consid-
ered are therefore (a) g,/q; = —3, (b) ¢2/q1 = —8, (¢) g2/q1 = —16,
and (d) ¢g./q1 = —80, respectively. The results, which are sum-
marized in Fig. 9, are analogous to those for scenario B, where
in both scenarios there is a crossover between attraction and
repulsion. For decreasing interparticle separation, there is
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Fig. 8 Scenario A: like-charge repulsion for spheres immersed in a more polarizable medium at ki/ko = 0.001 and k»/ko = 0.08. The rows from top to
bottom document results at respectively four different charge ratios: (a) g»/q; = 3, (b) g2/g1 = 8, () g2/q;1 = 16, and (d) g>/g; = 80. The columns from left to
right document results for (1) F,/|F¢| (F, is the electrostatic force on sphere 2 and F¢ is the Coulomb force), (2) §;/q; (relative magnitude of induced charge
in each sphere with respect to gy), (3) (2,™ — z.)/a (relative positions of positive and negative induced charge in sphere 2 with respect to the sphere’s
centre) and (4) a pictorial representation of positional order of induced charge and free charge in each sphere. In columns 1 to 3, the horizontal axis is set
as h/a, representing a relative centre-to-centre separation with respect to the radius of the equal-sized spheres. In column 4, any induced charge is

represented by a symbol with a dashed boundary, and any free charge is represented by a symbol with a solid boundary.

generally an increasing deviation of the electrostatic force F, on
sphere 2 from the Coulomb force F¢, due to a strengthening of
polarization-induced repulsion. At sufficiently large absolute
values of g,/q; (.2 42/q1 = —8, g>/g1 = —16 and g,/q; = —80), the
Coulomb attraction is overtaken by the polarization-induced
repulsive force at short interparticle separations such that the

1868 | Soft Matter, 2025, 21,1860-1872

overall interparticle interaction becomes counterintuitively
repulsive.

For decreasing interparticle separation, the magnitude of
induced charge in each sphere as relative to g, ie. §i/q,
generally increases. For the four different values of g,/q;, we
observed qualitative differences in the variation of §;/q; for

This journal is © The Royal Society of Chemistry 2025
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Fig. 9 Scenario C: opposite-charge attraction or repulsion for spheres immersed in a more polarizable medium at ki/ko = 0.001 and k»/ko = 0.08. The
rows from top to bottom document results at respectively four different charge ratios: (a) g./q1 = —3, (b) g2/q1 = —8, (c) g2/g1 = —16, and (d) g./q;, = —80.
The columns from left to right document results for (1) F»/|F¢| (F, is the electrostatic force on sphere 2 and Fc is the Coulomb force), (2) §;/q1 (relative
magnitude of induced charge in each sphere with respect to qi), (3) (2,™ — z,)/a (relative positions of positive and negative induced charge in sphere 2
with respect to the sphere’s centre) and (4) a pictorial representation of positional order of induced charge and free charge in each sphere. In columns 1
to 3, the horizontal axis is set as h/a, representing a relative centre-to-centre separation with respect to the radius of the equal-sized spheres. In column
4, any induced charge is represented by a symbol with a dashed boundary, and any free charge is represented by a symbol with a solid boundary.

decreasing interparticle separation: (a) at g,/q, = —3, neither the
value of §,/q, nor that of §,/q, exceeds unity, and the inter-
particle interaction remains attractive all the way; (b) at g,/q, =
—8, the magnitudes of induced charge in both spheres are still
all the way smaller than g, yet the value of §,/g, is not far from
unity at short interparticle separations. This corresponds to a

This journal is © The Royal Society of Chemistry 2025

sufficiently strong effect of polarization for the occurrence of
opposite-charge repulsion; (c) at ¢,/q; = —16, the value of §,/q,
exceeds unity at small interparticle separations but the value of
G»/q. is still all the way smaller than unity, and opposite-charge
repulsion occurs at short interparticle separations; (d) at g./q, =
—380, both the value of §;/q; and that of §,/q, exceed unity at
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certain interparticle separations, and opposite-charge repul-
sion occurs at short interparticle separations.

The positions of induced positive charge and induced nega-
tive charge in sphere 2 as relative to the sphere’s centre exhibit a
non-trivial variation for decreasing interparticle separation, at all
four values of g,/q;. While the positional order of charge in
sphere 1 is the same for any interparticle separation or charge
ratio, i.e. with the induced positive charge on the left, the free
positive charge in the middle, and the induced negative charge
on the right, the positional order of charge in sphere 2 exhibits
an interesting dependence on the interparticle separation and
on the charge ratio, as discussed below:

At (a) g,/q, = —3, the polarization of the medium region
surrounding sphere 2 is relatively weak at large interparticle
separations, such that the electrostatic force F, on sphere 2 is
almost identical to the Coulomb force Fs. For decreasing
interparticle separation, the induced positive charge in the
medium region between the spheres results in an attraction
of the induced negative charge ¢,  in sphere 2 from the
rightmost position to the middle position in the corresponding
pictorial representation. Despite such an alteration in charge
distribution, the overall interparticle interaction is all the way
attractive, because the attractive interaction between the
induced negative charge ¢, in sphere 1 and the induced
positive charge §," in sphere 2 remains dominant.

At (b) g»/q, = —8 and (c) g»/q, = —16, the polarization of the
medium region surrounding sphere 2 is generally stronger than
the case of ¢,/q, = —3. For decreasing interparticle separation,
the induced positive charge in the medium region between the
spheres results in an attraction of the induced negative charge
G>  in sphere 2 from the rightmost position to the leftmost
position in the corresponding pictorial representation. This
results in a reversal of polarization in sphere 2 and a switch
of the electrostatic force from attractive to repulsive, in which
case the repulsive interaction between the induced negative
charge ¢, in sphere 1 and the induced negative charge ¢, in
sphere 2 becomes dominant.

At (d) g»/g; = —80, the polarization of the medium region
surrounding sphere 2 is stronger than the three cases described
above. For decreasing interparticle separation, the induced
positive charge in the medium region between the spheres
not only results in an attraction of the induced negative charge
G,  in sphere 2 from the rightmost position to the leftmost
position in the corresponding pictorial representation, but also
a repulsion of the induced positive charge §," in sphere 2 from
the leftmost position to the rightmost position. Like the cases
of g,/qs = —8 and g¢,/q, = —16, this results in a reversal of
polarization in sphere 2 and a switch of the electrostatic force
from attractive to repulsive, in which case the repulsive inter-
action between the induced negative charge ¢, in sphere 1 and
the induced negative charge §,  in sphere 2 becomes
dominant.

At very short interparticle separations, the induced positive
charge in the medium region to the right of sphere 2 and the
depletion-weakened induced positive charge in the medium
region between the spheres together result in an expulsion of

1870 | Soft Matter, 2025, 21,1860-1872

View Article Online

Paper

~
LY
N

(Fz'Fc)/|FC|

-0.8

(@)

~
o
~

(Fz'Fc)/|Fc|

h/a h/a

Fig. 10 Plot of the rescaled polarization force (F, — Fc)/|Fc| against the
rescaled interparticle separation h/a for cases of like-charge interactions
as well as cases of opposite-charge interactions, at ki/ko = 0.001 and
ka/ko = 0.08. The sub-figures (a)-(d) document results at g./q; = +£3,
g2/q1 = 48, g2/q; = +£16 and g./q; = +£80, respectively. In all cases, the
polarization force is repulsive, be it for cases of like-charge interactions or
opposite-charge interactions.

the induced positive charge §," in sphere 2 from the rightmost
position to the middle position in the corresponding pictorial
representation.

If the dielectric constant of the surrounding medium is
larger than the dielectric constants of two like-charged spheres,
ie ky < ko and k, < k, the force F, acting on sphere 2 is an
amplification of the Coulomb repulsion by a polarization-
induced repulsive force. Else if the spheres are oppositely
charged, the force F, experienced by sphere 2 is a mitigation
of the Coulomb attraction by a polarization-induced repulsive
force. As illustrated in Fig. 10, a sign inversion of g, has little
impact on the polarization-induced repulsive force.

V. Conclusions

By means of numerical simulations and theoretical analysis, we
have investigated the mechanisms of electrostatic interactions
between two charged dielectric spheres inside a polarizable
medium. For short inter-particle separations with strong effects
of polarization, our findings revealed a significant deviation of
the interparticle force from that described by Coulomb’s
law and an intriguing correlation of the nature of interparticle
interaction with the polarizability of the medium, as summar-
ized in Fig. 4. Wherever the force on the more polarizing
particle switches from repulsive to attractive or vice versa for
decreasing interparticle separation, the effective dipole in this
particle undergoes a reversal in its orientation. Our findings,
which have also revealed possible depletion effects of

This journal is © The Royal Society of Chemistry 2025
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polarization charge in the medium for near-touching spheres,
contribute to a comprehensive understanding of the mechan-
isms of electrostatic interactions between two charged dielec-
tric spheres inside a polarizable medium, and have valuable
implications for future explorations of multi-body system:s.

For a pair of polarizable ions in a vacuum, the impossibility
of opposite-charge repulsion has been derived analytically
based on the empirical polarizability-volume relation of a
polarizable-ion model.>® As possible future work, for a system
of two charged dielectric spheres, it might be possible to derive
the impossibility of opposite-charge repulsion in a compara-
tively less polarizable medium and of like-charge attraction in a
comparatively more polarizable medium if we are able to obtain
an empirical relation between the effective-dipole moment and
local electric field for each sphere.

Data availability

The authors confirm that the data supporting the findings of
this study are available within the article and/or its ESL{

Conflicts of interest

There are no conflicts of interest to declare.

Acknowledgements

ZG would like to acknowledge financial support from the
National Natural Science Foundation of China (Grant No.
12201146), the Basic and Applied Basic Research Foundation
of Guangdong Province (Grant No. 2023A1515012197), the Basic
and Applied Basic Research Project of Guangzhou (Grant No.
2023A04J0054), and the Guangzhou-HKUST(GZ) Joint Research
Project (Grant No. 2023A03]J0003 and 2024A03]J0606). HKC would
like to acknowledge financial support from the Basic and
Applied Basic Research Foundation of Guangdong Province
(grant no.: 2024A1515011585).

References

R. Messina, J. Phys.: Condens. Matter, 2009, 21, 113102.

Y. Levin, Physica A, 2005, 352, 43-52.

B. Honig and A. Nicholls, Science, 1995, 268, 1144-1149.

T. Doerr and Y.-K. Yu, Phys. Rev. E:Stat., Nonlinear, Soft

Matter Phys., 2006, 73, 061902.

5 T. Doerr, O. Obolensky and Y.-K. Yu, Phys. Rev. E, 2017,
96, 062414.

6 A. A. Kornyshev, D. J. Lee, S. Leikin and A. Wynveen, Rev.
Mod. Phys., 2007, 79, 943-996.

7 H. Ohshima, Fundamentals of soft interfaces in colloid and
surface chemistry, 2024.

8 A. Warshel, P. K. Sharma, M. Kato, Y. Xiang, H. Liu and
M. H. Olsson, Chem. Rev., 2006, 106, 3210-3235.

9 J. P. Hallett and T. Welton, Chem. Rev., 2011, 111,

3508-3576.

AW N R

This journal is © The Royal Society of Chemistry 2025

View Article Online

Soft Matter

10 M. A. Boles, D. Ling, T. Hyeon and D. V. Talapin, Nat.
Mater., 2016, 15, 141-153.

11 K. Barros and E. Luijten, Phys. Rev. Lett., 2014, 113, 017801.

12 F. A. Quiocho, J. S. Sack and N. K. Vyas, Nature, 1987, 329,
561-564.

13 P. G. Guest, Static electricity in nature and industry, US
Government Printing Office, 1933.

14 M. Ambaum, T. Auerswald, R. Eaves and R. Harrison, Proc.
R. Soc. A, 2022, 478, 20210714.

15 E. B. Lindgren, B. Stamm, H.-K. Chan, Y. Maday, A. J. Stace
and E. Besley, Icarus, 2017, 291, 245-253.

16 F. Esposito, R. Molinaro, C. Popa, C. Molfese, F. Cozzolino,
L. Marty, K. Taj-Eddine, G. Di Achille, G. Franzese and
S. Silvestro, et al., Geophys. Res. Lett., 2016, 43, 5501-5508.

17 K. F. Freed, J. Chem. Phys., 2014, 141, 034115.

18 J. D. Jackson, Classical electrodynamics, John Wiley & Sons,
2021.

19 J. Q. Feng, Phys. Rev. E:Stat. Phys., Plasmas, Fluids, Relat.
Interdiscip. Top., 2000, 62, 2891.

20 E. Bichoutskaia, A. L. Boatwright, A. Khachatourian and
A.]. Stace, J. Chem. Phys., 2010, 133, 024105.

21 Z. Xu, Phys. Rev. E:Stat., Nonlinear, Soft Matter Phys., 2013,
87, 013307.

22 J. Qin, J. Li, V. Lee, H. Jaeger, J. ]J. de Pablo and K. F. Freed,
J. Colloid Interface Sci., 2016, 469, 237-241.

23 J. Qin, J. J. de Pablo and K. F. Freed, J. Chem. Phys., 2016,
145, 124903.

24 E. B. Lindgren, I. N. Derbenev, A. Khachatourian,
H.-K. Chan, A. J. Stace and E. Besley, J. Chem. Theory
Comput., 2018, 14, 905-915.

25 J. Qin, Soft Matter, 2019, 15, 2125-2134.

26 H.-K. Chan, J. Electrost., 2020, 105, 103435.

27 X.Li,C.Li, X. Gao and D. Huang, J. Mater. Chem. A, 2024, 12,
6896-6905.

28 M. Gorman, X. Ruan and R. Ni, Phys. Rev. E, 2024, 109, 034902.

29 E. Allahyarov, I. D’amico and H. Léwen, Phys. Rev. Lett.,
1998, 81, 1334.

30 Y. Levin, J. J. Arenzon and ]J. F. Stilck, Phys. Rev. Lett., 1999,
83, 2680.

31 P. Linse and V. Lobaskin, Phys. Rev. Lett., 1999, 83, 4208.

32 A. G. Moreira and R. R. Netz, Phys. Rev. Lett., 2001, 87, 078301.

33 E. Nagornyak, H. Yoo and G. H. Pollack, Soft Matter, 2009, 5,
3850-3857.

34 T. Zhao, J. Zhou, Q. Wang and P. Jena, J. Phys. Chem. Lett.,
2016, 7, 2689-2695.

35 S. Buyukdagli, Phys. Rev. E, 2017, 95, 022502.

36 A. P. Dos Santos and Y. Levin, Phys. Rev. Lett., 2019,
122, 248005.

37 A. Wills, A. Mannino, 1. Losada, S. G. Mayo, J. M. Soler and
M. Fernandez-Serra, Phys. Rev. Res., 2024, 6, 033095.

38 S. Wang, R. Walker-Gibbons, B. Watkins, M. Flynn and
M. Krishnan, Nat. Nanotechnol., 2024, 19, 485-493.

39 H. Aranda-Espinoza, Y. Chen, N. Dan, T. C. Lubensky, P. Nelson,
L. Ramos and D. Weitz, Science, 1999, 285, 394-397.

40 R.Zhang and B. Shklovskii, Phys. Rev. E:Stat., Nonlinear, Soft
Matter Phys., 2004, 69, 021909.

Soft Matter, 2025, 21,1860-1872 | 1871


https://doi.org/10.1039/d4sm01155d

Published on 04 February 2025. Downloaded on 3/9/2025 9:50:22 AM.

Soft Matter

41

42

43

44

45

46

47

48

49

M. E. Leunissen, C. G. Christova, A.-P. Hynninen,
C. P. Royall, A. 1. Campbell, A. Imhof, M. Dijkstra, R. Van
Roij and A. Van Blaaderen, Nature, 2005, 437, 235-240.

Y. A. Budkov and A. L. Kolesnikov, J. Stat. Mech.:Theory Exp.,
2022, 2022, 053205.

A. L. Kolesnikov, D. A. Mazur and Y. A. Budkov, EPL, 2022,
140, 16001.

Y. A. Budkov and P. E. Brandyshev, J. Chem. Phys., 2023,
159, 174103.

P. E. Brandyshev and Y. A. Budkov, J. Stat. Mech.:Theory
Exp., 2023, 2023, 123206.

Y. A. Budkov and N. N. Kalikin, Phys. Rev. E, 2023,
107, 024503.

Y. A. Budkov, N. N. Kalikin and P. E. Brandyshev, J. Chem.
Phys., 2024, 160, 164701.

A. Khachatourian, H.-K. Chan, A. J. Stace and
E. Bichoutskaia, J. Chem. Phys., 2014, 140, 074107.

E. B. Lindgren, H.-K. Chan, A. J. Stace and E. Besley, Phys.
Chem. Chem. Phys., 2016, 18, 5883-5895.

1872 | Soft Matter, 2025, 21,1860-1872

View Article Online

Paper

50 H. Lian and J. Qin, Mol. Syst. Des. Eng., 2018, 3, 197-203.

51 X. Ruan, M. T. Gorman, S. Li and R. Ni, J. Comput. Phys.,
2022, 466, 111381.

52 M. Hassan and B. Stamm, ESAIM:Math. Modell. Numer.
Anal., 2021, 55, $65-S102.

53 B. Bramas, M. Hassan and B. Stamm, ESAIM:Math. Modell.
Numer. Anal., 2021, 55, S625-S651.

54 R. Wang and Z.-G. Wang, J. Chem. Phys., 2013, 139, 124702.

55 I. N. Derbenev, A. V. Filippov, A. J. Stace and E. Besley,
J. Chem. Phys., 2016, 145, 084103.

56 S.V. Siryk, A. Bendandi, A. Diaspro and W. Rocchia, J. Chem.
Phys., 2021, 155, 114114.

57 Z. Gan, Z. Wang, S. Jiang, Z. Xu and E. Luijten, J. Chem.
Phys., 2019, 151, 024112,

58 Z. Gan, S. Jiang, E. Luijten and Z. Xu, SIAM J. Sci. Comput.,
2016, 38, B375-B395.

59 M. E. Fisher, Y. Levin and X. Li, J. Chem. Phys., 1994, 101,
2273-2282.

60 S. Fromille and J. Phillips, Materials, 2014, 7, 8197-8212.

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/d4sm01155d



