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Influence of dielectric inhomogeneities on the
structure of charged nanoparticles in neutral
polymer solutions†

Rituparna Samanta and Venkat Ganesan *

We study the structural characteristics of a system of charged nanoparticles in a neutral polymer

solution while accounting for the differences in the dielectric constant between the particles, polymer

and the solvent. We use a hybrid computational methodology involving a combination of single chain in

mean-field simulations and the solution of the Poisson’s equation for the electrostatic field. We quantify

the resulting particle structural features in terms of radial distribution function among particles as a

function of the dielectric contrast, particle charge, particle volume fraction and polymer concentration.

In the absence of polymers, charged macroions experience increased repulsion with a lowering of the

ratio of particle to solvent dielectric constant. The influence of the dielectric contrast between the

particle and the solvent however diminishes with an increase in the particle volume fraction and/or its

charge. In the presence of neutral polymers, similar effects manifest, but with the additional physics

arising from the fact that the polymer-induced interactions are influenced by the dielectric contrast of

the particle and solvent.

1 Introduction

Nanoclusters formed during aggregation of charged metal
particles and proteins in the presence of polymers constitute
the basis of many applications like bio-imaging, catalysis, drug
delivery etc.1–4 The structure and phase behaviors that manifest
in such systems are understood as a consequence of the inter-
play between the electrostatics and the polymer-mediated
interactions.5–7 While many previous studies of such systems
have addressed the influence of electrostatic interactions on
the resulting phase behavior,8–12 in most models, the dielectric
constant of the particle is assumed to be identical to that of the
solvent. However, the influence of dielectric contrast (between
the particle and the solvent) may become crucial in some
situations, especially, in aqueous solutions where the proteins
and nanoparticles are often characterized by dielectric con-
stants of the order of E2.0–8.0 (relative to that of vacuum),
whereas that for solvent (water) is of the order ofE80.0 in same
units.13–19 Moreover, when the particles are present in a poly-
mer solution, the dielectric constant of the polymer is also
expected to influence the electrostatic and the polymer-
mediated interactions. To our knowledge, there has not been

any study examining the influence of such dielectric contrast(s)
on the structure of particle suspensions in polymer solutions.

A few earlier studies have addressed the influence of particle–
solvent dielectric contrast on the electrostatic interactions in the
system of one or two charged particles in solvent.13,16,17,20–25 For
instance, Messina17 presented the results for image force and
counterion distributions around the spherical macroions in both
salt and salt free environments. In other work,16 Linse presented
expressions for the polarized surface charge, potential energy
for arbitrary number of electrostatic multipoles localized in
spherical cavities. Such studies have demonstrated when the
dielectric constant of the particle is lower (higher) than the
solvent, the sign of induced polarized charge is same (opposite)
as that of the ion, thereby resulting in an additional repulsive
(attractive) interaction between the particles.13–17,26

In contrast to the situation of charged particles in simple
electrolytes, there is comparatively less number of studies when
the macroions are in a neutral polymer solution. In a recent
work from our group,27,28 polymer Self Consistent Field Theory
(SCFT) was used to study the polymer-mediated interparticle
interactions between two spherically charged bodies in poly-
electrolyte solutions. We considered the case where the dielectric
constant of both the particle and polymers are lower than that of
the solvent, and demonstrated that similar to the situation of simple
electrolytes there is an enhancement of interparticle repulsive
interaction arising from the image charges of counterions,
oppositely charged polymers and the other particle.
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While the above studies have contributed useful insights,
there are much less studies dealing with the physics of multi-
particle systems.13–17,26,29 For instance, Barros et al. studied the
effect of inhomogeneous dielectric constant on self-assembly of
a mixture of charged colloids of different charge and sizes.18 For
the system with dielectric constant ratios of particle to solvent
greater than unity, they observed unique string like particle
arrangements arising from image charge effects. Whereas, for
particle–solvent dielectric ratio less than unity, they observed
self-assembled structures similar to NaCl. Recently Qin et al.19,30

developed an analytical approach to calculate polarization
energy for a multiple charged particle system in a medium with
different dielectric constant. Their study demonstrated that the
polarization effects alter the structural behavior, and can lead to
the formation of higher order structures which do not manifest
in the absence of dielectric contrast.

In a recent work from our group, Pandav et al.11 developed a
multiparticle simulation framework to study the structure and
phase of mixtures of charged nanoparticles and neutral/charged
polymers. Such an approach avoids any assumption about
the applicability of pairwise polymer-mediated interparticle
potentials, and instead accounts for the full multibody nature
of polymer-mediated interactions. In such a context, we demon-
strated that even for dilute particle concentrations, the pairwise
polymer-mediated interactions deduced in the infinite dilute
limit of particle concentration over-predicts particle aggregation
relative to the multibody framework. Although our study considered
multibody effects and electrostatic interactions, the dielectric
constant of the particles was assumed to be same as that of
the solvent, and hence the interplay of multibody effects and
electrostatic screening due to dielectric inhomogeneity was
unexplored.11

To summarize, the above discussion illustrates that there is
a relative lack of understanding of the influence of polymeriza-
tion effects and the interplay with depletion interactions for
multiparticle systems. Motivated by such issues, in this work we
aim to extend the methodology of Pandav et al. to address the
physics of such situations.11 Explicitly, we extend our multi-
body framework to study the influence of the dielectric inhomo-
geneity on the structural characteristics of charged particles in
neutral polymer solutions. We focus on the nanoparticle
regime where the radius of particle is of the same order as
the radius of gyration of homopolymer. In such a regime, we
quantify the manner by which particle concentration, charge of
the particles, concentration of polymers and valency of counter-
ions influence the particle structural characteristics in systems
where the particle and polymer dielectric constants are different
from that of the solvent.

The rest of the article is organized as follows. In Section 2 we
discuss the model details underlying the simulation methodology.
In Section 3, we discuss the parameters and numerical methodo-
logies used for the simulation framework. In Section 4 we present
results for the structural properties of a system of charged particles
in solution (System I) interacting through pairwise LJ attractions.
Subsequently, we discuss the results for the case when polymers are
present (System II) in the solution, which induces an attractive

depletion interaction between particles. We conclude the article
with a summary of results and findings in Section 5.

2 Model description

In this work, we have studied two related classes of systems. In
the first system (addressed as System I hereafter), we study the
effect of dielectric inhomogeneity on the structure in a system
of charged spherical particles in an electrolyte solvent. In this
case, the particles are assumed to interact by pairwise LJ inter-
actions. Our proposal is to use such a model to understand the
physics of electrostatic interactions in multiparticle colloidal
electrolyte systems when the dielectric constant of the particles
are less than that of the solvent. The second system (System II)
considers charged nanoparticles in an uncharged polymer
solution. Therein, we address the physics of interplay between
electrostatic and depletion interactions.

In this study, we consider a system of Np charged spherical
particles of radius Rp in presence of an implicit solvent in a
periodic cubic box of volume V. For System II, we also include n
uncharged polymer chains of m monomers each of radius of
gyration Rg. We denote the total charge on each particle by Qp.
We assume that the charge of the particle is uniformly dis-
tributed over the volume of the particle such that all the grid
points covering the volume of the particle has a fractional
charge zp. To maintain overall electroneutrality of the system,
nc point counterions of the charged particles are also included.
The concentration of the polymer is presented in units of the
overlap concentration C* of an ideal linear polymer chain
solution. The volume fraction of particles is denoted as fp.
The dielectric constant of the particle is denoted as ep and that
of the solvent as ew. In cases where the polymers are included
(System II), the polymer dielectric constant is assumed to be
identical to ep. For System II, the intramolecular interactions in
the polymer chains are modeled through a bead spring model,
with bonded Hookean interactions between the beads:

Hb

kBT
¼ 3

2b2

Xn
i¼1

Xm�1

s¼1

riðsÞ � riðsþ 1Þ½ �2 (1)

where ri(s) represents the coordinate of the sth bead on the ith
polymer. A model of excluded volume interactions between the
polymer segments is incorporated through a simplistic implicit
solvent interaction potential of the form:

�uðrÞ
kBT

¼ u0dðrÞ (2)

where u0 is commonly known as the excluded volume parameter.31

For this study, we have used a value u0 = 10 representing a good
solvent.

In the above framework, the nonbonded interaction
between the polymer segments can be formally represented as:

Hs

kBT
¼ u0

2

ð
r̂poly

2ðrÞdr (3)
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where r̂poly is the microscopic polymer segment density,32

r̂polyðrÞ ¼
Xn
i¼1

Xm
s¼1

d r� riðsÞð Þ: (4)

The instantaneous density of particles is similarly quantified
through a particle volume fraction field as:

rpartðrÞ ¼
XNp

i¼1

ðriþRp

ri

r̂partðrÞh r0 � rij jð Þdr0 (5)

where r̂part(r) = d(r � ri) and h(r) = 1 where |r| o Rp. The ions in
the simulation are considered to be point charges and their
microscopic densities are given by:

rionðrÞ ¼
Xnc
i¼1

d r� rið Þ: (6)

For modeling the particle–counterion interactions, the particles
are envisioned as spherical particle with a thin layer of penetrable
soft core surrounding an impenetrable hard core. The repulsive
interaction between the particle and the polymer monomers,
counterions are modeled through a potential of the form:

WcpðrÞ ¼ 50 1� tanh 2
r� aRp

b

� �� �
kBT : (7)

The coefficients a,b control the steepness and range over
which the potential decays from 100kBT to 0kBT. We have used
a = 0.9 and b = 0.5 for the simulation, which ensures that the
particle cores are almost impenetrable to counterions and
polymers.

In general, interparticle interactions are modeled as follows:

Hpp

kBT
¼ 1

2

XNp

i¼1

XNp

j¼1ð jaiÞ
Uðjr� r0jÞ (8)

For the situation in which polymers are not considered in ourmodel
(System I), U is modeled as a Lennard Jonnes potential of the form:

ULJðrÞ ¼ 4eLJ
s
r

� �12

� s
r

� �6
� �

(9)

where r is the center to center interparticle distance and
eLJ = 0.1kBT throughout the study. For System II, when polymers
are introduced, U is modeled as a hard sphere interaction UHS:

UHSðrÞ ¼
0; if r � 2Rp

1; if ro 2Rp:

(
(10)

For our study we have used the Single Chain in Mean Field
(SCMF) approach introduced by Mueller and coworkers.33 In
the SCMF framework, the non-bonded pair-wise interactions
are replaced with fluctuating potential fields which are con-
jugate to the corresponding density fields. The expressions for
such fields can be obtained by the saddle point approximation
of the corresponding field theory.33 The electrostatic energy
arising from the charges is given as:

Hel

kBT
¼

ð
dr reðrÞjðrÞ �

eðrÞ
ew

1

8plb
jrjðrÞj2

� �
(11)

The electrostatic potential j(r), is in units of kBT/e and is
obtained as the solution of Poisson’s equation

r � eðrÞ
ew

rjðrÞ
� �

¼ � 4plbð ÞreðrÞ (12)

In the above, re(r) is the charge density due to particle and
counterions (in units of e), and is given as:

reðrÞ ¼ zprpartðrÞ �
X
ion

zionrionðrÞ (13)

where zion is the valency of each ion (co- or counterions), zp is
the fractional charge of the particle and rion(r) denotes the local
density of co- and counterions.

In this work the local, inhomogeneous dielectric coefficient
of the system is modeled using a simple functional form

eðrÞ
ew

¼ 1þ ep
ew

� 1

� �
rpartðrÞ þ

epoly
ew

� 1

� �
rpolyðrÞ
C��

� �
(14)

where e(r) denotes the local dielectric constant in units of
permittivity of vaccuum e0 = 8.85 � 10�12 (C2 J�1 m�1) and
C** denotes the concentration of polymer melt. In the above,
ew, ep, epoly denote the relative dielectric constants of solvent,
particle and polymer respectively. To keep the study simple, we
do not consider the phenomenon of reduction of dielectric
constant of water due to presence of other ionic species as is
addressed in some of the advanced studies.34–36

3 Numerical methods and parameters

The model described above is used in a Monte Carlo simulation
approach in which the configuration space is sampled using the
Metropolis algorithm.37 We began the simulation by placing the
particles in a cubic lattice configuration and the polymers ran-
domly in space. To render the simulations faster, an equilibrium
distribution of counterions is assumed based on the electrostatic
potential and the particle–counterion interaction potentials. The
initial portion of the simulation involves 104 Monte Carlo (MC)
moves in which only the polymers are moved while keeping the
particles fixed in space. This pre-equilibration method is done to
ensure removal of any particle–polymer overlaps. Subsequently,
each Monte Carlo step (MCS) involves a MCmove for all particles,
a slithering snake move for all polymer chains and 150 MCmoves
for all polymers. Using such a sequence of moves, the system is
equilibrated for 4.9 � 104 MCS (rendering the total equilibration
cycle 5.9 � 104 MCS). Subsequently, the properties are averaged
over 2 � 104 MCS, constituting the production cycle. Using the
position of the monomers and particles, the density fields are
updated after every move of the polymer and particles. The
electrostatic potential j(r) is updated after every MCS (150 MC
moves of the polymers) with the dielectric constant based on the
averaged density of particle charge and counterions.

We use an iterative Fast Fourier Transform (FFT) based
numerical method to solve the Poisson Boltzmann equation
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(eqn (12)). Explicitly, the Poisson’s equation defined in eqn (12)
can be rearranged as follows:

r ln
eðrÞ
ew

� �
� rjðrÞ þ r2jðrÞ ¼ �4plb

ew
eðrÞreðrÞ (15)

To solve the above equation, we use a 2-step iterative procedure
of the form (i denotes the step of iteration):

jiþ1
� ¼ r�2 �4plb

ew
eðrÞreðrÞ � r ln

eðrÞ
ew

� �
� rji

� �
(16)

ji+1 = lji + (1 � l)ji+1* (17)

where r�2 denotes the inverse of the Laplacian operator and is
calculated using Fast Fourier Transform (FFT). For our study,
we have used the Bjerrum length (lb) as 0.7 nm, corresponding
to that of water at 300 K. The parameter l is chosen between 0
to 1 to achieve convergence. In our simulations, we have used a
value of l = 0.30 and a convergence criterion:

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXntotal
1

jiþ1 � ji

	 
2vuut 	 0:001 (18)

where ntotal is the total number of grid points.
For the simulation, we have used a periodic cubic box of size

200 nmE 10Rp � 10Rp � 10Rp divided into a 64� 64� 64 grids.
The specific choice of discretization was adopted by comparing
the accuracy of the field arising from a point particle near a
charged particle (Fig. S1 in the ESI†) with the analytic series
solution for such a system in literature.14 Moreover, we also
verified our results for the particle structure against a finer grid
of 1283, and found very little quantitative differences between
the results for the finer and coarser grid. The particles used in
the simulation are of radii Rp = 20 nm and the homopolymers of
Rg = 24 nm. In this study, we did not probe the effect varying Rp
and Rg. The simulation is executed using an OpenMP FORTRAN
program, compiled and run in a 24 core computer node. For
a System I simulation at the lowest density fp = 0.188,
the equillibration cycle (4.9 � 104 MCS) took approximately
3 hours for a homogeneous dielectric system and 4 hours for
the inhomogeneous system.

4 Results and discussion
4.1 Structural characteristics of System I

In this section we present results for System I which considers
charged particles in a solvent in the absence of polymers. The
ratio of dielectric constant of the particle to that of the solvent
(ep/ew) is used as a measure of the dielectric contrast, with the
homogeneous case corresponding to ep/ew = 1.0.

To set the context for understanding the influence of dielectric
inhomogeneity between the particle and the solvent, we first
briefly review some analytic results from previous studies.14,17,38

The electrostatic interaction energy between a charged sphere of

radius a with a net charge Qp and a point charge q at a distance b
from the center of the sphere is given as:

Usph

kBT
¼ lb

b
Qpqþ 1

2

X1
n¼1

a

b

� �ð2nþ1Þ
q2

ew � ep
	 


n

ewðnþ 1Þ þ epn

" #
: (19)

In the above expression, the first term represents the Coulomb
interactions arising between the bare charges. The second term
arises from the polarized charge on the particle due to the point
charge q. Explicitly, when the ratio ep/ew, is lesser than 1.0, the
polarized charge on the particle is of the same sign as q and
the additional electrostatic energy is repulsive. In contrast, when
the ratio ep/ew, is greater than 1.0, the polarized charge on the
particle is of the opposite sign and thus the additional electro-
static energy is attractive. When the particle is uncharged, Qp = 0,
the electrostatic energy is:

Usph

kBT
¼ lb

b
q2

1

2

X1
n¼1

a

b

� �ð2nþ1Þ ew � ep
	 


n

ewðnþ 1Þ þ epn

" #
: (20)

The point charge induces a polarized surface charge (sp) density
on the spherical particle:17

spðcosyÞ ¼ q

4pewb2
X1
n¼1

a

b

� �n�1

ð2nþ 1Þn� ew� ep
	 


n

ewðnþ 1Þþ epn
PnðcosyÞ

(21)

where Pn(cosy) is the Legendre polynomial of order n, y is the angle
between lines joining a point r and b from the center (Fig. S2 in ESI†).

The net charge due to polarization Q ¼ Ð 1
�12pa

2spðcos yÞdy ¼ 0,
meaning there is no extra charge contribution from the polarized
charge.17

In this study, we considered ep/ew = 0.1 as a model for
studying the dielectric inhomogeneity of protein/nanoparticle
system in aqueous solutions.

4.1.1 Effect of counterion valency. In Fig. 1(a), we present
results comparing the interparticle radial distribution function
(RDF) at a specified particle volume fraction and charge for the
system with dielectric contrast to the homogeneous system. For
a specified counterion valency, we observe a lower peak in the
particle–particle radial distribution function (RDF) for the system
with dielectric inhomogeneities (ep/es o 1.0). Such results are
indicative of a weaker aggregation tendency of the particles,
signaling an enhancement in the effective repulsive interaction
between the particles for the inhomogeneous dielectric cases.

To rationalize the above observations, we probed the nor-
malized net counterion charge around a particle, Q(r), defined
as follows:

QðrÞ ¼ 1

Qp

ðr
Rp

4pu2zionriondu: (22)

Such a measure enables us to quantify the screening of the
particle charge by the counterions. From the results displayed in
the Fig. 1(b), we observe that in the case when the dielectric
constant of the particles is different from the solvent, the net
charge of the counterions is less negative (relative to the homo-
geneous case), indicating that a lower density of counterions are
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present at a given distance from the center of the particle.
To understand such results, we note that for the situation when
dielectric constant of the particle is lesser than that of the
solvent, the polarized charges corresponding to the counterions
are expected to be of the same sign (eqn (19)) as the bare charge
of the counterions. This gives rise to an additional effective
repulsive interaction between particles and counterions. As seen
in the Fig. 1(b), such a repulsion leads to a lower density of
counterions Q(r) screening the particle charge. As a consequence
of this lower net charge Q(r), the electrostatic interaction
between the particles are expected to be less screened in systems
with dielectric inhomogeneities, and thereby explains the trends
manifested in the RDF (Fig. 1(a)).

In Fig. 1(a), we also observe that with increase in the
counterion valency, the differences in the peak of RDF for the
homogeneous and inhomogeneous systems, become more
pronounced. Such results can also be rationalized as a conse-
quence of differences in the screening of the electrostatic
field in case of homogeneous and inhomogeneous dielectric
constant system. As seen in Fig. 1(b), for zion = 1.0, at a distance
rE 0.4Rp from the surface of the sphere, the homogeneous and
inhomogeneous cases compensate 42.82 and 43.00 percent of a
net particle charge respectively. However, at the same distance,
for zion = 3.0, the charge compensations are 53.06 and 60.01
percent of the net charge of the particle for homogeneous and
inhomogeneous cases respectively. Such results indicate a
stronger screening of the particle charges by the multivalent
counterions. The origin of such trends can be traced to the
fact that the potential energy due to the polarized charge is

proportional to the square of the valency of counterion
(eqn (19)).17,38 Hence, the counterions with a higher valency
are expected to induce a stronger polarized charge repelling the
counterions from the particle surface. As a consequence of such
reduced screening of the particle charge, the interparticle
repulsion are expected to be enhanced and lead to the lower
peak in the particle–particle RDF.

4.1.2 Effect of particle volume fraction. Fig. 2(a) displays
the effect of particle volume fraction on the radial distribution
function of particles (for a fixed particle charge Qp = 10). For
both homogeneous and inhomogeneous dielectric cases, the
peak of particle–particle RDF is seen to increase with increase

Fig. 1 (a) Particle–particle RDF for different dielectric constant of the
particles at fp = 0.188,Qp = 10 and different counterion valencies zion = 1, 3;
(b) average net counterion charge around particle. The dashed lines are for
ep/ew = 1.0 and solid lines for ep/ew = 0.1.

Fig. 2 (a) Particle–particle RDF at different dielectric constant at Qp = 10,
counterion valency zion = 3.0 and different particle volume fraction fp;
(b) ratio of peaks of the RDF represented by P1 and P0.1 for ep/ew = 1.0 and
ep/ew = 0.1 respectively. The line represents a guide to the eye. (c) Average
net charge around particle. The dashed lines are for ep/ew = 1.0 and solid
lines for ep/ew = 0.1.
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in particle volume fraction, signaling a decrease in the effective
electrostatic repulsion between the particles. Such an effect can
be rationalized as a consequence of electrostatic screening
arising from the other particles (Fig. 2(c)). Indeed, with increase
in volume fraction of particles, the effective Debye screening
length of the solution is expected to decrease. As a consequence,
the effective particle–particle electrostatic interactions are
expected to become weaker.39

Of more interest is the interplay between inhomogeneity of
dielectric constant and the particle volume fraction. To quantify
this effect, in Fig. 2(b), we present the ratio of peak values of
particle–particle RDF for the cases ep/ew = 0.1 and ep/ew = 1 as
a function of particle volume fraction. It can be seen that this
ratio is always lesser than or equal to 1.0, indicating that the
inhomogeneous dielectric system exhibit a stronger effective
interparticle repulsion when compared with the homogeneous
dielectric systems. Such a trend is consistent with the results and
the accompanying discussion presented in Section 4.1.1. More
interestingly, the relative peak value (Fig. 2(b)) is seen to increase
(i.e. asymptotically approach 1.0) with an increase in the volume
fraction of the particles. Such results indicate that the effect of
dielectric inhomogeneity becomes mitigated at higher particle
volume fractions.

To explain the above effect of dielectric inhomogeneity, we
again turn to the net counterion charge distribution Q(r) and its
dependence on the dielectric contrast as a measure of polariza-
tion effects. In the results displayed in Fig. 2(c), we observe for
all inhomogeneous dielectric cases, due to the effect of induced
charges, less counterions are present near the particle surface
when compared to the corresponding homogeneous cases.
Such results are consistent with the discussion in the previous
Section 4.1.1. More interestingly, we observe that at higher
particle volume fractions, the differences in Q(r) between the
homogeneous and inhomogeneous systems become reduced.
The multibody effect on such particle-induced polarization
effects may also contribute to such results.

In an earlier work,16,40 Linse considered the structure of
three similar charged particles (with different dielectric con-
stant than the solvent) arranged collinearly, and showed that
there is a cancellation of the electric fields originating from the
two outer particles on the central particle, which leads to a
reduction in such polarization charges. Thus we expect that at
higher volume fractions, the polarization charges arising from
the other particles and its interactions are also likely to become
screened. Together, such multibody effects reduce the influence
of polarization and makes the inhomogeneous dielectric system
more similar to the homogeneous system.

To summarize, the results discussed above demonstrate that
the effect of dielectric inhomogeneity between the particle and
the solvent reduces with increase in particle volume fraction.

4.1.3 Effect of the particle charge. In Fig. 3(a), we display
the effect of particle charge on the particle–particle RDF (for a
fixed volume fraction fp = 0.188 and counterion valency zion = 3).
For both homogeneous and inhomogeneous cases, the RDF peak
is seen to reduce with increase in particle charge (Fig. 3(a)). This
result can be anticipated due to the increase in electrostatic

repulsion between the particles arising from the increase in the
bare charge. Further, consistent with the results discussed in
the preceding sections, there is seen to be a lower peak for the
inhomogeneous dielectric case relative to the homogeneous cases.
More interestingly, the ratio of peak values of particle–particle
RDF (comparing the homogeneous to inhomogeneous dielectric
constant) is seen to increase with increase in charge of the particle
as shown in Fig. 3(b).

To rationalize the interplay of particle charge and dielectric
inhomogeneity, we again display in Fig. 3(c) the average net
charge of counterions Q(r) (normalized by the particle charge Qp).
Consistent with the results observed in g(r), the differences

Fig. 3 (a) Particle–particle RDF at different dielectric constant cases at
fp = 0.188, counterion valency zion = 3 for different net charge of the
particle; (b) ratio of peaks for RDF denoted by P1 and P0.1 for ep/ew = 1.0 and
ep/ew = 0.1 respectively. The line represents a guide to the eye. (c) Average
net charge around particle. The dashed lines represent result for
ep/ew = 1.0. Solid lines represent result for ep/ew = 0.1.
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between the homogeneous and inhomogeneous dielectric
systems are seen to decrease with an increase in the charge
of the particle. We rationalize such results by invoking two
aspects. First, we note that for higher charges of the particle,
the interactions arising from the polarized charges as
expected to become less important compared to the inter-
action due to bare counterion and particle charges. Indeed, as
seen in eqn (19), at higher charge of the particle, the first term
scales as Qpq and is expected to dominate the second term
which scales as q2. A second factor influencing the results is
that, at higher net charge of the particle, there is expected to
be more counterions present around the particle. Due to the
screening of the induced charges arising from counterions
located symmetrically with respect to the particle center, there
is expected to be a cancellation in the polarization effects as
seen in eqn (21). We note that the above results are consistent
with previous studies on similar systems which show analytically
the effect of surface polarization decreases with increase in
particle charge.17,40

In summary, for System I, the inhomogeneities in dielectric
contrast are seen to increase the repulsive particle–particle
interactions and reduce the peak of the radial distribution
function. The effect of particle and solvent dielectric contrast
were observed to become more prominent at high counterion
valencies. However, the effect of the dielectric contrast was seen
to become mitigated with increase in particle volume fractions
and/or charge of the particle.

4.2 Structural characteristics of System II

In this section, we discuss the results for the system of charged
nanoparticles in presence of uncharged polymer solution and
counterions. In this case, the direct interparticle interactions
are modeled as simple excluded volume interactions. However,
the presence of polymer is expected to lead to an effective
attraction between the particles termed as the depletion
interaction.41–47 The characteristics of such depletion inter-
actions for the case of uncharged particles and uncharged
polymers have been well studied and is known to be purely
attractive with the strength dependent on the concentration of
polymer.48–50 As we discuss below, a novel aspect of the present
study is that the contrast between dielectric constant of the
polymers and the solvent (in addition to that of the particle)
may also be expected to affect the physics of the resulting
depletion interactions.

In this section, we study the interplay of multibody effects
on depletion interactions (arising due to polymers) with electro-
static interactions arising due to presence of charged particles.
Specifically, our objective here is to quantify the influence of
inhomogeneity in dielectric constant on such interactions and
the equilibrium structural characteristics of the particles.

4.2.1 Effect of polymer dielectric contrast on depletion
interactions. To elaborate on the influence of the contrast
between dielectric constant of the polymers and the solvent
(in addition to that of the particle) upon the effective depletion
interactions, we consider the specific contribution of dielectric

contrast to the potential field acting on the polymer monomers
in our SCMF simulations:

bwpol ¼ � @e
@rpol

1

8plbew
jrjðrÞj2

¼ 1� epoly
ew

� �
1

8plbC��ew
jrjðrÞj2:

(23)

From eqn (23), it is evident that even if the polymer is
uncharged, the equilibrium concentration of polymers is expected
to be affected by the electric field due to the dependence of
dielectric constant of the medium on the density of polymer (i.e.
the term (qe/qrpol)). For the specific model of mixture dielectric
constant (eqn (14)) adopted in this work, the last term in the field
expression (eqn (23)) is seen to depend on the value of epol/ew.
More explicitly, for epol/ew o 1, there is expected to be an
‘‘enhanced depletion’’ of polymers relative to the homogeneous
dielectric cases. As a consequence, there is also expected to be an
increased depletion attraction induced between the particles. In
contrast, when epol/ew4 1, there is expected to be an ‘‘adsorption’’
of polymers relative to the homogeneous dielectric cases, and
concomitantly, a reduction in the depletion attraction induced
between the particles.

To demonstrate the validity of the above arguments, we
considered the case of a single charged particle in a polymer
solution at a fixed polymer concentration for different dielectric
constant of the polymer, and display the resulting polymer
concentration profiles in Fig. 4(a).

From the results, it is evident that the polymer exhibit
reduced depletion for epol/ew 4 1 and an enhanced depletion
for epol/ew o 1. More pertinently, the results for epol/ew = 1 are
seen to be independent of the value of ep/ew, demonstrating that
the polymer concentrations are not influenced by the dielectric
contrast between the particle and solvent for such cases.

While the above results relate to single particle system, a
more pertinent question is the influence of such effects in
multiparticle systems. With regards to multiparticle systems
(at a fixed particle volume fraction fp = 0.188 and particle
charge Qp = 15), we first consider the influence of ep/ew on the
polymer depletion effects of Fig. 4(b) and (c). In comparing the
case where ep/ew o 1 and ep/ew = 1, we observe that the RDFs
(Fig. 4(b)) for the case of ep/ew = 1 exhibit much stronger peaks
compared to the system in which ep/ew o 1. Correspondingly,
in Fig. 4(c) we observe that the polymer concentrations exhibit
higher local concentrations (reduced depletion) for the situa-
tion with particle–solvent dielectric contrast. To rationalize the
results for polymer concentration, we note that in general,
the presence of a third particle in the vicinity of two particles
is expected to reduce the local polymer concentrations (‘‘multi-
body’’ effect on depletion). However, in situation where there
is particle–solvent dielectric contrast, there is an enhanced
repulsive interaction between particles (Section 4.1). As a con-
sequence, particles are on an average farther apart. Such
an enhanced interparticle separation is expected to reduced
‘‘multibody’’ effect of depletion and thereby increase the local
polymer concentrations.11,51,52
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In a previous study from our group, Pandav et al. probed the
interplay between particle volume fractions and the polymer-
induced depletion interactions within a canonical ensemble
framework of a fixed concentration of polymers. In such a
framework, they showed that an increase in particle volume
fraction while maintaining a fixed concentration of polymer is
equivalent to increasing the chemical potential of the polymer,
and thereby leads to an increase in the strength of attractive
depletion interactions. Our above results demonstrate that in
the presence of dielectric contrast between the particle and
solvent, such multibody depletion effects are expected to
become reduced. As a consequence, system with particle–
solvent dielectric contrast are expected to demonstrate weaker
depletion interactions relative to the homogeneous system.
Such a reasoning explains the results observed in the particle–
particle RDF shown in Fig. 4(b).

In examining the influence of polymer–solvent dielectric
contrast for the finite particle volume fraction, from Fig. 4(b)
and (c), we observe that the results for the particle structure and
polymer concentration are insensitive to the dielectric contrast
between the polymer and the solvent. These results are in
contrast to the trends discussed in Fig. 4(a). We rationalize
such results by invoking that at higher particle concentrations
the electrostatic potential is expected to be screened, thereby
reducing the effects of the contribution of eqn (23). Surprisingly,
we observe that for even a low particle volume fraction of
fp = 0.18, suffices to render the influence of epol/ew irrelevant.
Together, the above results suggest that while at the one particle
level the polymer depletion is indeed affected by the dielectric
contrast between the polymer and the solvent, at finite particle
concentration, the influence of the contrast between the
polymer and solvent dielectric constant proves less relevant.
More pertinently, we observe that the particle–solvent dielectric
contrast serves to mitigate the multibody effects on depletion
and thereby reduce the effective polymer-induced attraction
between the particles.

For the rest of the article we do not probe the effects of
epol/ew and instead set epol/ew = 0.1. We present the results for
the effect of particle volume fraction, polymer concentration
and particle charge on the equilibrium structure behavior.

4.2.2 Effect of polymer concentration. Fig. 5 displays the
influence of polymer concentration on the particle–particle
RDFs at a fixed particle volume fraction of fp = 0.188 and
particle charge Qp = 10. In general, the particle–particle RDFs
are seen to exhibit a sharper peak in System II when compared
to the results for System I (Fig. 1(a)). Such results can be
rationalized as a consequence of the shorter ranged nature of
the depletion interaction compared to the LJ interactions
modeled in System I. For both homogeneous and inhomoge-
neous particle dielectric situations, the peak of particle–particle
radial distribution function in Fig. 5(a) is seen to increase
with increase in concentration of polymer. Such observations
can be straightforwardly understood as a consequence of the
increased depletion attractions manifesting in more concen-
trated polymer solutions. To quantify explicitly the influence of
dielectric contrast between the particle and the solvent, we
again display the ratio of peaks of particle–particle RDF repre-
sented by P0.1/P1.0 (Fig. 5(b)). It is seen that P0.1/P1.0 decreases
with increase in polymer concentration, suggesting that the
influence of inhomogeneity in dielectric constant becomes
more prominent with increase in polymer concentration.

To rationalize the above results, we note that in systems with
dielectric contrast, the electrostatic repulsion is expected to be
stronger relative to the case of homogeneous dielectric con-
stant. As a consequence the particles are expected to be present
in more proximity for the homogeneous dielectric system.
When such a factor is coupled with the multibody effects on
‘‘depletion’’ discussed in the previous section, we expect the
local polymer concentrations to be higher for the inhomo-
geneous dielectric system. This expectation is confirmed in
the results shown in Fig. 5(c) and more explicitly in the ratio of
peaks of the concentration shown in Fig. 5(d). As a result there

Fig. 4 (a) Polymer concentration profile around a particle of charge
Qp = 10, the bulk polymer concentration C/C* = 0.09 and counterion
valency zion = 3. (b) Particle–particle RDF in a multiparticle system with
charge Qp = 15, particle volume fraction fp = 0.188, bulk polymer
concentration C/C* = 0.09, counterion valency zion = 3. (c) Polymer
concentration around a particle in a multiparticle system with charge
Qp = 15, particle volume fraction fp = 0.188, bulk polymer concentration
C/C* = 0.09, counterion valency zion = 3.
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is a reduction in the effective ‘‘depletion’’ interactions for the
inhomogeneous dielectric system and such differences between
the homogeneous and inhomogeneous systems increases with
increase in polymer concentration. Such an effect can be

hypothesized to be responsible for the decrease in the ratio of
P0.1/P1.0 with polymer concentration.

To summarize, with an increase in polymer concentration,
the influence of dielectric inhomogeneity on the particle structure
is seen to increase. We argued that such results arise as a
consequence of an interplay of electrostatics and the multibody
effects in depletion interactions.

4.2.3 Effect of particle volume fraction. Fig. 6(a) displays
the interplay of polymer depletion and electrostatic interaction
on the particle–particle RDF for different particle volume fractions
at a fixed bulk polymer concentration C/C* = 0.096 and particle
charge Qp = 10. With increase in particle volume fraction, the peak
of the RDF is seen to increase for both homogeneous and
inhomogeneous dielectric cases, signaling an increase in the
effective interparticle attraction. As discussed before, such a result
is consistent with both the enhanced screening of electrostatics
and increased depletion attraction expected for multiparticle
systems. More pertinently, the RDF for the inhomogeneous
dielectric constant is seen to be lower than the corresponding
homogeneous dielectric system. Explicitly, the ratio of the RDF
peak values for inhomogeneous to homogeneous case, P0.1/P1,
increases with increase in particle volume fraction (Fig. 6(b)).
While the trends in System II mirror those seen in System I, the
values of the ratio of P0.1/P1.0 are seen to be always lower than
those in System I. Such results indicate enhanced repulsion
(comparing the homogeneous and inhomogeneous dielectric
case) in polymer solutions.

Similar to the results discussed in Section 4.1.2, the effect of
particle volume fraction on P0.1/P1.0 (for both System I and II)
can be understood as a consequence of the screening of
electrostatic field in systems. To rationalize the depletion
effects and the differences between system I and II, we again
invoke the influence of dielectric inhomogeneity on the
polymer-induced depletion interactions. Towards this objective, in
Fig. 6(c), we display the average polymer concentration around the
particle for different particle volume fractions. For inhomogeneous
dielectric system, the polymer concentration profiles are seen to be
more closer to the particle when compared to the homogeneous
dielectric system. These trends are in line with the results discussed
in the context of Fig. 5(b), and is consistent with the reduced
depletion for inhomogeneous dielectric systems. More particularly,
the differences between the polymer concentration profiles for the
homogeneous and inhomogeneous dielectric system, as quantified
by the ratio of peaks of polymer concentration profiles, C0.1/C1.0,
decreases with increase in volume fraction of the particles
(Fig. 6(d)). To understand these results, we note that at higher
particle volume fraction, due to the screening effects, the electro-
static interactions and the structural differences arising as a
consequence between homogeneous and inhomogeneous
dielectric systems become reduced. As a result, the differences
in the ‘‘multibody’’ depletion effects between such systems also
become reduced, leading to similar polymer concentration
profiles and depletion interaction for the homogeneous and
inhomogeneous dielectric systems.

In general in System II, the particle–solvent dielectric inhomo-
geneity leads to two sources which contribute to repulsive

Fig. 5 (a) Particle–particle RDF for particles with charge Qp = 10, particle
volume fraction fp = 0.188, counterion valency zion = 3; (b) ratio of peaks
of particle–particle RDF for ep/ew = 1 and ep/ew = 0.1; the line represents a
guide to the eye. (c) Normalized polymer concentration profile around a
particle. (d) Ratio of peak of polymer concentration profile for ep/ew = 1 and
ep/ew = 0.1. The line represents a guide to the eye. The dashed lines
represent the RDF for ep/ew = 1. The solid lines represent that when ep/ew = 0.1.
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interactions between the charged particles: the first is the effect
on the electrostatic interactions through polarization, and the
second, arising from the multibody effects on the reduced

depletion interaction. Our above results suggest that the second
effect becomes mitigated at higher particle volume fractions,
and hence the systems with dielectric inhomogeneity become
more similar to the homogeneous system. Thus the ratio
P0.1/P1.0 increases at a faster rate for System II.

Together, the results discussed above demonstrate that with
increase in particle volume fraction, the influence of particle
dielectric inhomogeneity decreases. Compared to System I, due to
the interplay of multibody effect of electrostatic and depletion
interaction, the influence of dielectric inhomogeneity is more pro-
minent in System II, and is manifested in terms of lower value of
P0.1/P1.0 especially at lower particle volume fractions. However,
in System II, the polymer-induced interactions also exhibit less
sensitivity to particle–solvent dielectric contrast at higher volume
fractions. This effect is manifested by the faster rate at which the
ratio vary with fp in System II as compared to System I.

4.2.4 Effect of particle charge. Fig. 7(a) displays the effect
of particle charge on the radial distribution function of charged
particles in polymer solution at a constant bulk polymer
concentration C/C* = 0.09 and particle volume fraction
fp = 0.188. For all cases, with increase in particle charge, the
intensity of the peak in RDF is seen to decrease, indicating
weakened aggregation. This is expected, due to the increased
electrostatic repulsion arising as a consequence of increased
charge of the particle. The ratio of peak of the particle–particle
RDF for the homogeneous and inhomogeneous cases are
shown in Fig. 7(b). For the inhomogeneous dielectric constant
cases, the RDF peaks are seen to be lesser than the respective
homogeneous system, and the ratio P0.1/P1.0 is seen to increase
with increase in net charge of the particle. Interestingly, the
values for the ratio (P0.1/P1.0) for all values of Qp are seen to be
lower for System II in comparison to System I.

To understand the differences between System I and II, in
Fig. 7(c), we display the polymer concentration around the
particle as a function of the net particle charge. For both
homogeneous and inhomogeneous systems, with increase in
particle net charge Qp, the peak of the polymer concentration
profiles are seen to increase. To rationalize this observation, we
note that with increase in charge, the particles are expected to
be more separated due to electrostatic repulsion. As discussed
in the previous section, when particles are more dispersed, the
multibody effects on polymer depletion (which results in more
polymers near a particle) is expected to reduce. More interestingly,
the differences in such multibody effects, quantified by the
ratio C0.1/C1.0 (Fig. 7(d)) is seen to decrease with increase in net
charge of the particle. This observation can be understood by
the fact that at higher net charge of the particle, the effect
of polarized charges become less important, and hence the
electrostatic effects on the particle structure becomes very
similar for homogeneous and inhomogeneous systems. As a
consequence, the differences in multibody effects on depletion
between homogeneous and inhomogeneous dielectric systems
are also expected to become smaller with increase in particle
charges. Similar to the effects discussed in the previous section,
such trends can be expected to lead to a faster rise in P0.1/P1.0
with particle charge Qp.

Fig. 6 (a) Particle–particle RDF for particles with charge Qp = 10, bulk
polymer concentration C/C* = 0.09, counterion valency zion = 3; (b) ratio
of the peaks of particle–particle RDF for ep/ew = 1 and ep/ew = 0.1; the line
represents a guide to the eye. (c) Normalized polymer concentration
profile around the particle. (d) Ratio of peak for polymer concentration
profile for ep/ew = 1 and ep/ew = 0.1. The line represents a guide to the eye.
The dashed lines represent results for ep/ew = 1.0 and solid lines represent
results for ep/ew = 0.1 respectively.
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To summarize, with increase in particle net charge, the
influence of dielectric inhomogeneity on the particle structure
reduces. We argued that such results are due to decrease in

polarized charges and the decrease in the multibody effects of
depletion interaction with increase in the net particle charge.
Compared to System I, due to the interplay of multibody effect of
electrostatic and depletion interaction, the influence of dielectric
inhomogeneity is more prominent in System II manifested in
terms of lower value of P0.1/P1.0 and higher rate at which the ratio
vary with Qp as compared to System I.

5 Conclusions

In this article we have presented results for the application of
SCMF simulation framework on a system of charged nano-
particles in presence of uncharged polymer solution, and
studied the effect of dielectric contrast between particles and
solvent. We have considered two related systems: System I in
which we considered charged particles interacting by LJ inter-
actions; and System II where we considered charged particles in
uncharged polymer solution. For both systems, we studied the
influence of particle volume fraction, charge of the particle,
counterion valency and polymer concentration (System II) on
the equilibrium structure of particles.

For System I, it was seen that the effect of particle dielectric
contrast becomes significant at higher counterion valency.
With increase in particle volume fraction and net charge, the
effect of dielectric inhomogeneity was seen to become reduced.
For System II, in the case of a single particle, with increase in
dielectric constant of the polymer with respect to the solvent
the depletion of polymer around the particle decreased. How-
ever, for the multiparticle systems, the dielectric constant of the
polymer did not have a significant effect on the structural
properties of particle or polymers. The influence of dielectric
contrast between particle and solvent became important with
increase in polymer concentration and decrease in particle
volume fraction and particle net charge. Compared to System I,
due to the interplay of multibody effect of electrostatic and
depletion interaction, the influence of inhomogeneity in dielectric
contrast was found to be more prominent for System II.
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