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Anisotropic electrostatic screening of charged colloids 
in nematic solvents
Jeffrey C. Everts1,2*, Bohdan Senyuk3*, Haridas Mundoor3, Miha Ravnik1,4†, Ivan I. Smalyukh3,5,6†

The physical behavior of anisotropic charged colloids is determined by their material dielectric anisotropy, affecting 
colloidal self-assembly, biological function, and even out-of-equilibrium behavior. However, little is known about 
anisotropic electrostatic screening, which underlies all electrostatic effective interactions in such soft or biological 
materials. In this work, we demonstrate anisotropic electrostatic screening for charged colloidal particles in a nematic 
electrolyte. We show that material anisotropy behaves markedly different from particle anisotropy. The electro-
static potential and pair interactions decay with an anisotropic Debye screening length, contrasting the constant 
screening length for isotropic electrolytes. Charged dumpling-shaped near-spherical colloidal particles in a nematic 
medium are used as an experimental model system to explore the effects of anisotropic screening, demonstrating 
competing anisotropic elastic and electrostatic effective pair interactions for colloidal surface charges tunable from 
neutral to high, yielding particle-separated metastable states. Generally, our work contributes to the understanding 
of electrostatic screening in nematic anisotropic media.

INTRODUCTION
Highly charged biopolymers like DNA and filamentous actin are just 
two of many examples of biological relevance of electrostatic inter-
actions that are screened by counterions under physiological condi-
tions. In soft condensed matter, similar effects allow for exploiting 
electrostatic interactions between particles in defining colloidal self- 
organized superstructures that they can form and, even more im-
portantly, enabling the very existence of metastable colloidal systems. 
These structures range from regular—linear, two-dimensional (2D), 
and 3D crystalline—structures to amorphous structures and have 
broad relevance, including in photonics, optics, paint, and food 
industry. Screened electrostatic interactions have been studied quite 
extensively in systems where the solvent is isotropic. Findings include 
colloid stabilization by charge (1, 2), the description of short-range 
liquid order in scattering experiments (3), measurements and calcu-
lations of pair interactions between two charged-screened particles (4–7), 
ion transport (8), the influence of external fields (9–11), and predicting 
phase behavior, such as demixing (12, 13) and crystallization (14, 15). 
Furthermore, there are many theoretical studies on many-body effects 
(16–18), charge regulation (19–21), charge renormalization (22), charge 
fluctuations (23), and nonadditive effects of dispersion interactions 
(24, 25). Despite these extensive studies for particles dispersed in isotropic 
electrolytes, the understanding of electrostatic screening in ion-doped 
nematic media seems to be lacking. Anisotropic electrostatic screening 
can potentially provide the means for controlling and engineering 
self- assembly of colloidal particles in nematic solvents, where a key 
advantage as compared with isotropic solvents may arise in defining 

highly anisotropic interactions and self-assembled structures. An 
important relevance of anisotropic electrostatic screening is also in 
active matter systems, as affecting major mechanisms including lo-
comotion and energy harvesting (26). Here, we address the issue of 
electrostatic screening in nematic media and show that it is impor-
tant by exploring an experimental model system in media with ori-
entational elasticity.

For isotropic solvents and sufficiently dilute electrolytes, the 
electrostatic potential around a freely dispersed arbitrarily shaped 
charged particle asymptotically scales as (27–29)

                    (r ) ∼ A(, ;   D  I   )   
exp (− r /   D  I  )

 ─ r  , (r → ∞ )      (1)

with r as the radial distance,  as the azimuthal angle,  as the polar 
angle, and    D  I    as the constant (isotropic) Debye screening length. 
The anisotropy function  A(, ;   D  I  )  captures the shape effects of the 
particle on (
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dielectric tensor components projected in the radial direction con-
tribute, and hence, the Bjerrum length and, consequently, the Debye 
screening length are renormalized with a constant, and one can just 
use Eq. 1 with A being constant. However, a completely different 
situation arises when the director configuration around the particle 
does not have the same symmetry as the particle itself. The simplest 
nontrivial example would be a constant director field along the z axis 
surrounding a spherical particle, and in this case, the screening will 
become direction dependent, as we shall see here. Furthermore, as 
it is the more usual case in anisotropic nematic media with dispersed 
particles (32–36), the director field is usually spatially dependent and 
varies in space because of various geometries, surface effects, and 
external fields, leading to rich and diverse elasticity-mediated aniso-
tropic interparticle interactions. Multipole expansions have been used to 
describe elasticity-mediated colloidal interactions in LCs, drawing 
parallels to electrostatic interactions (37–39). In general, elasticity- 
mediated interactions in LCs are accompanied by screened electro-
static and dispersive (London–van der Waals) (40) interactions; 
however, the previous studies of such colloidal systems with LC 
hosts were done for highly anisotropic rod- and disc-shaped parti-
cles, so that the role of the anisotropy of colloidal particles and that 
of the LC medium were not separated because of the particle’s shape 
anisotropy and so far explored while probing phase behavior and 
self-assembly of colloidal superstructures (41, 42).

Here, we explore anisotropic colloidal interactions in electrostati-
cally screened near-spherical charged colloids to develop a general-
ized understanding of electrostatic interactions in colloids, subjected 
to and determined by the material dielectric anisotropy. Experimen-
tally and theoretically, we use so-called charged dumpling particles 
(with almost spherical shape) as a charged colloidal model system 
because they can become appreciably charged in a simple LC such 
as 5CB (4-cyano-4′-pentylbiphenyl), with a weak-enough elastic 

interaction that allows competition with the electrostatic forces. We 
calculate the effective pair interaction under the assumption that 
elastic, dispersive, and electrostatic interactions are additive, just like 
in the Derjaguin-Landau-Verwey-Overbeek (DLVO) theory of charged- 
screened spheres. Furthermore, the electrostatic part is treated within 
linear screening theory in combination with a far-field multipole 
expansion approach, on the same level that typically elastic colloidal 
interactions are treated. Last, we compare the theoretically calculated 
interactions with experiments, finding good qualitative agreement.

RESULTS
Charged colloidal dumpling particles dispersed in a nematic 
electrolyte as model system
As our charged colloidal model system, we use particles (Fig. 1A) of 
“dumpling-like” shape. Their rough shape and overall dimensions 
are close to those of a sphere with a diameter 2a = 1 m. The hydro-
thermal synthesis and surface treatment of these particles allow us 
to control the colloidal charge in a rather broad range of values without 
issues (typical for other particles in nematic solvents) of nonuniformity 
of charging. These colloidal dumplings were dispersed in 5CB at low 
concentration (<1000 parts per million) to obtain well-separated 
colloidal particles. In Fig. 1 (B to E), we show microscopy images of 
a single colloidal dumpling obtained in different imaging modes. 
The colloidal dumplings have homeotropic anchoring on their sur-
faces, and the symmetry of resulting director n(r) distortions around 
particles (Fig. 1F) is of the “quadrupolar” type, with an encircling 
half-integer disclination loop (“Saturn ring”) (43, 44). The in-plane 
diffusion of the colloidal dumplings due to Brownian motion (fig. S8, 
A and B, and movie S1) is anisotropic with respect to the LC far-field 
director n0 with diffusion coefficients D∥43
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and angle-dependent Debye screening length

     λ  D  (θ) ─ 
 λ D  I  

   =  √ 
______________

    
 ϵ  ⊥    ϵ  ∥  
 ─  

 ϵ ̄  ( ϵ  ∥   − Δϵ  cos   2  θ)
      (10)

with, for ϵ > 0 (ϵ < 0), a maximum (minimum) at   √ 
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d depends on the position of the two particles relative to n0, which 
can result from the anisotropy in the charge distribution around 
colloidal dumplings (Fig. 2). Histograms of the angle  and an over-
laid polar plot of separations between two freely moving particles 
(Fig. 4, B and D) show that there is a preferred orientation for a 
separation d at ≈55° (again mapping all the data to the first quad-
rant), which indicate an equilibrium distance and orientation of 
a particle pair resulting from a competition of anisotropic elastic 
attraction and anisotropic electrostatic repulsion (Fig. 4, D to G), as 
we shall explore theoretically below. On the other hand, if the electric 
charge at the dumpling surface is sufficiently small (∼150e), then 
the elastic attraction is dominant and two colloidal particles attract 
and get to the full surface-to-surface contact as elastic quadrupoles 
(fig. S10), similar to colloidal dumplings without charge (fig. S9 
and movie S3).

The effective pair interaction between anisotropic charged 
colloids is determined theoretically by splitting—in the spirit of the 
DLVO theory—the total interaction potential (d, ), as the sum of 
screened electrostatic E(d, ), van der Waals vdW(d), and, because 
we are in a nematic host, the nematic elastic interactions LC(d, )

  (d,  ) =    E  (d,  ) +     vdW  (d ) +     
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the limit of low salt concentration, only the monopole term is relevant, 
and the above equation reduces to the anisotropic Yukawa form

       E  (d, ) ─  k  B   T   ≈     2      4   Z   2     B  ( )   
exp [− d /    D  ( ) ]

  ─ d    (14)

which is reminiscent of the well-known standard isotropic DLVO 
potential (Eq. 2).

In Fig. 4D, we show the total analytically calculated interaction 
potential for parameters, in qualitative range of our experiments. 
The position of a local minimum of several kBTs is found at  ∼ 55(
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In Fig. 5 (A to C), we show the situation when the screening 
length is larger than the particle size. For low-enough charges, a global 
minimum located at approximately 49∘ is separated from a shallow 
local minimum with depth ∼0.001kBT. Both local and global minimum 
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of close distances between particles and relaxing the requirement of 
additivity in the pair potential by coupling the full Landau–de Gennes 
theory in terms of the tensor order parameter with electrostatics. 
We will explore this in future work.

More generally, our work contributes to the generalization and 
extension of the DLVO interactions to ubiquitous anisotropic soft 
matter systems, such as complex fluids and anisotropic colloids. 
While nematic colloids formed by a thermotropic LC host and near- 
spherical colloidal inclusions provide validation of our theoretical 
findings, the concepts introduced here can be applied in biological 
contexts of highly structured biological cell interior and membranes, 
active matter systems with the additional forms of anisotropy stem-
ming from activity, lyotropic LCs with varying degrees of orienta-
tional and partial positional ordering, ionic fluids, and so on. While 
the experiments and model focused on even anisotropic Yukawa 
multipoles formed by like-charged spherical particles, future studies 
can extend our concepts to odd anisotropic Yukawa multipoles via 
a heterogeneous surface charge distribution or nonspherical particle 
shape on the electrostatic side of the spectrum, and to elastic mono-
poles through hexadecapoles and higher-order multipoles on the 
elastic side. It will be of interest to consider further the (nonadditive) 
effects of various topological defects on counterion distributions, 
the role of flexoelectricity and surface polarization, surface anchoring 
effects, charge regulation, flow (51), and how similar concepts work 
in LC mesophases with different point group symmetries and partial 
positional ordering. Specifically, one can expect to have the double 
layer–driven realignment of the nematic and even electrostatically 
controlled surface anchoring transitions as function of salt concen-
tration and interparticle distance in the regime where the dielectric 
torque is of similar magnitude as the elastic torque (42, 52–54). Fur-
thermore, flexoelectric topological defects can substantially alter 
charge distributions on the colloidal particles (55). These are just a 
few of the many examples of additional higher-order phenomena of 
which the effects on the effective interparticle potential are left for 
future studies. Overall, our findings will contribute to the soft matter 
toolkit for forming colloidal composite materials with pre-engineered 
structure and composition of the constituent building blocks and 
will also help further in understanding nonequilibrium phenomena 
in these systems (56).

MATERIALS AND METHODS
Synthesis and characterization of charged  
colloidal dumplings
The dumpling colloidal particles (Fig. 1A) were prepared using the 
hydrothermal synthesis method as reported earlier (57). The chem-
ical ingredients used for synthesis, ytterbium nitrate hexahydrate 
[Yb(NO3)3 6H2O], yttrium nitrate hexahydrate [Y(NO3)3 6H2O], 
erbium nitrate pentahydrate [Er(NO3)3
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terms of the electrostatic potential kBT(r)/e, and using the result 
that within the mean-field approximation the ion densities are 
Boltzmann distributed, we find Eqs. 4 and 5 of the main text, solved 
numerically with COMSOL Multiphysics under the assumption of 
a constant charge density e. In the Supplementary Materials, we 
derive Eqs. 4 and 5 also from a free-energy approach.

For ∣(r)∣ ≪ 1 and a constant dielectric tensor, Eq. 4 simplifies to

   ∇   2  (r ) = 0,  (r < a)  (17)

and

  [( ϵ  ij   /  ϵ ̄   )  ∂  i    ∂  j   −     2
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