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Colloidal electrostatic interactions between TiO2 particles modified by thin
salt solution layers
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We fabricated TiO2 nanoparticles modified by a thin salt solution layer. The suspensions, formed by the

nanoparticles in silicone oil, serve as model systems for exploring very general theories about

interactions between colloidal particles with arbitrary ions confined on surfaces in the presence of an

applied electric field. The system showed a static-yield-stress peak, not found before. The peak can be

manipulated by tuning the amount of cations and anions confined in the salt solution layer. Excellent

agreement between our experiment and theory reveals the mechanism concerning the competition

between ions’ polarized trapped state and conductively transmitted state. This work makes it possible

to manipulate colloidal interactions by confining exogenous ions appropriately, and it is expected to

have applications in colloidal science, materials engineering, and biotechnology.
I. Introduction

Colloidal materials exist widely in nature, concern extensive

fundamental problems in condensed matter, and also have

diverse technological applications. The complex interactions

between colloidal particles regulate the physical properties of such

materials, which mediate their functionality. Understanding and

manipulating these interactions is essential to efficient process

design and the functionality of the end product. People have tried

to use an electric/magnetic/electromagnetic field or interface

modification and control colloidal interactions.1–10

Electrorheological (ER) fluids are typical colloidal materials

with reversible and controllable colloidal interactions switching

by an external electric field. They consist of polarizable solid

particles suspended in an insulating carrier fluid, and are smart

materials whose rheological characteristics are controllable. The

ER material synthesis and mechanism have been intensively

studied in the past two decades.11–20,25,27,28 It is thought the ER

characteristics result from electric-field-induced polarization of

suspended particles, which leads to interactions between sus-

pended particles. Thus, in order to achieve optimal ER effects,

the main method is to obtain high polarizability of particles in

such fluid through coating or surface modification of dielectric

particles. It is thought the coated or modified layer can greatly

enhance the polarizability of the dielectric particles and thus the

ER effect. However, a quantitative theoretical work which is

consistent with the experiment is still lacking for the enhance-

ment effect due to the surface modification.

To manipulate colloidal interactions, in contrast to all the

existing methods, here we fabricate TiO2 nanoparticles, each

with a thin salt solution (NaCl/H2O) layer. The titanium oxide

(or the modified particles) usually has a relative high dielectric

constant and has frequently been adopted in the literature for
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electrorheological study. We put these nanoparticles in silicone

oil to form an electrorheological (ER) fluid as a model system for

exploring very general theories about interactions between

colloidal particles with arbitrary exogenous ions confined on

surfaces. The ions differ from traditional counter-ions and co-ions

(endogenous ions), e.g., produced by hydrolyzation on surfaces of

particles in water, which are crucial in many fields. For conve-

nience, the ER fluids of our interest are called ionic ER fluids

hereafter. It is worth noting that the present measurement of ER

effects or static yield stresses Ys offers a convenient, indirect

approach to studying colloidal interactions. We report a novel

static-yield-stress peak located at external electric field E0 ¼ Es.

The peak can be manipulated by tuning the amount of cations and

anions confined in the salt solution layer. It is known that colloidal

assembly and disassembly are vital to many phenomena like

human diseases and fabrication of optimal materials. Our inves-

tigation shows that by monotonically tuning a single DC electric

field, one can investigate both colloidal assembly and disassembly

without worrying about hysteresis effects arising for a non-

monotonic change of DC fields. In this work, colloidal assembly

has clearly emerged, and it just corresponds to increasing static

yield stress Ys for increasing E0(< Es). The fact that increasing E0

(> Es) leads to decreasing Ys implies that the system tends to be

disassembled. Excellent agreement between our experiment and

theory reveals the mechanism concerning the competition between

ions’ polarized trapped state and conductively transmitted state.

The fundamental mechanism which is revealed is novel within the

scope of very general theories describing colloidal interactions.
II. Experimental section

Material fabrication

Bare anatase TiO2 nanoparticles with radius r ¼ 40 � 4 nm were

produced by Aladdin Reagent Inc. (Chemical Abstracts Service

No.: 13463-67-7) because of the relative high specific surface

area. In order to get them with specified thickness of surrounding

salt solution layers, we first prepared dry TiO2 nanoparticles

absorbing various amounts of sodium and chloride ions. The
This journal is ª The Royal Society of Chemistry 2010
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Fig. 1 Bright field image of a 100 mm thickness specimen captured by the

spinning disk confocal microscope. The specimen is the same as Sample A

(see Fig. 3 caption), but with volume fraction f ¼ 0.02. (a) and (b) show

two different areas in the suspension with TiO2 particles (namely, dark

objects) dispersed in silicone oil under a 40� objective; (c) displays

a certain area under a 20� objective. The near-spherical shape and

average radius 10 mm can be seen from (a–c); (d) represents an area under

a 4� objective, and it indicates that the suspension is approximately

homogenous.
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TiO2 nanoparticles were slowly mixed with a dilute NaCl elec-

trolyte (10�4 mol/L) in a mixer until they were well dispersed.

Then, the suspension was kept on dispersed by a ultrasonics

washer at room temperature T ¼ 300 K for 3 days. In this

process, TiO2 nanoparticles can be well dispersed because of their

good wettability with respect to water. Then this suspension was

dried in an oven at 70 �C for another 3 days. It is expected the

NaCl crystals could adhere to the particle surface during the

drying process because the particle has high surface area and

good adsorption with respect to chloride ions because of their

high surface area and good adsorption with respect to chloride

ions. Next, the obtained powder was milled and then baked at

120 �C for 2 days. We made ambient water layers adsorbed on

the dry nanoparticles with various amount of water by control-

ling the environment temperature (300 K) and relative humidity

(80%). It should be noted that the humidity plays an important

role in the saturated amount of the ambient water absorbed by

TiO2 nanoparticles. To avoid the formation of water droplets on

the surface of nanoparticles, the temperature and relative

humidity in the chamber was slowly equilibrated with the envi-

ronment. This is because water vapor is likely to be condensed

onto a cooler surface to form tiny droplets, especially if the

sample is suddenly taken into an ambient condition. A fixed

amount of powders with moisture content 0.7 g was mixed with

1.2 ml 50 cSt silicone oil to get the desired ionic ER fluids with

particle volume fraction about 20%. Then they were milled in

a mixer for 30 min, so as to insure the uniform distribution of

nanoparticles, each surrounded by oil. Mixed, the silicone oil had
Fig. 2 Schematic graphs: (a) showing a spherical TiO2 particle aggregated by many spherical TiO2 nanoparticles, each with a thin salt solution layer; (b)

showing ions’ random distribution in the layer in the absence of external electric field E0; (c) showing ions’ distribution in the presence of E0; and (d)

showing charge q and its fictitious image charge q0 separated by the water–oil interface.
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Fig. 3 Static yield stress Ys versus E0. Experiment data (symbols) and

theoretical fitting (curves). The amount of salt solution in the

surrounding layers is specified for Samples A–C: (A) 0.001 g NaCl in

0.012 g H2O, (B) 0.002 g NaCl in 0.012 g H2O, and (C) 0.003 g NaCl in

0.012 g H2O. Here Bare TiO2 denotes the ER sample containing no salt

solution layer. For the theoretical fitting, parameters extracted from

experiment: T ¼ 300 K, r ¼ 40 nm, R ¼ 10 mm, 3n ¼ 170, 3f ¼ 2.5, s0 ¼
10�13 S/m, and f ¼ 0.25. Other parameters: (A) sp0s/(2p) ¼ 30 and l ¼
0.375 nm, (B) sp0s/(2p) ¼ 60 and l ¼ 0.226 nm, (C) sp0s/(2p) ¼ 90 and

l ¼ 0.146 nm, and (A) - (C) s ¼ 8.5 � 10�5 s and p ¼ 2p/9 (for the BCT

structure, which is assumed for calculations). The center-to-center

distance between TiO2 particles is set to be (2 + 10�4)R (the detailed value

is not crucial as long as the particles are close enough). The error bars

represent the standard deviation.

Fig. 4 Current density J versus E0. Experimental data (symbols) and

theoretical fitting (curves). For the theoretical fitting, all the parameters

in use are the same as those used in Fig. 3.
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been baked at 120 �C for 2 h by removing air bubbles, water

droplets, and ions, if any. So far, it is clear that during the process

of fabrication, the challenge is to subtly utilize the oleophobic

properties of both hydrophilic nanoparticles and solutions with

certain exogenous ions being easily adsorbed by the nano-

particles.

Static yield stress and structural measurement

The static yield stress of the samples was measured using a Haake

rotational rheometer with a 20 mm diameter disc and a gap of 1

mm between rotor and stator (Haake MarsII, Germany). The

static yield stresses were obtained in controlled shear stress (CSS)

mode.21,22 A DC high voltage generator (Spellman SL300, US) is

used to apply a 10 s pulsed electric field. The current densities

were measured using a 6.5 digital ampere meter (Canytec,

SB2238, China) with sensitivity of � 0.1 mA.

By using spinning disk confocal microscope (OLYMPUS IX2,

Japan), we observed large TiO2 particles (Fig. 1 and Fig. 2) with

an average radius about R ¼ 10 mm in the ionic ER samples, due

to the aggregation of TiO2 nanoparticles. The Zeta potential of

the particles suspended in oil is measured by a Zeta potential

analyzer (MALVERN ZetasizerNano UK). We did not find any

electrophoretic behavior of the particles suspended in oil, which

means that the zeta-potential value is small enough to be

neglected. The nanoparticle aggregation with a diameter 10 mm

or so contributes most to the distribution of size and dominates

the electrorheology of the system. Such aggregation arises from

the oleophobic properties of both TiO2 nanoparticles and salt

solution layers. In other words, the TiO2 nanoparticles are not

stable in the system, but the aggregated large TiO2 particles

should be stable instead. Therefore, the latter may be considered

as the basic unit for producing ER effects. For convenience,

hereafter we simply define such aggregated large particles as

particles. It is worth noting that each TiO2 particle is actually

composed of some silicone oil and many TiO2 nanoparticles,

each with an ambient thin salt solution layer, as schematically

shown in Fig. 2(a).

III. Results and discussion

Experimental results

Focusing on equilibrium properties of the ionic ER fluids we

fabricated, we measured static yield stresses Ys (Fig. 3), which is

an important quantity for potential applications. The static yield

stresses in the absence of external electric field E0 are 75 � 5 Pa

(Sample A), 77 � 5 Pa (Sample B), 78 � 5 Pa (Sample C), and 60

� 5 Pa (Bare TiO2), respectively. In order to make a distinct

comparison, they were subtracted by the measured static yield

stress. So the static yield stress Ys shown in Fig. 3 represents the

pure electrorheology of the samples at E0¼ 0–1000 V/mm. In low

electric fields, the increase in the Ys of Samples A, B and C is

much faster than that of the bare-TiO2 ER fluid. Its enhancement

caused by the confined ions can be about two orders of magni-

tude at low fields. Also, it is found that Ys increases near linearly

with increasing E0 until it reaches a peak at a high field Es. The

peak at E0¼ Es is indicative of instability in local structure for E0

> Es, which also implies that there exist two competing elements

in the local system. Clearly, as E0 (>Es) increases, Ys decreases
4802 | Soft Matter, 2010, 6, 4800–4806
accordingly. That is, here we observe that a low field E0 (<Es) can

yield the same yield stress as a high field E0 (>Es). This is anti-

intuitional and in contrast to the common belief that a higher

field always causes a higher static yield stress for conventional

ER fluids. (Incidentally, our ionic ER fluids are positive ER

fluids, rather than negative ER fluids with field-induced mono-

tonic decrease in static yield stresses or viscosities.29)
This journal is ª The Royal Society of Chemistry 2010
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Fig. 5 Measured shear stress versus applied electric field of sample C at

a shear rate of 50 (1/s).
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In the mean time, with a varied amount of ions in the salt

solution layers, the peak comes to appear at different fields. In

general, as the ion concentration increases, the peak value of Ys

can be enhanced and moved to lower fields. However, the trend

cannot always keep unchanged when the salt concentration is

large enough. In fact, if the ion concentration becomes larger and

larger, the breakdown of the system can happen more easily,

even at very low E0, as implied by Fig. 4 in which current

densities J are investigated.

According to Fig. 4, we find as E0 (or ion concentration)

increases, J increases accordingly. This is easily understood

because increasing E0 (or ion concentration) enhances the

mobility of ions (or offers increasing amount of ions).30 Specifi-

cally increasing E0 (>Es), together with increasing J, tends to

cause the microstructure to be more and more unstable or dis-

assembled (as implied by Fig. 3), which arises from the weakened

attraction between particles due to the screening effect due to the

flow of more and more conductive ions. This is also the reason

why the standard deviation in Fig. 3 is generally more evident at

high E0 (>Es) than at low E0 (<Es).

It must be mentioned the above yield stress peaks occur at very

slow shear rate. We have measured the shear stress flow curve of

sample C as a function of shear rate when the electric field is fixed

at 250 V/mm. The fluid first yields and then behaves as a Binham

fluid. For different electric fields at a given shear rate of 50 (1/s),

the shear stress first increases with the electric field and then

reaches a plateau. At very low shear rates, the ionic ER fluid

behaves as an elastic fluid and the yield stress peak appears; and

at higher shear rate, the ionic ER fluid behaves as a viscous

liquid, see Fig. 5.
Underlying mechanism

Let us first conduct a qualitative analysis before developing

a general theory for quantitatively investigating the equilibrium

system. As can be seen from the experimental results, the ionic

ER fluids have a much larger yield stress than the bare-TiO2 ER

system with the same volume fraction of TiO2 particles at low E0.
This journal is ª The Royal Society of Chemistry 2010
This means that the salt solution layer should offer a large excess

polarizability, when compared to bare TiO2 particles. That is,

the excess polarizability originates from the polarization of the

adsorbed ambient salt solution layer. In the absence of E0,

the cations and anions are dispersed randomly and uniformly in

the layer [Fig. 2(b)]. Here the ions stand for exogenous Na+ and

Cl� in the salt solution layer. Strictly, there also exist other two

kinds of charges (endogenous ions): one is the charges

appearing on the surface of TiO2 nanoparticles due to hydro-

lyzation, the other is those provided by the water itself.

However, with respect to E0 their total amount is small enough

to be neglected when compared to that of NaCl (exogenous

ions) confined in the salt solution layers. Once E0 is applied, the

cations and anions separately tend to migrate to the two

opposite poles of the particle along and opposite to the field

direction, respectively, and this just corresponds to an excess

polarizability [see Fig. 2(c)]. As E0 is low, the ions can be limited

within the salt solution layer of the same particle due to the

adsorption energy of particle surfaces and the hydrophilic effect

of ions, both of which provide an energy barrier at the water–oil

interface.

This process can be utilized to explain the enhancement of the

static yield stress in the presence of the salt solution layer at low

E0. And the ions located (or tending to be located) at the two

opposite poles of the TiO2 particle are seen to exist in a polarized

trapped state. As E0 increases, the ions within the polarized

trapped state may gain more electrostatic energy, which enables

them (or some of them) to overcome the energy barrier at the

water–oil interface, thus transmitting between nearby particles

and forming an electric current across the system. Such ions are

seen to possess a conductively transmitted state. Accurately, for

any E0, both the two states exist and compete with each other.

Nevertheless, at low E0 (< Es), the polarized trapped state

dominates, thus yielding enhanced yield stress. At high E0 (>Es),

the conductively transmitted state becomes dominant so the yield

stress decreases. At E0 ¼ Es, there is an equilibrium between the

two states, which yields a maximum value for the yield stress. It is

worth noting that the roles of the two states are comparable as E0

is close to Es. Thus, the peaks for Samples A, B, and C in Fig. 3

are not sharp but broad, and the difference between the J – E0

slopes for E0 ¼ Es
+ and E0 ¼ Es

� is slight enough to be neglected,

see Fig. 4.

Small amount of water molecules was highly absorbed by TiO2

nanoparticles. The high absorption of the trace amount of water

molecules on TiO2 nanoparticle surfaces prevents the water

layers from connection which may be caused by the capillary and

hydrophilic attractions. On the other hand, the connection of the

water layers may cause a relative larger current density and

further electric breakdown of the system. In our experiments we

had not observed a sudden increase of the current density and

electric breakdown. Thus, we could safely conclude that the

nanoparticles (at least most of them) are not connected by water

layers, as schematically displayed by Fig. 2(a) and (d) and

formulated in this section.

In order to make an explicit understanding of the above

qualitative analysis, we develop a theory which will be discussed

below by resorting to the method based on the minimization of

the Gibbs free energy.20,27,31 The calculated results agree very well

with the experimental data, see Fig. 3 and 4.
Soft Matter, 2010, 6, 4800–4806 | 4803
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Our theory developed by minimizing the Gibbs free energy

Since only a DC electric field is considered throughout this work,

the system of interest is in the electrostatic limit. In this regard,

the macroscopic electrostatic response of the microscopically

inhomogeneous system under our consideration is equivalently

homogeneous in response to E0, which can be characterized

by an effective dielectric tensor ~3eff between D (displacement

field) and E0 (external electric field), namely, D ¼ ~3effE0. When

directing E0 along z axis, the zz component �3zz of ~3eff is used to

express the Gibbs free energy density fG of the system as fG¼�[1/

(8p)]Re(�3zz)E
2
0–TS.20,27,31 Here Re(/) denotes the real part of /,

T the temperature, and S the entropy. We should mention that in

the absence of E0, the radius R of the particles cannot increase

infinitely within finite experimental time due to the equilibrium

between van der Waals attractions (between particles) and

viscous forces (acting on particles). For calculations, we shall

also assume the radius R of TiO2 particles is independent of E0

and take a constant R ¼ 10 mm, an average value observed by

using the confocal microscope when E0 was turned off (Fig. 1).

That is, we neglect the effect of the polydispersity of particle size.

Owing to R ¼ 10 mm, the effect of entropy of the particles due to

Brownian motion is small enough to be neglected. Hence the

term TS can be omitted. As the physical system is governed by

the principle of minimizing the free energy, the search for the

state of the minimum free energy is thus equivalent to obtain

the maximum real part of �3zz with respect to the positions of the

particles. To proceed, we shall assume that the salt solution layer

is uniformly covered on each TiO2 nanoparticle. The validity for

this assumption is partly due to the fact that the isotropic

properties of TiO2 in use enable the nanoparticles to uniformly

adsorb ambient chloride ions during the process of fabrication.

By considering both dielectric and conductivity mismatches at

the boundary between a TiO2 particle and silicone oil, the

complex dielectric constant 3p of the particle is
3p ¼ 30 – i300, (1)

where i ¼
ffiffiffiffiffiffiffi
�1
p

, 30 represents the real part of the complex

dielectric constant, and 30 0 denotes the imaginary part corre-

sponding to energy loss. Since the volume of salt solution layers

is relatively small enough in the system, their contribution to 30

can be neglected according to the effective medium theories25

that clearly give a slow monotonic increase prediction for small

volume fractions of a component with a finite dielectric constant.

Nevertheless, the layers can significantly contribute to 30 0 due to

the confined ions. In addition, since the conductivities of both

silicone oil and suspended TiO2 nanoparticles are practically

small, we might ignore the conductivity-induced imaginary parts

of their dielectric constants. Therefore, on one hand, we may

derive 30 by taking into account only the dominant contribution

from the real dielectric constans of both TiO2 nanoparticles and

silicone oil. And, according to the Maxwell-Garnett theory,23–25

we express 30 as 30 ¼ 3nð1þ 2pÞ þ 23f ð1� pÞ
3nð1� pÞ þ 23f ð2þ pÞ where p is the

volume fraction of the TiO2 nanoparticles in each TiO2 particle,

3n the dielectric constant of the TiO2 nanoparticles, and 3f the

dielectric constant of silicone oil. Here we use the Maxwell-

Garnett theory to estimate the particle dielectric constant
4804 | Soft Matter, 2010, 6, 4800–4806
because the theory was shown to be valid for correctly predict the

wavelength of dielectric anomaly of Au/Ag–SiO2 composites.26

On the other hand, since the complex dielectric constant in AC

cases with frequency u is known to be 30 + sp/(iu) according to

Maxwell’s equations, we might as well express 30 0 ¼ sps/(2p) in

eqn (1) for DC cases by using dimensional analysis. Here s
represents the phenomenological relaxation time of the ions in

the system. And the conductivity sp of TiO2 particles containing

salt solution layers is to be derived, see eqn (9) below. Here we

only consider the conductivity-induced imaginary part 300

because of the existence of exogenous ions. The above process for

deriving 30 0 also shows the reason why the minus sign comes to

appear in eqn (1), in contrast to the conventional plus sign. In

fact, the plus sign and minus sign come from different mathe-

matical definitions, and they hold the same for calculating static

yield stresses, as can be readily seen from the above definition of

fG in terms of Re(�3zz).

The effective dielectric constant �3col
zz of the column containing

TiO2 particles located in a specific lattice can be computed

by using the Bergman–Milton spectrum representa-

tion approach.25,32 Let us start by considering the Laplace

equation20,27,31

V2fðrÞ ¼ 1

s
V,ðhðrÞVfðrÞÞ; (2)

where h(r)¼ 1 in the region of 3p and h(r)¼ 0 otherwise. Here s¼
3f/(3p – 3f). With boundary condition f ¼ – E0z ¼ z (as E0 ¼ � 1

by definition for convenience) and the integral of Green’s func-

tion of the Laplacian, the solution of the equation can be solved

formally as

fðrÞ ¼ z� 1

s

ð
dV

0
G
�
r; r

0�
V
0
,
�
h
�
r
0�

V
0
f
�
r
0��

By defining a linear integral operator Ĝ as Ĝf(r) ^Ð
dV0h(r0)V0G(r,r0)$V0f(r0), �3col

zz can then be given by20,27,31

�3col
zz ¼ 3f(1–F(s)), (3)

where

FðsÞ ¼
X

u

1

V

jSlmzlmUu;lmj2

s� su

¼
X

u

fcjUu;10j2

s� su

:

Here su and Uu are, respectively, the eigenvalues and the cor-

responding eigenvectors of the matrix Ĝlm,l0m0, and fc is the

volume fraction of the particles within the column. Then, �3zz is

the volume average of �3col
zz and 3f,

3zz ¼
f

fc

3 col
zz þ

�
1� f

fc

�
3f ; (4)

which is accurate due to the anisotropic columnar geometry,

namely, the length of the column is much larger than its diam-

eter.20,27,31 In eqn (4), f denotes the volume fraction of the TiO2

particles in the whole ionic electrorheological (ER) system. Eqn

(4) can be used to compare the free energies of various lattices at

E0, e.g., the FCC (face-centered cubic), HCP (hexagonal close-

packed), BCT (body-centered tetragonal), and BCC (body-

centered cubic) structure. As a result, the BCT structure
This journal is ª The Royal Society of Chemistry 2010
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possesses the lowest free energy, and thus for theoretical fitting,

we take it to be the ground state for TiO2 particles in a column.

(In the present complex system, the BCT structure is by no means

just the ground state. Without loss of generality, it is only

approximately adopted for the convenience of calculations.) In

this case, fc ¼ 2p/9.

The electrostatic energy for all the TiO2 particles causing by

the polarization of the salt solution layers surrounding the

nanoparticles is given by
Ui ¼
Ð

ViP$EidVi, (5)

where P is the excess polarization due to ions in the salt solution

layers as to be expressed by eqn (8) below [the polarization of the

bare TiO2 particles can be suppressed significantly due to the

screening effect causing by the ions, and thus it has already been

omitted in eqn (5)], Ei the (equivalent) local electric field inside

a TiO2 particle, and Vi the volume occupied by all the salt

solution layers in the ionic ER system. According to the effective

medium concept,25 one TiO2 particle can be seen to be immersed

in an effective medium with effective dielectric constant �3zz [eqn

(4)], thus Ei in eqn (5) can be conveniently solved as

hEii ¼
33zz

3p þ 23zz

E0. Here hEii denotes the volume average of Ei

over the whole region of TiO2 particles. This equation has

included all the contributions from all the other particles within

the scope of the effective medium concept25 with many-body

(local-field) effects. Neglecting the field fluctuation inside the

particles, we have hEii ¼ Ei.

Since the ions can be separated into the polarized trapped state

and conductively transmitted state, we denote the total number

density of ions n0¼ np + nc. Here np (or nc) is the number density of

the ions in the polarized trapped state (or conductively transmitted

state). According to the Boltzmann distribution, we have
nc ¼ npe(qj�U)/kT, (6)

where k is the Boltzmann constant and T the temperature. Here q

is the charge one ion (Na+ or Cl�) carries, and j ¼ 2rE0 cosQ the

electric potential difference between nearby salt solution layers

surrounding TiO2 nanoparticles. And here Q denotes the angle

of the center-to-center connection line with respect to E0. The

relation between np and nc [eqn (6)] is related to the electrostatic

energy W(¼ qj – U) that move an ion from one salt solution

layer to a nearby layer, divided by silicone oil. W is composed of

two parts, namely, the energy causing by the electrostatic

potential difference qj between nearby salt solution layers and

the electrostatic energy barrier U arising with the ions when

going through the water–oil interface. With the theoretical model

proposed by Onsagar and Samaras,33,34 U can be treated as the

interaction between one charge q in the vicinity of the interface

and its fictitious image charge q
0 ¼ 3w�3f

3wþ3f
q [see Fig. 2(d)],

U ¼ q2

8p303w

e�a=l

a
(7)

due to the dielectric constant of water 3w[ 3f [or (3w – 3f)/(3w +

3f) z 1], where l is the Debye screening length for a nanoparticle,

30 the dielectric constant of free space, and a the distance between
This journal is ª The Royal Society of Chemistry 2010
q and q0. Here we have set a as the average distance between

nearby ions.

The increase of E0 will favor the migration of the ions between

TiO2 particles, thus enhancing the electric conductivity sp of the

TiO2 particles and reducing the charge density of the ions in the

polarized trapped state. By considering the total contribution of

both cations and anions, the P in eqn (5) can be expressed as

P$n̂ ¼ n2/3
p ¼ (n0–nc)

2/3, (8)

where n̂ is the normal component vector. And sp is given by 35

sp ¼ sp0f(E0) (9)

with sp0 ¼ n0qm and

f ðE0Þ ¼
nc

n0

¼ 1

p

ðp=2

�p=2

�
eðqj�UÞ=kT � eð�qj�UÞ=kT

�
1þ eðqj�UÞ=kT � eð�qj�UÞ=kT

dQ;

where m is the average mobility of ions.

Delineation of a shear distortion path from the ground state

configuration leads directly to the definition of the static yield

stress of the ionic ER fluids. With the given BCT structure under

a shear distortion denoted by the tilted angle q of the particle

column, the new lattice constant is given by c/R ¼ 2/cos q and

a/R ¼ (8 – (c2/2R2))1/2. We use �3z0z0 and �3x0x0 to denote the calcu-

lated results of the structure with the new lattice constants, and

then the effective dielectric constant �3zz is written as

�3zz ¼ �3z0z0cos2q + �3x0x0sin2q (10)

through the rotational transformation of a second rank tensor.

The static yield stress Ys is then given by the peak value of the

differential Ui [eqn (5)] with respect to q, namely, � 1
V

vðUiÞ
vq

, where

V is the volume of the whole sample.

The current density J is defined as J ¼ seE0, where se is the

effective conductivity of the ionic ER fluid. We use the Brugge-

man theory25,36 to give an estimate of the effective conductivity

scol
c of a column with TiO2 particles in the BCT structure, namely,

fc

sp � scol
c

sp þ 2scol
c

þ ð1� fcÞ
s0 � scol

c

s0 þ 2scol
c

¼ 0;

where s0 is the conductivity of silicone oil. Then, following eqn

(4), se is given by

se ¼
f

fc

scol
c þ

�
1� f

fc

�
s0: (11)

For the theoretical fitting presented in Fig. 3 and 4, we take sp0

(electric conductivity) and l (the Debye screening length for

a nanoparticle) as two adjustable parameters.

In our theory, the effective dielectric constant �3zz has been

calculated according to the Bergman–Milton spectral represen-

tation, which allows us to take into account some crucial items

accurately, namely, multipolar interaction, local field effects, and

the conductivity-induced imaginary part of the dielectric

constant. The values of both sp0 and l have been assumed to do

the fitting in Fig. 3 and 4. As the salt concentration increases

from Samples A to C, the energy loss increases naturally, which is

just qualitatively reflected by the increasing trend of sp0 adopted.

Meanwhile, the screening effect becomes stronger and stronger,
Soft Matter, 2010, 6, 4800–4806 | 4805
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which has also been qualitatively shown by the decreasing trend

of l. Incidentally, all the small values adopted for l might be

understood according to the concept of effective media which has

smoothed the possible local fluctuations of l. Regarding the

fitting with the ER sample of bare TiO2, the original formulation

established in ref. 31 has been used directly, and hence no sp0 (or

sp) and l were needed.

IV. Conclusions

In summary, we have explored fundamental colloidal interac-

tions in the presence of tunable amounts of confined ions on

surfaces, enriching the realm of traditional co-ions and counter-

ions. The specific ER system has shown a static-yield-stress peak,

not found before. It becomes possible to investigate both

assembly and disassembly of colloidal particles or biological cells

by monotonically tuning DC electric fields.
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