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Temperature-induced flocculation of colloidal particles immersed into the isotropic phase
of a nematic liquid crystal

A. Borštnik,1,2 H. Stark,1 and S. Žumer2
1Institut für Theoretische und Angewandte Physik, Universita¨t Stuttgart, D-70550 Stuttgart, Germany

2Department of Physics, University of Ljubljana, 1000 Ljubljana, Slovenia
~Received 3 August 1999!

The aim of our theoretical study is to investigate the stability of a liquid crystal colloidal dispersion, i.e., a
suspension of rigid spherical particles in the isotropic phase of a nematic liquid crystal. We pay special
attention to a temperature dependent liquid crystal mediated attraction between particles which originates in a
surface-induced nematic order localized to the vicinity of particles. The attraction strongly increases as the
temperature of the nematic-isotropic phase transition (TNI) is approached. In real systems this interaction is
accompanied by electrostatic and steric repulsion and by the attractive van der Waals interaction. The major
part of our work is dedicated to colloidal dispersions that are stabilized by a screened electrostatic repulsion of
charged particles in the presence of counter ions in the solvent. We demonstrate that close toTNI a decrease of
temperature for about 1 K can induce a sudden transition of the system from a dispersed to a flocculated state.
This transition can only take place if the electrostatic repulsion is sufficiently weak. We present a ‘‘phase
diagram’’ where we show how the temperature that separates a flocculated from a dispersed state depends on
the surface charge density and Debye length.

PACS number~s!: 82.70.Dd, 61.30.Cz
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I. INTRODUCTION

Colloidal dispersions are materials where particles, wh
radii range from 10 nm to 10mm, are dispersed in a solven
The characteristics of colloidal dispersions change sign
cantly when a transition from a dispersed to an aggrega
state occurs. This is the reason why the stability of colloi
dispersions against flocculation presents a key issue in
loidal physics@1#. The aggregation of particles is determin
by an attractive two-particle potential. If the attraction
strong compared to the thermal energykT, a relatively long-
living nonequilibrium phase occurs. On the other hand,
tractions that are weak compared tokT lead to an equilib-
rium phase separation. A system is considered to be
phase equilibrium if it attains equilibrium in the period
interest of, e.g., several hours. Single particles in a collo
dispersion perform Brownian motion. Once they approa
each other they form aggregates due to the attractive po
tial. In the nonequilibrium phase, they cannot leave the
gregates in the period of interest. In the case of equilibriu
particles coexist with equal chemical potentials in the d
persed and in the aggregated state. The higher interac
energy of the dispersed particles is compensated by t
larger contribution to entropy.

The first explanation of the aggregation process in col
dal dispersions was given by Smoluchowski in 1917@2#. He
derived expressions for the rates of doublet formation in
stable dispersions due to Brownian motion and she
induced collisions without taking into account particle inte
actions which were later introduced by Fuchs@3#. However,
a comparison with experiments only became possible w
Derjaguin and Landau@4# and Verwey and Overbeek@5#
presented more sophisticated theories of colloidal stab
where they specified the origins of attraction and repuls
between particles. In standard colloidal dispersions a re
PRE 611063-651X/2000/61~3!/2831~9!/$15.00
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sion between particles originates from an electrostatic in
action and from the interaction due to soluble polymers
sorbed at the surface of particles, while dispersion forces
always attractive. The theory of Derjaguin and Landau a
Verwey and Overbeek was improved by Spielman@6# and
Honig, Roebersen, and Wiersema@7# in the early 1970s. Fol-
lowing a suggestion by Derjaguin@8#, they included hydro-
dynamical interactions in the calculation of the rate of flo
culation.

Lately, special attention was paid to liquid crystal collo
dal suspensions and emulsions, i.e., dispersions of solid
ticles or liquid droplets in a liquid crystal, respectively.
particular, interactions between micron-size water drop
immersed into a liquid crystal deep in the nematic pha
were investigated@9–11#. Aggregates of latex particles wer
observed below the nematic-isotropic phase transition@12–
15#, and the Brownian motion of silica particles in the is
tropic phase of a nematic liquid crystal was investiga
@16#. The theoretical study of interactions between spher
particles immersed into a liquid crystal concentrated both
temperatures below and above the nematic-isotropic ph
transitionTNI . At temperatures belowTNI , the liquid crystal
mediates a relatively strong long-range interaction wh
overwhelms further interactions present in the dispersio
e.g., the van der Waals attraction@17–19#. In the isotropic
phase, on the other hand, the liquid crystal mediates a sh
range interaction whose magnitude is much smaller than
one in the nematic phase@20,21#. ~The existence of such a
interaction was also suggested by Lo¨wen in a more genera
context @22#.! In order to describe the relevant two-partic
potential in the isotropic phase, one has to take into acco
van der Waals, electrostatic, and steric interactions, as w

In our previous study@20#, we developed a simple de
scription of the liquid crystal mediated interaction abo
TNI . The description is performed within mean-field a
proximation, neglecting order fluctuations which only yield
2831 ©2000 The American Physical Society
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2832 PRE 61A. BORŠTNIK, H. STARK, AND S. ŽUMER
minor correction to the mean-field values. Our approxim
analytical approach uses ansatz functions for the surf
induced liquid crystalline order. A homeotropic alignment
the molecules at the particle surfaces is assumed. The
particle interaction, which results from our analytical stud
is strongly attractive for small particle separations. The d
potential well of this attraction is followed by a weak repu
sive barrier as the particles are moved further apart. At
tances large compared to the nematic coherence len
which for a typical liquid crystal material close toTNI is of
the order of 10 nm, the interaction vanishes exponentia
Both the depth of the potential well and the height of t
repulsive barrier are strongly temperature dependent. T
decrease with temperature approximately exponentially,
only a few Kelvin above the nematic-isotropic phase tran
tion they become negligible relative tokT. The liquid crystal
mediated interaction can therefore be ‘‘switched off’’ b
raising the temperature by a few degrees.

The experimental studies of interactions in liquid crys
colloidal dispersions stimulated us to perform a theoret
study of all relevant interactions in such systems aboveTNI .
In order to determine the conditions for the stability of
colloidal dispersion, which is the main purpose of the pres
work, one has to fine-tune the parameters which substant
influence the van der Waals, electrostatic, and liquid cry
mediated interactions. The most crucial parameters are
temperature through which the liquid crystal mediated int
action is controlled, the surface charge density of partic
and the concentration of ions in the solvent which determ
respectively, the strength and the range of the electros
repulsion. We assume that the surface charge density
concentration of ions can be varied independently. The la
can, e.g., be controlled by adding salt to the solvent.

The paper is organized as follows. In Sec. II we descr
our system. We pay special attention to the relevant tw
particle interactions, i.e., van der Waals, electrostatic, ste
and liquid crystal mediated interactions. We also introduc
criteria which enables us to distinguish between the d
persed and flocculated state of the system. In Sec. III
mainly concentrate on electrostatic stabilization. We pres
the interactions as a function of particle separation for v
ous temperatures, surface charge densities, and conce
tions of ions. A ‘‘phase diagram,’’ illustrating the ‘‘floccu
lation transition’’ temperature as a function of surface cha
and ion density, sums up the results. We conclude with
marks concerning steric stabilization. Finally, in Sec. IV, w
discuss our results.

II. DESCRIPTION OF THE MODEL

The subject of our investigation is a dilute dispersion
rigid spherical particles in the isotropic phase of a nema
liquid crystal. We limit our discussion to surfaces that pre
homeotropic, i.e., perpendicular anchoring of the liquid cr
talline molecules. Furthermore we assume that smectic
ers are not formed at the surfaces. This seems to be rea
able for a liquid crystal such as the compound 5CB in wh
only rarely surface induced smectic layers are found in c
trast to 8CB or 12CB in which pretransitional smectic lay
ing is often observed@23,24#. In the case of electrostati
stabilization, we assume that all the spherical particles in
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model carry the same amount of surface charge. Toge
with ions which are dissolved in the liquid crystal they for
the so-called double layer@1#. To study steric stabilization
we concentrate on organic molecules grafted on the par
surface. Their length is comparable to the liquid crystalli
molecules, i.e., approximately 2 nm@16#. Such a coating still
allows for a well-defined homeotropic boundary condition

To estimate the stability of dispersions we pay spec
attention to the region where the two-particle interaction
attractive. Namely, if the attractive potential is strong co
pared tokT, Brownian motion mediates fast aggregation
particles. On the other hand, attraction potentials compar
to kT lead to an equilibrium phase separation in which p
ticles coexist in two different phases, in a dispersed and in
aggregated state. We refer to the process of aggregatio
either limit of the interaction strength as toflocculation@1#.

The most commonly used criterion for the distinction b
tween the completely aggregated state and the equilibr
phase separation is the escape time needed by a doub
break up into single particles. It should be longer than
observation time if a system is to be considered as a n
equilibrium system. The escape time can be easily estim
as the time a particle needs to leave the potential well of
two-particle interaction@25#

tesc;
6phR3

kT
e2Fmin /kT, ~1!

whereh is the viscosity of the solvent,R is the radius of the
particle, andFmin is the depth of the potential minimum
More sophisticated methods@26,27# suggest that the com
plete potential curve, not only its minimum value, has to
taken into account when estimating the escape time. F
particle which is caught in a potential minimum atr min in the
vicinity of another particle of radiusR, the escape time
equals@26#

tesc;
1

DE
r min

`

dr
1

r 2
eF(r )/kTE

R

r

dr8r 82e2F(r 8)/kT. ~2!

Using Eqs.~1! or ~2!, one can make a crude estimate for t
depth of a potential minimum that corresponds to a reas
able escape time. For a repulsive barrier of the order ofkT or
less, which is the case for our system, one can conclude
uFmin /kTu'123 leads to phase equilibrium while in the ca
uFmin /kTu'5210 particles are completely aggregated. T
existence of a large repulsive barrier ('10kT, e.g.!, in-
creases the escape time by several orders of magnitud
also plays an important role in the process of aggregation
large repulsive barrier increases considerably the time
two particles need to form a doublet. A weak repulsive b
rier ('1kT) on the other hand changes the doublet form
tion time only slightly.

In our study we introduce the term ‘‘flocculation transi-
tion temperature’’ TFD that characterizes the temperature
which the system switches from a flocculated~belowTFD) to
a dispersed state~aboveTFD). To be more precise, we choos
TFD as the temperature below which aggregates of parti
are stable. AboveTFD aggregates can be, depending on te
perature, metastable or unstable. We would like to stress
the ‘‘flocculation transition’’ is not an ordinary phase trans
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PRE 61 2833TEMPERATURE-INDUCED FLOCCULATION OF . . .
tion. When analyzing the results of our study we also dis
guish betweenslowandrapid flocculation. Slow flocculation
refers to the situation where particles flocculate into a pot
tial minimum over a repulsive barrier while rapid floccul
tion denotes the case where such a barrier does not exi

For the interpretation of our results we introduce anot
term, ‘‘flocculation end line.’’ Beyond this line the dispersed
states are absolutely stable for all temperatures aboveTNI .
The line is determined by the two relevant parameters of
electrostatic repulsion, i.e., the surface charge density of
ticles and the concentration of ions in the solvent. For
ample, if the surface charge density is sufficiently large,
electrostatic repulsion always compensates the liquid cry
mediated attraction and an aggregation of particles aboveTNI
does not occur.

In the following we first present all relevant contribution
to the two-particle interaction of our system~see Fig. 1!, i.e.,
van der Waals, electrostatic, steric, and liquid crystal me
ated interactions. We introduce the determining parame
for each type of interaction. Since we are interested in v
dilute systems only, we limit our description to pair intera
tions.~Note when we discuss the explicit expressions for
interaction potential, we often skip the term ‘‘potential’’ an
just use ‘‘interaction’’ for short.!

van der Waals interaction.The van der Waals potential o
two thermally fluctuating electric dipoles that are close
gether (d!10 nm) decays with the sixth power of their in
verse distance, 1/d6. However, at separations of about 5 n
retardation effects of the electromagnetic field become
parent which ultimatley result in a 1/d7 dependence of the
potential. Moving the dipoles even further apart, the ze
frequency polarizabilities become important and the pot
tial decays again as 1/d6 @31#. The effective van der Waal
interaction of two macroscopic particles is obtained by
summation over all pairwise interactions of fluctuati
charge distributions what in the case of two spherical p
ticles of equal radiiR yields @1#

UVW52
A~d!

6 F 2R2

d~d14R!
1

2R2

~d12R!2
1 ln

d~d14R!

~d12R!2 G .

~3!

FIG. 1. Charged spherical particles are immersed into a liq
crystal at temperature above the nematic-isotropic phase trans
The surface of the particles induces partial nematic ordering
molecules which results in an attractive contribution to the net
teraction of a pair of particles. Surface charge screened by a g
of dissipated ions induces a repulsive electrostatic interaction
van der Waals interaction yields an attraction. If in addition a po
mer brush is added to the surface of the particles, it gives rise
hard core repulsion.
-

-

r

e
r-
-
e
al

i-
rs
y

-
e

-

p-

-
-

a

r-

Hered is the closest distance between the surfaces of the
particles, andA(d) is generalization of the Hamaker consta
which now depends on the particle separation. In the cas
equal particles made of material 1 embedded in the med
2, A(d) is given by

A~d!5
3

4
kTS e12e2

e11e2
D 2

1
3hne

16A2

~n1
22n2

2!2

~n1
21n2

2!3/2

3F11S d
p2nen2

2A2c
~n1

21n2
2!1/2D 3/2G22/3

~4!

@1,31#, where e1 and e2 are the zero-frequency dielectri
constants of the two materials, andn1 andn2 are the corre-
sponding refractive indices. The frequencyne refers to the
dominant ultraviolet absorption in the dielectric spectrum
the embedding medium 2. It depends on electronic tra
tions in the atoms and is typically around 331015 s21. For
separationsd@R, particles are pointlike, and the van d
Waals interaction ultimately decays as 1/d6 when the retar-
dation effects become negligible@31#.

Electrostatic interaction.We are interested in charge
particles dispersed in a liquid crystal which contains a sm
amount of ionic impurities. We assume that the particles
made of a dielectric material and that they all carry the sa
uniform surface-charge distribution which does not chan
under the influence of the two-particle interaction. The ion
impurities in the solvent tend to screen the surface charge
particles. Together with the surface charges they form
so-called electrostatic double layer. For equal particles
radii R and fixed surface charge densityqs , the electrostatic
interaction is described by the following expression@1#:

UE /kT52pR
qs

2

eo
2z2np

ln~12e2kd!. ~5!

Here, eo is the fundamental charge, andz and np are the
valence and concentration of the dissolved ions, respectiv
The range of the repulsive interaction is determined by
Debye length

k215AeeokT/2eo
2z2np, ~6!

whereas the surface charge densityqs controls its strength.
The expression~5! was derived via theDerjaguin approxi-
mation and is therefore valid only forkR.30 @28#. In our
case, this condition is fulfilled. The interaction is strong
repulsive in comparison tokT at small particle separation
and exponentially decays to zero for larged.

Steric interaction.Steric repulsion is realized by attachin
polymers to the surface of particles. Here, we assume r
tively short polymer fibers or simply organic molecule
which have the same lengthl as the liquid crystalline mol-
ecules, i.e.,l'2 nm. They prevent two particles from ap
proaching each other closer than the separationd52l . For
simplicity we model the interaction by a hard-core repulsi
at d52l 54 nm.

Liquid crystal mediated interaction.The description of
the liquid crystal mediated interaction is based on our th
retical study in Ref.@20#. There, we derive an analytica
expression for the interaction of two spherical particles i
mersed in a liquid crystal above the nematic-isotro
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2834 PRE 61A. BORŠTNIK, H. STARK, AND S. ŽUMER
phase transition, and we show that the interaction is a sum
a repulsive and an attractive contribution. Every single p
ticle carries with it a layer of surface-induced nematic ord
which decays exponentially in the radial direction on a ch
acteristic length scale given by the nematic coherence le
jN . If the layers overlap, the volume of nematic order, whi
possesses a larger free energy density than the isotropic
uid, is reduced. That means, the free energy of the sys
decreases with the separation of particles which results i
attractive interaction. On the other hand, a repulsion or
nates in the elastic distortion of the director field lines co
necting the two particles. It is increased as particles appro
each other.

The analytical expression for the interaction is cited in
appendix. There, we also introduce the parameters which
scribe the material properties of liquid crystal as well as
surface coupling of molecules. We illustrate the interact
as a function of particle separation for two different values
temperature in Fig. 2. At the nematic-isotropic phase tra
tion, the interaction is strong in comparison tokT for small
particle separations,d;jN , and it exhibits a week repulsiv
barrier of the order ofkT as the particles are moved furth
apart,d;50 nm~see inset!. For large distancesd, the inter-
action exponentially approaches zero. If the temperatur
increased by a few Kelvin the attraction atd'10 nm be-
comes much weaker and the repulsion barrier is decre
considerably as well. Since the strength of the interact
depends strongly on temperature, it becomes almost n
gible if the temperature is increased further by some degr

III. RESULTS

In the presentation of the discussed interactions, we fo
our attention on spheres of radii 250 nm. The magnitude
liquid crystal mediated interaction is varied by changing
temperature of the system in the intervalTNI<T<TNI
110 K, where TNI is the temperature of the nemati
isotropic phase transition in a bulk liquid crystal. To spec
the Hamaker constant which strongly influences the van
Waals interaction the following dielectric constants and
fractive indices corresponding to silica particles immersed

FIG. 2. The two-particle interactions mediated by a liquid cry
tal as a function of distanced between the particles at various tem
peratures. A magnified part of the figure is shown as inset.
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a typical nematic liquid crystal will be taken into accou
@29–31#: e153.8, n151.45, e2511, n251.57, andne53
31015 s21. As a result, the Hamaker ‘‘constant’’ equa
A(d)5$0.1810.87@11(0.11d)3/2#22/3%kT, where d is in
nm. The parameters of the steric interaction were alre
introduced in the last section. The electrostatic interactio
specified by the valence and the concentration of the i
dissolved in a liquid crystal, the dielectric constant of t
liquid crystal, and the surface charge density. We assu
that the ions are monovalent, i.e.,z51 with a concentration,
np , varying between 1024 and 1023 mol/l. Taking into ac-
count that the dielectric constant of the liquid crystal equ
e2511, the corresponding Debye length at room tempera
varies between 3.5 and 10 nm. A typical value of the surf
charge densityqs is of the order of 104eo /mm2 @32#. In our
study we varyqs between 103 and 104eo /mm2. We point out
that the range of the surface charge densities and conce
tions of ions that are taken into account in our study is sm
in comparison to all values which can be achieved in exp
ments with polar solvents. In organic solvents, however, i
generally difficult to dissolve ions. This creates problems
achieving Debye lengths of the order of 10 nm. Furthermo
ionogenic groups attached to the surface of the suspen
particles do not dissociate into ions very easily, and a
result, reasonable surface charge densities cannot be
tained. Liquid crystal compounds consist of organic m
ecules which do, however, contain polar groups. It see
that the ionic concentrations and surface charge dens
which we employ in our study can hardly be realized. Ho
ever, in Ref.@33# complex salt is dissolved in nematic liqui
crystals and ionic concentrations of up to 1024 mol/l are
reported. Furthermore, when silica spheres are coated
silan, the ionogenic group NH2

1OH2 occurs at the particle
surface with a density of 33106 molecules/mm2. It dissoci-
ates to a large amount even in a liquid crystal@34#. In addi-
tion, the silan coating provides the required homeotro
boundary condition for the liquid crystal molecules. The
two examples illustrate that our parameters of the elec
static interparticle potential should be accessible in conv
tional thermotropic liquid crystals. They are achievable w
no problem in lyotropic liquid crystals@35#. Amphiphilic
molecules in water form rodlike or disclike micelles whic
exhibit liquid crystalline phases as a function of the mice
concentration. However, there are lyotropic systems wh
the transition from the isotropic to the nematic phase is a
controlled by temperature@12,15#. Our investigation applies
to such systems as well.

In the following we consider two different types of dis
persions. In the first type, which we refer to aselectrostati-
cally stabilized, particles carry a surface charge wherea
polymer brush is not grafted on their surface. We will tho
oughly investigate the total two-particle interactionU which
is a sum of the van der Waals (UVW), electrostatic (UE), and
the liquid crystal mediated (ULC) interaction:U5ULC1UE
1UVW . In the second type of dispersion, referred to assteri-
cally stabilized, particles are basically neutral, however
coating of organic molecules gives rise to a hard core rep
sion US . The total interactionU5ULC1US1UVW again
consists of three parts.

-
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A. Electrostatic stabilization

Liquid crystal, electrostatic, and van der Waals contrib
tion. To show how van der Waals, electrostatic, and liqu
crystal contributions influence the total two-particle intera
tion, we present in Fig. 3ULC ,UE ,UVW , the sum UE
1UVW , and the net interactionU as a function of particle
separation. The temperature isTNI10.1 K, and the surface
charge density and Debye length are taken to be 0
3104eo /mm2 and 8.3 nm, respectively. The electrostatic
teraction exhibits a strong repulsion at small distancesd and
decays exponentially for larged. The van der Waals interac
tion, on the other hand, yields an attraction of somekT at
d55 nm–much weaker than the electrostatic interaction
and decays as 1/d6 for large d. A sum of these two contri-
butions is strongly repulsive at smalld, exhibits a shallow
potential minimum of 1/3kT at d'70 nm and approache
zero for larged. The liquid crystal mediated interactionULC
is strongly attractive for small particle separations a
weakly repulsive atd'50 nm. It approaches zero for larg
d. If this interaction is added toUE1UVW , an interaction
exhibiting a deep potential minimum and a weak repuls
barrier is obtained. The minimum and the barrier appea
d'10 nm andd'50 nm, respectively.

Flocculation transition. In Fig. 4 we show the two-
particle interactionU5ULC1UVW1UE as a function of par-
ticle separation for various values of temperature. ForT
5TNI , the interaction curve exhibits a minimum with
depth of the order of 20kT at d'10 nm. The minimum is
followed by a small potential barrier of'1kT. As the tem-
perature is raised, the depth of the minimum decreases,
already 0.3 K aboveTNI it becomes very shallow. AtTNI
10.54 K, the minimum still exists but belongs to a me
stable state, only. We call the temperature at which the
teraction at the minimum equals zero the temperature of
flocculation transition, TFD. Namely, above this temperatur
the probability of finding two particles in an aggregated st
becomes smaller than the probability that they are disper
Above TFD aggregates of particles are unstable or me

FIG. 3. Electrostatic (UE), van der Waals (UVW), the sumUE

1UVW and liquid crystal mediated (ULC) and total (U5ULC

1UVW1UE) interaction are plotted as a function of the partic
separation. The surface charge density and Debye length are ch
to be 0.453104eo/mm2 and 8.3 nm, respectively, whileT5TNI

10.1 K. A magnified part of the figure is shown as an inset.
-
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stable. When the temperature is raised even further, the
teraction minimum disappears completely. That mea
within a temperature range of a few tenth of a Kelvin there
a sudden change from a fully aggregated to a comple
dispersed state, reminiscent to the critical flocculation tran
tion in polymer stabilized colloidal dispersions@1,36#.

Beyond the flocculation end line.Since the electrostatic
interaction depends on the square of the surface charge
sity qs , a strong electrostatic repulsion can easily
achieved. If the surface charge is large enough, the inte
tion at the potential minimum exceeds zero even atTNI . This
case is presented in Fig. 5, where one can see a sha
minimum atTNI which disappears as the temperature is
creased by 0.1 K. The surface charge density and De
length equalqs50.633104eo /mm2 and k2158.3 nm, re-
spectively. We define the flocculation end line as the bor
line in aqs ,k21 diagram beyond which the flocculated sta
is never absolutely stable for all temperatures~see Fig. 9!.

sen

FIG. 4. InteractionU as a function of distance between th
particles for various temperatures. Surface charge density eq
0.53104eo /mm2 while k2158.3 nm. A magnified part of the fig-
ure is shown as an inset.

FIG. 5. InteractionU as a function of distance between th
particles for various temperatures. Surface charge density eq
0.633104eo /mm2 while k2158.3 nm. A magnified part of the
figure is shown as an inset.
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Influence of the Debye length.In Fig. 6 we illustrate how
the concentration of the dissolved ions in the liquid crys
np and herewith the Debye lengthk21, defined via Eq.~6!,
influences the depth of the interaction minimum and
height of the repulsive barrier ofU close toTNI . The surface
charge density is chosen to be 0.43104eo /mm2 while T
5TNI10.3 K. The primary minimum becomes deeper as
Debye length is decreased, and the repulsive barrier is
duced and moved to larger distances.

Rapid flocculation.Figure 7 shows the interactionU as a
function of particle separation for various temperatures. T
plot is similar to the one in Fig. 4, however, here the Deb
length is decreased to 4.3 nm, and the surface charge de
equals 13104eo /mm2. As expected, the interaction min
mum is deeper than in the case ofk2158.3 nm while the
repulsive barrier is decreased. It is interesting to note tha
T5TNI11.8 K the repulsive barrier disappears complete
At this temperature, a rapid flocculation occurs. Furthermo

FIG. 6. InteractionU as a function of particle separation fo
various values of Debye length, i.e., variousnp . Surface charge
density equals 0.43104eo /mm2, T5TNI10.3 K. A magnified part
of the figure is shown as an inset.

FIG. 7. InteractionU as a function of particle separation fo
various temperatures. The surface charge density equal
3104eo /mm2 while k2154.3 nm. The interaction curve ford
from the interval@5, 50 nm# and T5TNI11.8 K is shown as an
inset.
l
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we point out that the characteristic time for a doublet form
tion @1,32# is not dramatically changed when the repulsi
interaction barrier is reduced from 1.5kT to zero, i.e., to the
point where rapid flocculation occurs. It is only decreased
a factor of 3.

Flocculation phase diagram.In Fig. 8 we present floccu-
lation phase diagrams as a function of temperature
surface-charge density, indicating the dispersed or the fl
culated state of particles. The inset corresponds to the p
diagram fork2158.3 nm. The solid line represents the tem
peratures of the ‘‘flocculation transition’’TFD. For tempera-
tures aboveTFD, particles stay dispersed while for temper
tures belowTFD the system is flocculated. To obtain a feelin
for the stability of the aggregated state at temperatures be
TFD, we have determined lines in the phase diagram, wh
the escape time from the minimum of the interparticle pot
tial is, respectively, ten~dash-dotted! or one hundred~dotted!
times larger than in the case of zero interaction. Note t
these lines are rather close to the line of the flocculat
transition. In the large plot of Fig. 8, the temperatures of
flocculation transition are shown for different values of t
Debye length. A decrease of the surface charge density
sults in a higher transition temperature. A larger concen
tion of dissolved ions, i.e., a smaller Debye length causes
same effect. The qualitative feature of the transition lines
be easily understood. A smaller surface charge decrease
strength of the electrostatic repulsion which is then comp
sated by a weaker attraction of the liquid crystal media
interaction. Thus the flocculation occurs at a higher tempe
ture.

Flocculation end line.In Fig. 9 we present the floccula
tion end line. At a given Debye length, it indicates the sma
est value of the surface charge density, which is still la
enough to prevent a flocculation of particles for all tempe

1

FIG. 8. Temperatures of flocculation transition for different va
ues of Debye length. A flocculation phase diagram fork21

58.3 nm is shown as an inset. Temperatures above the temp
ture of flocculation transition~solid line! correspond to disperse
state while for those belowTFD doublets are formed. Dashed line
represent the temperatures at which the escape time is ten~dash-
dotted! or one hundred~dotted! times larger than in the case of zer
interaction.
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tures aboveTNI . The flocculation end line decreases ve
strongly with increasing Debye length. This can be eas
understood from the following. When the Debye length
increased as a result of a smaller ionic concentration,
screening of the surface chargeqs is reduced. Therefore,
smaller value ofqs is sufficient to prevent particles from
flocculating.

B. Steric stabilization

In Fig. 10 we show the interactionU as a function of
particle separationd for some values of temperature abo
TNI . To achieve the conditions which result in a flocculati
transition the radius of the particles is reduced to 70 nm. T
interaction exhibits a hard core repulsion atd54 nm, result-
ing from the coating of particles by organic molecules.
minimum in the potential occurs atd'4 nm. It is relatively

FIG. 9. Flocculation end line, i.e., the smallest surface cha
density for which particles are dispersed even atTNI , as a function
of the Debye length.

FIG. 10. InteractionU as a function of particle separation fo
different values of temperature. The radius of particles equals
nm. U at a particle separation just beyond hard core repulsion
function of particle radius is shown as an inset. Temperatur
more than 10 K aboveTNI .
y

e

e

deep for temperatures close toTNI due to the strong liquid
crystal mediated attraction. The attraction is reduced w
the temperature is increased. However, even at tempera
of 10 K or more aboveTNI , where the liquid crystal medi-
ated interaction has basically vanished, the depth of the m
mum is still of the order of a fewkT due to the van der
Waals attraction. We can therefore conclude that partic
are flocculated at temperatures close toTNI while at T@TNI

there should be an equilibrium of a dispersed and floccula
phase as discussed in Sec. II. Although the flocculation tr
sition will not be as dramatic as in the case of electrosta
stabilization, a conversion to the fully aggregated state, w
lowering the temperature, should be visible.

A complete dispersion of particles can either be achie
by increasing the length of the organic molecules grafted
the particle surface or by reducing the particle radiusR. In
the inset of Fig. 10, we plotU'UVW as a function ofR. The
separation isd'4 nm, where the potential minimum is lo
cated, and the temperature is more than 10 K aboveTNI , i.e.,
ULC is negligible. The depth of the minimum is increasin
linearly with the particle radius, as can be verified explici
by expression~3! for the van der Waals interaction in th
case ofd!R. For small particles (R;50 nm), it is of the
order of 0.6kT, i.e., the majority of particles will be dis
persed, and a flocculation transition is observed when low
ing the temperature. However, compared to the electros
stabilization, where the transition takes place within a f
tenth of a K, it will occur more gradually within a tempera
ture range of several K. For 250 nm particles, the depth
the minimum is increased to 5kT, and all particles are ba
sically aggregated.

IV. CONCLUSIONS

Particles dispersed in a liquid crystal above the nema
isotropic phase transition are surrounded by a surfa
induced nematic layer whose thickness is of the order of
nematic coherence length. The particles experience a st
liquid crystal mediated attraction when their nematic lay
start to overlap since then the effective volume of liqu
crystalline ordering and therefore the free energy is reduc
A repulsive correction results from the distortion of the d
rector field lines connecting two particles. The new colloid
interaction is easily controlled by temperature. In this arti
we have presented how it can be probed with the help
electrostatically or sterically stabilized dispersions.

In the first case, for sufficiently weak and short-rang
electrostatic repulsion, we observe a sudden floccula
within a few tenth of a Kelvin close toTNI . It is reminiscent
to the critical flocculation transition in polymer stabilize
colloidal dispersions@1,36#. The flocculation is due to a dee
potential minimum in the total two-particle interaction fo
lowed by a weak repulsive barrier. We have thoroughly st
ied the two-particle potential as a function of the releva
parameters. To map out its effects on the stability of
colloidal dispersion, we have presented two phase diagra
The first diagram illustrates the flocculation temperature a
function of surface charge density and Debye length,

e
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second one shows for which parameters of the screened
trostatic interaction the flocculation occurs at all. Althou
thermotropic liquid crystals represent organic solvents,
have given some first examples which demonstrate that e
trostatic stabilization should be achievable in such syste
This should initiate further experimental studies. Our wo
directly applies to lyotropic liquid crystals, i.e., aqueous s
lutions of non-spherical micelles, when the nematic-isotro
phase transition is controlled by temperature. They are
pealing systems since electrostatic stabilization is more
ily achieved. When the phase transition is controlled by
micelle concentrationrm , as it is usually done, then ou
diagrams are still valid but with temperature replaced byrm .

Polymeric stabilization is more often applied since it s
bilizes colloidal dispersion for a longer time and allows f
higher particle concentrations in comparison to electrost
repulsion@36#. Instead of long polymer chains grafted on
the particle surface, we have considered organic molec
whose length is comparable to the liquid crystalline m
ecules. They provide well-defined homeotropic bound
conditions on which we have concentrated in this article.
find that large particles (R;250 nm) are flocculated at a
temperatures aboveTNI due to van der Waals forces. Sma
particles (R;50 nm), however, are basically dispersed w
aboveTNI . Cooling the dispersion down towardsTNI should
induce a gradual onset of aggregation, in contrast to elec
static stabilization where flocculation occurs in a very n
row temperature interval. For intermediate particle radii a
at temperatures well aboveTNI , a phase equilibrium of a
dispersed and flocculated state should be observable.
transformed into a completely aggregated state when t
perature is decreased. Our findings are in agreement
experiments by Bo¨ttgeret al. who reported that 90 nm silica
particles aggregated aboveTNI as soon as their volume frac
tion was 1024 or larger. When long flexible polymer chain
are grafted onto the particle surface, the boundary condit
for the liquid crystal molecules are not as well defined as
short organic molecules. Further research, both experime
and theoretical, is needed to address this situation.
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APPENDIX

In the appendix we present a brief summary of the liq
crystal mediated interaction between two spherical partic
@20#. In order to obtain an analytical expression for the
teraction the model structure is simplified by modelling t
two spherical particles with a sequence of conical surfac
ec-
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The liquid crystal which fills the area between the two p
ticles is divided into several regions where each region
bounded by two conical surfaces and by its neighboring
gions, and regioni encircles regioni 21. In order to deter-
mine the interactionU(d), which is defined as a free energ
of the liquid crystal at particle separationd subtracted by the
free energy at large particle separation, free energy of liq
crystal in regions where surface elements are close toge
has to be calculated. The free energy is obtained follow
Landau–de Gennes phenomenological approach. In orde
make the expression more transparent we divide it into
parts, one corresponding to the contribution of scalar or
parameterQ which turns out to be attractiveUa and the
second one corresponding to the contribution of the disto
director field which yields repulsionUr . The attractive con-
tribution is the following:

Ua5(
i 51

n

3p
L1

jN
Qs

2~ l i 11
2 2 l i

2!F tanh~ d̄i /2jN!

11gQtanh~ d̄i /2jN!

2
1

11gQ
G . ~A1!

Here jN5A3L1 /aDT is the nematic coherence length,DT

5T2T* , L1 ,a, Qs ,T* are material dependent constants,d̄i
represents the average distance between surface elem
bounding regioni, b i is the tilt angle of surface element i
region i with respect to that symmetry plane of the syste
which halves the particle separation,gQ and gn are param-
eters which are proportional to 1/jN and describe the strengt
of the surface coupling, andl i represents the closest distan
of the surface elements in regioni from the symmetry axes
The repulsive contribution equals

Ur5(
i 51

n
9

2
pL1Qs

2
l i 11
2 2 l i

2

cosh2~ d̄i /2jN!@11gQtanh~ d̄i /2jN!#2

3F ~12e i !
2

4 sin2b i

Ro
2

F~Ro!12e i~12e i !

3
4 sinb i

Rok i~ d̄i !
F~Ro!1e i

2S 4

k i
2~ d̄i !

F~ d̄i !

1
4gnjN

k i
2~ d̄i !

cosh2~ d̄i /2jN!

11gQtanh~ d̄i /2jN!
D G . ~A2!

Here in additionRo is a parameter which is fixed to 2 nm
F(x)5jNsinh(x/2jN)cosh(x/2jN)1x/2, k i(d̄i)5h i

12DRi , and h i5 l i 112 l i1(d̄i /tanb i), while e i equalse i

5 (1 2 Ro / h isinbi)$12 2(Ro / hisinbi) 1 @F(d̄i)/F(Ro)#@Ro
2/

(hisinbi)
2#%21 and parameterDRi stands for gnjN@1

1gQtanh(d̄i/2jN)#21(sinbi)
21.

In our study the following parameters of a typical liqu
crystal material are taken into account@37–39#: a50.18
3106 J/m3K, L159310212 J/m, andT* 5313.5 K. Then,
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according to the Landau–de Gennes approach, the temp
ture TNI of the nematic-isotropic phase transition is equal
TNI5T* 12b2/9ac.T* 11.3 K, and the corresponding co
herence lengthjN5A3L1 /(aDT), at DT51.3 K is jN
lo

J

K.

.

l.

ev
ra-'10 nm. ParametersQs , gs , andgn which depend on the
nature of the surface coupling are taken to beQs50.3, and
gQ51/jN313.5 nm,gn5gQ/5. We have taken into accoun
regions 1 to 9, i.e.,n59.
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@16# A. Böttger, D. Frenkel, E. van de Riet, and R. Zijlstra, Mo

Cryst. Liq. Cryst.2, 539 ~1987!.
@17# S. Ramaswamy, R. Nityananda, V.A. Raghunathan, and

Prost, Mol. Cryst. Liq. Cryst.288, 175 ~1996!.
@18# R.W. Ruhwandl and E.M. Terentjev, Phys. Rev. E55, 2958

~1997!.
@19# T.C. Lubensky, D. Pettey, N. Currier, and H. Stark, Phys. R

E 57, 610 ~1998!.
id

.

E

J.

.
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