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Inverted and multiple nematic emulsions

P. Poulin* and D. A. Weitz
Department of Physics and Astronomy, University of Pennsylvania, 209 South 33rd Street, Philadelphia, Pennsylvania 191

~Received 16 July 1997!

We investigate experimentally the structures that form when small colloidal particles are suspended in a
nematic solvent. These structures are anisotropic, and their formation is driven by interactions arising from the
orientational elasticity of the nematic solvent. By using inverted and multiple nematic emulsions composed of
water droplets dispersed in a thermotropic liquid crystal, we identify the nature of these interactions, and
demonstrate that they can be controlled by the anchoring of the liquid crystal molecules at the surfaces of the
droplets. When the anchoring is normal, the droplets form linear chains, suggesting a long-range dipole-dipole
attraction between the particles. By contrast, the interactions are repulsive at short range, and prevent contact
of the droplets, thereby stabilizing them against coalescence. When the anchoring is planar, the droplets
generate distortions that have a quadrupolar character. The resultant elastic interactions lead to more compact,
but still anisotropic, clusters.@S1063-651X~98!07701-0#

PACS number~s!: 61.30.Jf, 82.70.Dd, 83.70.Jr, 82.70.Kj
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I. INTRODUCTION

The distinctive features of nematic liquid crystals ar
from the orientational ordering that the liquid crystal mo
ecules adopt@1#. Due to their orientational order, these m
terials exhibit specific optical properties and responses to
ternal fields which lead to many important technologic
applications of liquid crystals@1–4#. However, such orde
makes it difficult to suspend small colloidal particles in li
uid crystal hosts, because of the strong elastic distorti
which ensue@5#. Nevertheless, if small particles are su
pended in liquid crystals, new composite materials res
and the behavior of these particles reflects the ordering of
liquid crystal. Moreover, anisotropic interactions betwe
the particles occur as a result of the elastic distortions of
liquid crystal host@6#. These lead to new colloidal structure
which are of interest as examples of topologically control
structures; they are also of potential practical importance
novel way to control both the stability and the structures
colloidal particles.

In this paper, we examine the structures of colloidal p
ticles suspended in a nematic thermotropic liquid crys
The molecules of a nematic fluid are called nematogens.
the thermotropic liquid crystals used here, the nematog
are long, rigid, rodlike molecules, which pack with a pr
ferred direction, resulting in long-range orientational ord
@7,8#. The preferred direction of alignment of the molecul
is specified by the unit vector fieldn, called the director.
When the wavelength of the distortions ofn is large com-
pared to the size of the nematogens, the distortions ca
described in terms of continuum elastic theory. This is
relevant limit for the present study, as the size of the partic
is of order a micron, and is thus much greater than the siz
the nematogens, which is about 30 Å.

The other energy in these systems comes from the l
interactions between the nematogens and the particle

*Present address: Centre de Recherche Paul Pascal CNRS
enue du Dr. Schweitzer, 33600 Pessac, France.
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faces and at the boundaries of the sample; this is the anc
ing energy@9#. When the anchoring to a surface is strong, t
director makes a well-defined angle with this surface, rega
less of the resultant elastic distortions. In this limit th
boundary conditions ofn are fixed. This situation is of grea
practical interest, as it is commonly encountered in appli
tions of liquid crystal materials. By contrast, in the limit o
weak anchoring, the competition between anchoring ene
and elastic distortions may lead to different orientations
the director at the interface, and to more complex behav
@10#. If the anchoring energy tends to zero, the director c
adopt any orientation at the interfaces and, as required
minimization of the elastic energy@7,8#, no elastic distor-
tions are needed. This limit is, however, rarely achieved.

The combination of the geometry and the boundary c
ditions impose topological constraints which must be sa
fied by the director field of the liquid crystal; this can lead
the formation of topological defects@11# which cannot be
removed. These topological defects play a crucial role
determining the elastic interactions between colloidal p
ticles suspended in a liquid crystal host.

To identify the nature of these topological defects and
elastic interactions between the particles, we use emulsi
made of water droplets suspended in a continuous liq
crystal phase, or multiple emulsions made of water drop
suspended in much larger drops of liquid crystal which are
turn suspended in water. We investigate two limits of stro
anchoring on the surface of the particles: normal, or hom
tropic, anchoring, and planar, or tangential, anchoring. Th
anchoring conditions allow us to study two important lim
for the boundary conditions ofn on the droplets. For norma
anchoring the director is normal to the surface of the dr
lets; for planar anchoring the director is parallel to the s
face of the droplets. The control of the anchoring is achiev
experimentally by using various amphiphilic compoun
which are adsorbed at the water–liquid-crystal interfa
Molecular surfactants are used to induce strong normal
choring, while a polymer is used to induce strong plan
anchoring.

The energy scale of an elastic distortion around a part
Av-
626 © 1998 The American Physical Society
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57 627INVERTED AND MULTIPLE NEMATIC EMULSIONS
is of orderKa, whereK is a typical elastic constant@7,8# of
the nematic liquid crystal, anda is the radius of the particle
For a thermotropic liquid crystalK is approximately 10211 N
and for a colloidal particlea is approximately one microme
ter; thus the energy scale is a few thousandskBT, wherekB

is the Boltzmann constant andT the temperature. As a resul
the entropic free energy of the particles is negligible co
pared to elastic interactions; this actually simplifies the
perimental investigation, since any structures formed du
attractive interactions remain stable against thermal fluc
tions. Control of the strong anchoring and high elastic ene
are key advantages of using these nematic emulsions to s
the nature of colloidal interactions in nematic solvent. T
limits investigated in this work are expected to be useful
build further our understanding of more complex phenom
involving weaker interactions arising from weaker anchor
or elastic constants and smaller size of particles. For
ample, the singular behavior of latex particles embedde
nematic micellar solutions is clearly a manifestation of el
tic phenomena@5,12#. However, the weakness of the elas
constants of such lyotropic systems and the very small
of the particles lead to a complex phase behavior, wh
makes it more difficult to directly extract information con
cerning the elastic interactions.

We observe the structure of the systems with optical
croscopy. By using crossed polarizers, we identify the na
of the topological defects and map the distortions ofn. Iso-
lated particles can be observed shortly after the sam
preparation. They are always accompanied by defects w
allow the topological constraints to be satisfied. For b
normal and planar anchoring these companion defects
point defects, although they are different for either case.
time elapses, the particles stick to each other and form
isotropic clusters. The formation of these structures dem
strate the presence of attractive forces; the stability of
particles against coalescence demonstrates the presen
repulsive forces. For normal anchoring the attractive fo
has a dipolar character, and can be understood using an
ogy to electrostatics. This dipolar force leads to the form
tion of chainlike structures, similar to those seen in oth
dipolar fluids, such as electrorheological or magnetorh
logical fluids@13#. At shorter range, an elastic repulsion im
poses an equilibrium separation of a few tenths of a
crometer between the particles. The range of this repul
interaction scales with the particle size. The repulsion ar
from the presence of a topological defect between neigh
ing particles; it prevents two droplets from contacting, a
thereby provides a new form of colloidal stabilization. B
contrast, for planar anchoring, the droplets assemble in th
dimensional structures where the particles are in contact
where the line joining their center makes an angle of 3
with the axis of alignment of the nematic. This behav
again reflects the existence of anisotropic interactions
tween the particles. For planar anchoring, the long-range
teraction is theoretically expected to have a quadrup
character. However, although, the equilibrium structures
reminiscent of those expected from quadrupolar interactio
their formation is more likely dominated by short-range
teractions.

In Sec. II, we present the essential concepts describ
colloidal particles in a nematic liquid crystal, and we brie
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review theoretical predictions for the long-range interactio
between the particles. Section III describes the preparatio
the samples, and explains how the boundary conditions
controlled. The nature of the topological defects accompa
ing isolated particles is presented in Sec. IV. Section V de
with the experimental behavior of a collection of drople
and the interactions between them. A brief conclusion clo
the paper.

II. THEORETICAL MODELS

The first step in understanding the behavior of colloid
particles in nematic fluids consists in determining the str
ture of the director field around one isolated particle. He
we describe the possible behavior with homeotropic and
nar anchoring.

A particle with homeotropic anchoring is in fact equiv
lent to a topological defect called a radial hedgehog@14#; an
example of this is shown in Fig. 1. In the figure, the lin
represent the direction of the director,n; with radial symme-
try in the far field, the director lines must meet at a cent
point, resulting in the topological defect. Hedgehogs
point defects in which the director sweeps out all directio
on a unit sphere an integral number of times on a spher
surface enclosing the defect. These defects can be chara
ized by a topological charge@14#; this is the integer specify-
ing the number of times the unit sphere is wrapped by
director. In liquid crystals,n is equivalent to2n and, as a
result, hedgehogs with positive and negative charges are
distinguishable. Thus hedgehogs in liquid crystals are ch
acterized by positive charge only. Two hedgehogs with
spective chargesqa andqb can combine to form hedgehog
with chargeqa1qb or uqa2qbu. The radial hedgehog nucle
ated by a water droplet in a nematic has unit charge. Bou
ary conditions at infinity or at the outer surface of an e
closed region, such as a larger nematic drop, determine
total topological charge. A cell with parallel boundary co
ditions at infinity has zero charge. Thus the addition o
single spherical particle with normal anchoring must nuc
ate an additional unit charge hedgehog out of the nem
itself; this combines with the radial hedgehog of the drop
to produce total charge zero. A zero charge can be achie
if the second point defect is a hyperbolic hedgehog, as
picted schematically in Fig. 2. The full droplet-defect asse
bly forms a topological dipole. Unlike an isolated droplet
unit charge, this assembly satisfies the global boundary c
ditions imposed on the sample, since the director is homo
neously aligned far from the dipole.

Other topological defects can satisfy the requirements
the total topological charge be zero. One such defect
disclination line, called a Saturn ring, shown in Fig.

FIG. 1. Schematics of the director field of a radial hedgeh
~left!, and of a particle with normal boundary conditions~right!.
The particle and the hedgehog give rise to similar radial configu
tions, and are topologically equivalent.



ar
he
th
io
e

g
u
w

to

ur
r

be
sa
o

icl
n
o

ere
by
be

tial

of

and
the

ired

id
ion
rgy
id

ons

it
s
e

-
ym

is

and
. In
mall
the

ed
ced

628 57P. POULIN AND D. A. WEITZ
@10,15#. Such a disclination ring is located around the p
ticle; its axis is aligned along the axis of alignment of t
nematic in the far field. This configuration also satisfies
global topological charge constraint. The exact configurat
chosen by the system is the one that results in the low
elastic energy. We find experimentally that the hedgeho
more stable than the Saturn ring. This behavior can be
derstood by using an ansatz for the director field that allo
the continuous transformation from a hedgehog defect in
Saturn ring to be described@16#.

A radial sphere of nematic liquid crystal, such as occ
in multiple emulsions, presents different global bounda
conditions @17#; here the total topological charge must
unity, and particles confined within such a sphere must
isfy this condition@6#. Thus, as depicted in Fig. 4, there is n
additional topological defect associated with a single part
with homeotropic anchoring, as it directly fits the radial co
figuration of the large host sphere. However, introduction

FIG. 2. Formation of a hyperbolic hedgehog as a particle w
normal boundary conditions is introduced in a homogeneou
aligned liquid crystal. This defect allows the director to be align
along thez axis ~horizontal axis! far from the particle. The droplet
defect pair has a total topological charge of zero, and dipolar s
metry.

FIG. 3. Schematic of the director field of a Saturn ring, a d
clination loop of strength2 1

2 , whose axis is aligned along thez
axis ~director axis in the far field!. The total topological charge is
zero.
-
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k additional droplets results in the formation ofk additional
hyperbolic hedgehogs. We note that this implies that th
must always be exactly one fewer defect than particle;
contrast, for homogeneous alignment, there must always
exactly as many defects as there are particles.

When the anchoring on a particle is planar, a tangen
configuration is expected@18#; this structure is depicted in
Fig. 5. The boundary conditions are met by the creation
two surface defects, called boojums@19,20#, located at the
poles of the particles. They are diametrically opposed,
aligned along the axis of the nematic phase. This allows
far field director orientation to be homogeneous as requ
by the global boundary conditions.

A more quantitative account of the behavior of the liqu
crystal, and the topological defects that result upon addit
of particles, can be obtained by considering the free ene
of the system. The elastic distortions in a nematic liqu
crystal are known as splay, twist, and bend deformati
@7,8#. The resultant elastic free energy densityF, called the
Franck free energy, is

F5 1
2 K1~“•n!21 1

2 K2~n–“3n!21 1
2 K3@n3~“3n!#2

~1!

h
ly
d

-

-

FIG. 4. Director field in a empty drop of liquid crystal~top left!.
The normal boundary conditions lead to a radial configuration
to the formation of a radial hedgehog in the center of the drop
contrast to the case of a homogeneously aligned sample, a s
particle with normal boundary conditions can be introduced in
large drop, without formation of any additional defect~bottom!.

FIG. 5. A particle with planar boundary conditions in an align
liquid crystal. Two surface defects known as boojums are indu
on the surface of the particle.



li,
itu
ov
y
fi-
s

as

r

re
-
lo
ar
t
bl

r

e

ed

m

to
d

is
al
m

th

ta

e

er
a

a
b

ca
en
y
en
f
gy
lit
a
e

io
to

r

rgy

s
ike
lies

rac-

r-
e
out
d in
qua-

the
he

ta-
on-
tal
gni-
ng

vern
less,
ery
nd

p-
id-

be
fa-
es.
n

ur-
h
ss

up-
ich

a
e

us-
na-
In a

57 629INVERTED AND MULTIPLE NEMATIC EMULSIONS
whereK1 , K2 , andK3 are the splay, twist, and bend modu
respectively. The director fields adopted in each of the s
ations described above can be determined by integrating
the volume, and minimizingF with the appropriate boundar
conditions. Unfortunately, an exact calculation is very dif
cult. Instead it is possible to use a different approach, ba
on an analog to electrostatics@6,16,18,21#. We restrict our
consideration to the limit of the assumption of a single el
tic constant, and setK15K25K35K. An approximate form,
up to a scaling factor, of the director field far from the pa
ticle can be derived, since minimization ofF requires that
the far-field transverse components of the director,nx and
ny , where thez axis is taken as the axis of alignment, a
solutions of the Laplace’s equation@21#. The transverse com
ponents can thus be treated as two components of a Cou
field in which the particles are elementary multipol
sources. The lowest order multipolar term that is relevan
determined by the symmetry of a particle-defect assem
For example, the particle-hedgehog assembly~Fig. 2! has a
dipolar character@6#, while both the droplet-Saturn ring~Fig.
3! and the tangential structure~Fig. 5! have a quadrupola
character@18#.

A more complete description of the director field of th
topological dipoles can be obtained by using anAnsatzthat
equatesn to the electrostatic field resulting from a charg
conducting sphere in a uniform electric field@6,16#. Both
fields satisfy the same boundary conditions; they are nor
to the surface of the particle, and aligned along thez axis at
infinity. This Ansatzallows the short-range, local structure
be predicted, and the separation between a droplet an
companion defectR to be determined: it suggests thatR
51.19a; an example of this spacing is shown in Fig. 2. Th
Ansatzalso allows the determination of the value of the sc
ing factor in the expressions for the far-field transverse co
ponents of the topological dipoles deduced from
Laplace’s equation. Recently, a second, more general,Ansatz
for the topological dipoles was introduced to study the s
bility of hedgehogs defects versus Saturn rings@16#. This
new Ansatzalso predicts slightly different behavior for th
structure of the dipole; for example, it suggests thatR
51.26a, a value that is slightly larger than the simplerAn-
satz. In addition, the scaling factors for the long-range int
action between the particles are different, although they
of the same order of magnitude.

Once the topological configuration around an isolated p
ticle is known, the interactions between the particles can
investigated. Predictions of the long-range interactions
be determined analytically through integration of a free
ergy density containingF, plus terms allowed by symmetr
which couple the director and its distortions to the conc
tration of particles@6,16,18#. From the approximate forms o
the director field obtained within the electrostatic analo
we expect that the particle-hedgehog pair behaves qua
tively as a dipole at long range, and that the tangential p
ticles or droplet-Saturn ring assemblies behave qualitativ
as quadrupoles. From symmetry the long-range interact
can be predicted up to a scaling factor. This scaling fac
can be determined ifnx andny are known quantitatively; this
has been done by using theAnsatzto describe the directo
field around topological dipoles@6,16#. The lowest order
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term of the expression for the long-range interaction ene
U between two topological dipoles located atra and rb is

U'24apKa4S 123 cos2 u

d3 D ~2!

whered5ura2rbu, u is the angle between (ra2rb) and the
z axis, anda is a factor which depends upon theAnsatzused.
For the first Ansatzwithin the electrostatic analog@6#, a
'9, while, for the secondAnsatz@16#, a'4.8. Both models
predict a dipole-dipole interaction which, for interaction
that are strong enough, results in the formation of chainl
structures in which the dipolar droplet-defect assemb
point in the same direction.

For the quadrupolar case, the expression for the inte
tion energy is@18#

U}K
a6

d5 ~9290 cos2 u1105 cos4 u!. ~3!

This interaction is attractive when the line joining the pa
ticle centers makes an angle between 31° and 70° to thz
axis; the maximum attraction occurs when the angle is ab
49°. The particles repel each other when they are oriente
other directions. Therefore, the structures generated by
drupolar interactions will be significantly different from
those generated by dipolar interactions; this demonstrates
critical importance of the anchoring conditions, and of t
resultant topological structures around isolated droplets.

Although elegant, the electrostatic analog has its limi
tions. First, it assumes only a single elastic constant; by c
trast, the elastic constants are different for real liquid crys
materials, even though they are of the same order of ma
tude. Second, the electrostatic analog is only valid at lo
range. At short range, more complex phenomena can go
the behavior and the structures of the particles. Neverthe
despite its shortcomings, the electrostatic analog is a v
useful picture which provides qualitative guidelines a
quantitative predictions.

III. EXPERIMENTAL SYSTEMS

The colloidal particles used in this work are water dro
lets suspended in thermotropic liquid crystals. Such liqu
liquid dispersions are known as emulsions@22,23#; as with
isotropic fluids, they are metastable and require energy to
formed. This energy is required to provide the large inter
cial energy associated with the production of small particl
However, in anisotropic fluids, an additional contributio
arises from the distortions of the order of the solvent s
rounding the particles@5#. These elastic distortions, whic
are of the orderKa per droplet, make the dispersion proce
more costly energetically than in isotropic fluids.

The energy required to produce the water droplets is s
plied mechanically by vigorously shaking the sample wh
is initially composed of the two fluids, each of which has
low viscosity. The energy supplied is sufficient to overcom
both the interfacial and the elastic energies required to s
pend the small water droplets. To prevent their recombi
tion or coalescence, amphiphilic compounds are used.
fashion similar to classic emulsions@22,23# composed of iso-
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TABLE I. List of systems used, including composition, anchoring, and type of emulsions. The liquid crystal materials were prov
E. Merck Industries. The ratioK3 /K1 is given by the manufacturer, except for the 5CB andK15 for which the ratioK3 /K1 is taken from
Ref. @3#.

Sample
Liquid
crystal

Amphiphilic
compounds

Approximate
water amount Anchoring

Emulsion
type

Ratio
K3 /K1

1 5CB,K15 Tween 60 20% or less normal inverted 1.56
2 5CB,K15 Tween 60 more than 30% normal multiple 1.56
3 5CB,K15 SDS from 30% to 50% normal multiple 1.56
4 5CB,K15 PVA 5% planar inverted 1.56
5 ZLI2620 PVA 5% planar inverted 0.73
6 ZLI2248 PVA 5% planar inverted 1.13
7 ZLI4747 PVA 5% planar inverted 1.26
8 ZLI4330 PVA 5% planar inverted 1.46
9 ZLI1132 PVA 5% planar inverted 1.95
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tropic oil and water, these compounds are adsorbed at
water–liquid-crystal interface, and impart stability again
coalescence to the particles. It is known for classic emulsi
that certain compounds are more suitable to stabilize w
droplets in oil~direct emulsions! while others are more suit
able to stabilize oil droplets in water~inverted emulsions!. It
is also commonly recognized that amphiphilic compoun
which are soluble in the continuous phase tend to prov
better stability of the droplets. This knowledge can help
choosing the amphiphilic compounds used to stabilize w
droplets in liquid crystals. However, in liquid crystal sy
tems, the adsorbed compounds also serve an important f
tion in addition to stabilizing the droplets; they also allow t
boundary conditions ofn to be controlled. Indeed, the inte
actions between the interfaces and the liquid crystal m
ecules determine the strength and the nature of the ancho
of the liquid crystal. This critical property imposes addition
constraints in the choice of the amphiphilic compoun
however, the anchoring properties known for different s
tems can also provide guidance in the choice of suita
compounds@4,9#.

From extensive studies of liquid crystal droplets disper
in water ~direct emulsions!, some compounds leading t
strong normal or planar anchoring are well known@4#. We
have used these properties as a starting point for the for
lation of our inverted nematic emulsions. For example, po
mers such as polyvinyl alcohol provide planar anchoring
thermotropic liquid crystals at water interfaces, while seve
molecular surfactants can provide normal anchoring.
though the curvature is in the opposite direction in inver
systems, this information is nevertheless relevant, beca
anchoring is a molecular phenomenon which should not
pend strongly on the curvature of the interfaces, the surf
of a micrometer-sized droplet being essentially flat at
molecular scale.

The systems used are tabulated in Table I. To obtain
tems with normal anchoring, molecular surfactants are e
ployed: polyoxyethylene sorbitan monostearate~Tween 60!,
sorbitan monooleate~Span 80! and sodium dodecyl sulfat
~SDS!. With isotropic oils, Span 80 is used to stabilize i
verted emulsions~water in oil!, while SDS is used to stabi
lize direct emulsions~oil in water!. Tween 60 has intermedi
ate properties and, depending on the oil, can be use
stabilize either inverted or direct emulsions. We have
he
t
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served that Tween 60 is soluble in the liquid crystal used
is therefore a good candidate for making stable inver
emulsions with normal anchoring. By mixing about 20%~or
less! of water and liquid crystal with a small amount o
Tween 60~0.1%!, we observe the formation of a stable in
verted emulsions. When samples prepared by this proce
are observed between crossed polarizers, pronounced
fringence patterns around the droplets are noted. These
terns are described below, but they immediately indicate
the droplets are successfully suspended in the nematic ph
and that they impose distortions of the nematic director fie
as expected in limits of strong normal anchoring.

Addition of more water in such systems to get more co
centrated suspensions leads to the formation of mult
emulsions composed of micrometer-sized water droplets
persed in large liquid crystal drops of several tens of m
crons, which are themselves dispersed in a continuous a
ous phase. The anchoring of the liquid crystal molecule
normal at the internal surface of the large liquid crystal dro
and at the external surfaces of the small water droplets.
resultant large nematic drops have a radial configura
@6,17#. A key to the stability of the multiple emulsion is th
stability of the large liquid crystal drops in water; this stab
ity is provided by the use of Tween 60.

In order to obtain more concentrated inverted syste
while avoiding the formation of multiple emulsions, we m
Tween 60 with Span 80. With such a surfactant mixture
large liquid crystal droplets in water are much less stab
and the tendency to form multiple emulsions is reduc
However Span 80, unlike Tween 60, is not soluble in t
liquid crystals used here. From its poor affinity for the co
tinuous phase, Span 80, when used alone or when mixed
large ratio with Tween 60, leads to a strong adhesion
tween the droplets and to poor stability of the water drople
Such adhesion phenomena are known in classic emuls
@24,25#; they are avoided in the present study since th
obscure the structures of interest.

Surprisingly, we have observed that multiple emulsio
can also be formed by using SDS, while still retaining t
condition of normal anchoring provided by molecular surfa
tants. With isotropic oils, SDS is known to stabilize only o
droplets in water. By contrast, in nematic oils, it can al
stabilize small water droplets inside larger liquid crys
droplets for several weeks. As discussed below, the origin
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57 631INVERTED AND MULTIPLE NEMATIC EMULSIONS
this unexpected stability is the distinctive anisotropy of
nematic oil.

Stable direct emulsions with planar anchoring can be p
duced by using polyvinyl alcohol~PVA!, a polymer which is
soluble in water. This polymer is insoluble in oils, and
inefficient at stabilizing inverted emulsions. Neverthele
we have formulated inverted nematic emulsions by using
compound in the presence of small amount of water~Table
I!. An aqueous solution containing 1% PVA is first prepar
and then vigorously mixed with the liquid crystal. Althoug
PVA preferentially stabilizes direct emulsions, an invert
one is formed because the amount of water is too sma
form the continuous phase. The resultant emulsion ha
short lifetime of only a few minutes; however, this is suf
cient to study the properties of the emulsion. We obse
birefringence patterns around the droplets, indicating that
anchoring is strong and planar, as desired. Moreover,
time for coalescence is sufficiently long to observe isola
droplets with planar anchoring and the formation of sm
clusters, the structure of which is described in Sec. IV. Th
these systems are useful to probe the essential features o
elastic interactions. However, more investigation is requi
to identify other amphiphilic compounds which provide bo
planar anchoring and greater stability of the droplets.

IV. ISOLATED WATER DROPLETS IN LIQUID CRYSTAL

Birefringence patterns around isolated water droplets
low the director structure to be determined, and the acc
panying topological defects to be identified. These patte
are observed with optical microscopy by using crossed
larizers. To make the analysis simpler, the global liquid cr
tal alignment must be controlled. Thus we place the sam
between polyimide coated glass slides which are rubbe
induce planar anchoring of the liquid crystal molecules at
glass surfaces. The resultant director is homogeneous
parallel to the surface of the slides; the direction of the
duced alignment is taken as thez axis. In all our experi-
ments, the thickness of the sample was about 30mm, ensur-
ing that good photographs of the structures could
obtained; however, similar behavior was observed up to
maximum thickness that the objective allowed, about 1
mm. The size of the samples was always much greater
the thickness, and was of order 1 cm across. These sa
sizes were always much larger than the small water drop
ensuring that the boundary conditions were set essential
infinity. We can thus investigate the behavior for differe
anchoring conditions at the interfaces of the water dropl
All experiments reported here were performed at room te
perature.

A. Normal anchoring

The birefringence pattern around an isolated droplet,
bilized with Tween 60, is shown in Fig. 6. A well-define
cross is observed near the particle. The center of the c
and the center of the droplet are aligned along thez axis, and
hence along the global direction ofn. Far from the particle
the background is dark, indicating that the director is align
along thez axis as required by the boundary conditions i
posed by the glass slides. The observed pattern corresp
to the structure of the topological dipole depicted in Fig.
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the small cross is the hyperbolic hedgehog defect@26# that
must be induced in the liquid crystal to ensure global co
servation of topological charge. This pattern is always o
served in our experiments, confirming that the anchoring
the liquid crystal on the surface of the droplet is normal,
expected.~We note that it is conceivable that the angle is n
perfectly normal; we would not be able to distinguish ve
small deviations.! Moreover, it confirms that the hyperboli
hedgehog, rather than the Saturn ring, is the lowest-ene
defect that compensates for the topological charge of an
lated particle in homogeneously aligned liquid crystal. T
observed separation between the defect core and the dr
is a small fraction of the droplet radius,a. From optical
microscopy observations, we estimate thatR/a51.260.1,
where R is the distance between the defect core and
center of the particle. This is in good agreement with t
predictions of the twoAnsätzethat were proposed to describ
the director field of the topological dipoles@6,16#.

B. Planar anchoring

Planar anchoring on the droplets is obtained by add
PVA to the water phase. An isolated droplet stabilized w
PVA is shown in Fig. 7. As in the case of normal anchorin

FIG. 6. Optical microscope picture, using crossed polarizers
a water droplet with normal boundary conditions suspended in
aligned liquid crystal. The cross near the surface to the left of
droplet is a hyperbolic hedgehog. The background of the pictur
uniformly dark, indicating that the liquid crystal is aligned along t
horizontal axis far from the particle, as expected from the asso
tion of a particle and a hyperbolic hedgehog. This assembly form
topological dipole.

FIG. 7. Optical microscope picture, using crossed polarizers
a water droplet with planar boundary conditions suspended in
aligned liquid crystal. The two bright regions located on the surfa
of the droplet indicate the presence of surface defects known
boojums. These defects are aligned along the alignment axis o
liquid crystal, which is along the horizontal axis.
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the background is dark far from the particle. However,
topological constraints are no longer satisfied by a sin
defect. Instead, two strongly birefringent regions, diame
cally opposed and aligned along thez axis, are observed
These represent a pair of topological point defects, known
boojums@19,20#, at the poles of the droplets. The tangent
structure of the director field corresponding to this system
depicted in Fig. 5. In this case again, the experimental
servation agrees with the topological structure expec
However, by contrast to the normal anchoring conditions,
droplet-defect assembly with planar anchoring has quadru
lar symmetry, and this modifies its interactions with neig
boring droplets, as discussed in Sec. V.

V. COLLOIDAL INTERACTIONS AND STRUCTURES

In this section we describe the behavior of the colloid
droplets that results from interactions between the parti
induced by the orientational elasticity of the liquid crys
host. Immediately after the sample preparation, isolated
ticles are observed; as time elapses these diffuse and
attracted to each other, forming larger clusters. The form
tion of these clusters confirms the existence of long-ra
attractive interactions between the particles which are
duced by the elasticity of the liquid crystal phase. Howev
short-range repulsive interactions must also exist in so
conditions, as the droplets can remain separated by a s
fraction of their diameter. These repulsive interactions ar
new form of colloidal stabilization. In all cases, the cluste
have a well-defined anisotropic structure reflecting the d
tinct character of these colloidal interactions. In this secti
we discuss three different systems which exhibit attrac
interactions: inverted emulsions with normal anchoring
homogeneously aligned samples, multiple emulsions w
normal anchoring, and inverted emulsions with planar
choring in homogeneously aligned samples.

A. Inverted emulsions with normal anchoring

We describe the behavior of emulsions stabilized w
Tween 60 in which water droplets are suspended in a c
tinuous nematic phase. This surfactant stabilizes the drop
while maintaining normal anchoring conditions at their s
faces. The samples are placed between rubbed polyim
coated slides which impose a homogeneous alignment o
continuous liquid crystal phase in the far field. Two drople
in a such sample are shown in Fig. 8. They are aligned al
the z axis; there is a hyperbolic hedgehog between the
with a second hyperbolic hedgehog to their left. A typic
example of the structure formed by a larger number of p
ticles is shown in Fig. 9. Linear chaining of the particles
apparent; this is reminiscent of the behavior of colloidal p
ticles in electrorheological or magnetorheological fluids@13#.
In such fluids, the particles are polarized by an external e
tric or magnetic field, and they behave as dipoles subjec
an attraction along the direction of the external field. In ne
atic fluids, there is no such external field; however, from
electrostatic analog, droplets with compensating hyperb
hedgehog defects are expected to behave at long range
electrostatic dipoles. These should attract each other, fo
ing long chains, exactly as observed. The correspond
structure of the director field is depicted by Fig. 10. It sho
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the hyperbolic hedgehog defects that exist between eac
the particles, and the far-field uniform orientation of the d
rector. The conservation of the topological charge requ
that there be exactly the same number of hyperbolic def
as there are particles, with one defect corresponding to e
particle. This is clearly observed for the two droplets in F
8; inspection of the chain in Fig. 9 between crossed pola
ers and under higher magnification confirms this behavior
the longer chains as well.

As time elapses, the linear chains diffuse through
sample and form larger aggregates with a more comp
structure. An example of this is shown in Fig. 11; the line
nature of the interaction persists, but the chains beco
branched as they grow sufficiently long. Moreover, the
continues to be exactly one hyperbolic defect per particle
these very large clusters. As the clusters become even la
they tend to become more compact, as more branches
velop. Thus, after a long time, the droplets no longer app
‘‘dispersed,’’ but instead form large clusters. This helps a
count for the commonly observed apparent difficulty in su
pending particles in nematic liquid crystal hosts; the ela
cally induced attraction causes the particles to form la
clusters, making it difficult to fully disperse the particles.

The electrostatic analog correctly accounts for the an
tropic attractive interactions which lead to the formation
the chains. However, within the chain, the droplets do
touch each other, but rather remain separated by a few te
of a micron. This separations grows with the size of the
colloidal particles and corresponds to about twice (R2a),
the separation between an isolated particle and its compa

FIG. 8. Optical microscope picture, using crossed polarizers
two water droplets with normal boundary conditions suspended
an aligned liquid crystal. The droplets are aligned along the ali
ment axis of the liquid crystal, which is along the horizontal ax
The direction of each dipole, defined by the direction from t
center of the droplet to the core of the compensating defect, is
same. This leads to the presence of a hyperbolic hedgehog bet
the particles. The separation between the particle is a few tenth
a micrometer.

FIG. 9. Optical microscope picture of several water dropl
suspended in an aligned liquid crystal. The droplets form a lo
chain that is aligned along the alignment axis of the liquid crys
which is along the horizontal axis.
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57 633INVERTED AND MULTIPLE NEMATIC EMULSIONS
defect. This separation results from shorter range effe
which are not described within the electrostatic analog. N
ertheless, this phenomenon can still be ascribed to the o
tational elasticity of the liquid crystal. Indeed, such an eq
librium separation indicates a repulsion whose range
significantly larger than the range of repulsion observed w
surfactant stabilization of water droplets in an isotropic o
where the range of the steric repulsion is molecular.

This separation of a few tenths of a micrometer ari
from the repulsive interaction caused by the fact that,
tween the particles, the director must change its orienta
from vertical to horizontal in a distance on the order ofs/2.
This change results in“n'2/s, leading to a considerabl
cost in elastic energy, as can be seen from the minimiza
of F in Eq. ~1!. This behavior has important consequences
provides a completely new form of colloidal stabilizatio
since the droplets cannot come into contact and coale
even while they approach along the direction of maxim
attraction. Regardless of the usual surfactant properties
lead to emulsion stabilization in isotropic systems, this s
bilization in the liquid crystal host is based only on the fa
that the surfactant imposes normal boundary conditions in
anisotropic host fluid; it is completely different from th
more usual forms of emulsion stabilization, which depend
the surfactant at the surfaces to provide the local surf
repulsive forces. Moreover, since this phenomenon is
duced by the ordering of the nematic liquid crystal, it can
switched off by heating the nematic into the isotropic pha
This transition allows the particles to diffuse freely witho
being attracted to each other, and to coalesce as they co
if the surfactant does not provide sufficient stabilization
the isotropic liquid crystal. This represents a controlled w
to initiate fusion between particles, to regulate their mixin
and to induce localized physical or chemical phenomena

FIG. 10. Schematic representation of the director field fo
chain of droplets formed by interaction between the topolog
dipoles. There are exactly as many defects as particles.

FIG. 11. Optical microscope picture, using crossed polarizers
larger aggregates that are observed a long time after the sa
preparation. Lateral connections between chains induce the fo
tion of more complex structures. Nevertheless, the anisotropy o
interactions clearly persists.
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Our discussion up to this point has focused on drop
whose topological charge is compensated by an additio
defect in the host liquid crystal. While this is the most com
monly observed behavior, we do occasionally, but regula
observe a distinctly different structure for some pairs
droplets. Instead of having two compensating hyperbolic
fects, one associated with each particle, the two droplets
observed to contact one another, with what appears a
bright, stringlike material connecting them; a typical e
ample is shown in Fig. 12. Here the two droplets are view
through crossed polarizers, and the strings appear as b
lines, joining the pair of droplets; moreover, there are
apparent hedgehog defects associated with each drople
there is no evidence of any singularity of the director fie
The exact configuration of the nematic director associa
with this structure is not clear. It is conceivable that the
strings represent localized distortions of the director, wh
may begin as localized hedgehogs or Saturn rings, but wh
then become elongated to form the strings observed. Al
natively, this pattern may reflect a cylindrical or tubul
structure of the director field between the droplets, wh
appears stringlike when viewed under crossed polariz
This may arise because of a continuous deformation of
director field in three dimensions between the two partic
@16,27#.

The existence of this structure, whatever its nature, de
onstrates that a variety of metastable states can be acce
by particles suspended in anisotropic fluids. Very strong d
tortions are required to go from this state to the dipolar sta
with the resultant barrier being much higher thankBT. How-
ever, the mechanical energy supplied during the sam
preparation is sufficient to access either state. The large
riers between the metastable states result from the anisot
of the host fluid, and allow the particles to form these co
pletely different structures; this behavior is in striking co
trast with what is observed in an isotropic fluid.

B. Multiple emulsions with normal anchoring

Multiple emulsions can be formed by using SDS
Tween 60; these are composed of small water droplets
persed in large liquid crystal drops which are themsel
suspended in a continuous water phase. Both of these su
tants provide normal anchoring on the surface of both
large liquid crystal drops, as well as on the surface of
small water droplets. The multiple emulsions are formed
vigorous shaking of the sample. The size of the internal w
ter droplets is typically between 1 and 10mm while the size

a
l

of
ple
a-
e

FIG. 12. Optical microscope picture, using crossed polarizers
two water droplets in an aligned liquid crystal. The director is n
mal to the surface of the particles. However, the droplets do
form a pair of dipoles, each with a companion hyperbolic hedgeh
but are instead connected by two bright strings that indicate dif
ent distortions of the director field.
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634 57P. POULIN AND D. A. WEITZ
of the larger liquid crystal drops is typically several tens
micrometers; thus the shape of the larger drops is typic
distorted somewhat as they are squeezed between the m
scope slides. However, this distortion has little affect on
behavior of the smaller internal water droplets. The num
of these internal water droplets,k, varies from one large
sphere to the other.

An example of a large, but empty, liquid crystal drop
shown by the drop in the upper part of Fig. 13. The cro
pattern-arises from the radial configuration of the nema
order within the drop when viewed through crossed pola
ers. The faint ring around the large drop is due to opti
interference. Whenever the nematic drop is empty, and d
not contain smaller water droplets, the cross pattern ad
the curved structure apparent in the figure, which is kno
as a twisted radial@4#. The twist allows relaxation of som
splay; the equilibrium structure results from competition b
tween these deformations@4,16#. This competition does no
occur locally, at the center of the nematic drop, when
single smaller water droplet is contained inside; then
cross pattern is straight, and no relaxation of splay is
served. This difference in appearance between the em
drops and those containing a single water droplet provide
convenient means of identifying the empty drops. An e
ample of a nematic drop with a single water droplet is sho
by the large drop in the lower half of Fig. 13. When there
only a single internal droplet (k51), no additional topologi-
cal defects are associated with the particle. Such a si
droplet is pinned at the center of the radial drop@6#, exactly

FIG. 13. Optical microscope picture, using crossed polarizers
large liquid crystal drops suspended in water. The liquid crys
anchoring is normal to the internal surface of the drop. This lead
a radial configuration resulting in birefringence patterns that exh
a characteristic dark cross. The large drop on the top is empt
slight twist is observed at the center of the particle. The large d
on the bottom contains a small water droplet that is pinned nea
center of the host liquid crystal drop. The anchoring of the liqu
crystal is normal to the external surface of the small droplet. T
droplet replaces the core of the hedgehog defect in an empty d
Thus no additional defect is required to introduce the small drop
We note the lack of twist as a small particle replaces the core of
radial hedgehog.
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like the core of the hedgehog defect that is located at
center of an empty nematic drop. The Brownian motion
the internal water droplet is essentially negligible, indicati
that the elastic energy that is involved is much larger th
kBT. In such conditions, the droplet can not diffuse towa
the surface of the large radial sphere, significantly increas
the stability of the water droplets. Indeed, as the inter
droplet has no access to the surface of the large sphere, i
no opportunity to coalesce with the external water pha
However, when the liquid crystal is heated to the isotro
phase, the internal droplet is no longer subject to ela
forces, and the water droplets exhibit the Brownian mot
common to colloidal particles; the droplets also then beco
somewhat unstable to coalescence when they collide with
walls of the liquid crystal drops.

The conservation of topological charge requires th
whenk small droplets are introduced within the radial drop
k21 topological defects must be formed. This is observ
experimentally@6#. Moreover, as in the case of homogeneo
alignment, the topological defects are hyperbolic hedgeho
In this configuration, the small water droplets still form lin
ear chains, and two neighboring particles are still separa
by a significant fraction of their diameter, with a hyperbo
hedgehog between them, as shown in Fig. 14. The forma
of chains cannot be directly ascribed to dipolar interactio
as in the case of aligned samples, because of the diffe
global boundary conditions. Nevertheless, both systems h
fundamental similarities because the nature of the topolo
cal defects between the particles is similar. We illustrate t
schematically in Fig. 15, where we show a chain of partic
separated by hyperbolic hedgehogs. Thus the basic phen
ena which lead to the separation between the neighbo
particles, thus stabilizing them, are expected to be com
rable in the radial and homogeneously aligned geometr
However, in the multiple emulsions, the separation betw
the small water droplets iss'0.6a, for a between 1 and 10
mm @6#. This is slightly larger than the separation betwe
the droplets in chains formed in homogeneously aligned
uid crystal.

The stabilization provided by this elastic repulsion c
explain the surprising formation of a multiple emulsion wi
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FIG. 14. Optical microscope picture, using crossed polarizers
multiple emulsion which consists of a large liquid crystal drop
water. Inside the drop are four small water droplets. A hedge
defect can be seen in the space between each particle. Thus
are exactly three defects associated with the four particles, as
pected from the conservation of the topological charge.
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SDS, a surfactant that is normally ineffective at stabilizi
water droplets in an isotropic oil. Indeed, as long as the s
factant induces normal anchoring, the particles cannot
proach too closely, since there is a hyperbolic hedgehog
tween them. Thus, even though the surfactant is not effic
at stabilizing the film between the droplets, they can nev
theless not coalesce. We can confirm that stabilization ar
from the hedgehog defect induced in the liquid crystal, rat
than from the surfactant, by heating an emulsion, made w
K15 ~Table I! and stabilized with SDS, above 35 °C, th
nematic-isotropic transition temperature. In the isotro
phase, the droplets coalesce within an hour. By contrast,
remain stable for several weeks in the nematic phase. T
when heated to the isotropic phase, only a direct emulsio
stable, as expected for any emulsion composed of water,
tropic oil, and SDS.

C. Inverted emulsions with planar anchoring

The final group of experimental systems examined h
parallel boundary conditions at the surfaces of the wa
droplets, which is achieved using PVA dissolved in the wa
phase. With these boundary conditions, the droplets fo
anisotropic aggregates, indicating that attractive interacti
again result from the elastic distortions of the nematic liq
crystal. However, unlike the case of normal anchoring,
droplets come into contact with their neighbors at equil
rium. This indicates that there is no strong elastic repuls
as is the case for normal anchoring. The stability of the c
tact droplets in contact is then presumably ensured by s
interactions provided by PVA. This accounts for why t
droplets are poorly stabilized, since PVA is known to
inefficient at stabilizing water droplets in an oily compoun
Thus the droplets coalesce after some minutes, and it is
ficult to find very large aggregates. Nevertheless, exam
tion of the samples immediately after preparation still p
vides ample time to investigate the nature of the attrac
interactions by observing the small clusters formed from
few particles. As indicated in Fig. 16, the droplets are

FIG. 15. Schematic representation of the director field in a m
tiple emulsion containing many small water droplets inside a la
nematic drop. There is a hyperbolic hedgehog between each
ticles. Thus there arek21 hyperbolic hedgehogs fork droplets.
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longer aligned along thez axis, the direction of preferred
orientation of n induced at the glass interface. Instead,
second particle attaches to the first in a region that is defi
by the surface area of a cone, whose vertex lies at the ce
of the first particle and whose axis lies along thez axis, as
illustrated schematically in Fig. 17. The line joining the ce
ters of two particles forms an angleu with respect to thez
axis. Additional droplets are attached within the cone of a
droplets in the cluster, resulting in the formation of mo
compact clusters. We can understand the origin of this st
ture by referring to the schematic picture shown in Fig. 1
the director is more uniform, and the distortions ofn mini-
mized, when the particles approach each other with the
joining their centers forming a nonzero angle with thez axis.
When the particles are large enough, buoyancy forces ten
pack them against the glass slides, and, thus, the likelih
of observing chains increases, since the particles are confi
to the surface of the cell. Focusing the microscope on
plane allowsu to be measured experimentally. For two pa
ticles of the same size, we find thatu is approximately 30°,
as shown in Fig. 18. The value of this angle confirms t
intuitive picture, since a straight line of the director field c
be drawn tangentially to the second particle from one of
boojums near the first particle; this situation presumably c
responds to a minimum in the elastic energy.

At long range, the droplets with planar anchoring are e
pected to act as quadrupoles@18#. Thus their interaction
should be repulsive when they are perpendicular (u590°) or
aligned (u50°) along thez axis, and attractive for some

l-
e
ar-

FIG. 16. Optical microscope picture, using crossed polarizers
a cluster formed by several particles with planar anchoring s
pended in an aligned liquid crystal. Neighboring particles are
contact, and form a well-defined angle with the alignment axis
the liquid crystal, which is along the horizontal axis.

FIG. 17. Schematic representation of the nematic director fi
for two particles with planar anchoring that approach each othe
an aligned liquid crystal. The particles make an angleu with align-
ment axis of the liquid crystal, which is along the horizontal axi
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636 57P. POULIN AND D. A. WEITZ
values ofu between 0° and 90°. However, according to t
electrostatic analog, the angle for which long-range attr
tion is maximized is approximately 49°@18#. This theoretical
value is different from the experimentally observed value
u, this discrepancy is not surprising, since the theory i
long-range description that does not account for short-ra
effects.

Another possible origin of this discrepancy may be o
assumption of a single elastic constant; in any real liq
crystal, the elastic constants are different. There is no ca
lation available that takes account of the three elastic de
mations; however, it has been suggested that differences
tween the splay and bend moduli (K1 ,K3) can be
accommodated by rescaling thex and y coordinates with
respect to thez coordinates@18#. Therefore, the angle o
maximum attraction would be expected to depend explic
on the ratio ofK3 /K1 . To investigate this possibility, we
prepared six inverted emulsions using different liquid cr
tals, listed in Table I, where the ratioK3 /K1 varies from 0.73
to 1.95. For all samples, we observed thatu remained con-
stant at 30°. This demonstrates that the ratioK3 /K1 is not the
origin of the discrepancy between the theory and exp
ments. Therefore, the origin of the observed behavior m
be ascribed to short-range effects not explicitly included
the theory. The behavior at longer range is also still unc
tain; the angle of maximum attraction may differ from that
short range, and is perhaps closer to the one predicted b
electrostatic analog. Moreover, the dependence of the lo

FIG. 18. Optical microscope picture of two equally sized p
ticles with planar anchoring suspended in an aligned liquid crys
The droplets are confined to the top surface of the sample,
make an angle of 30° with the alignment axis of the liquid crys
which is along the horizontal axis. This angle does not depend
the nature of the liquid crystal used.
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range interaction potential upon the elastic constants is as
unknown.

VI. CONCLUSIONS

The results reported in this paper show clearly that ma
new phenomena are observed when colloidal particles
suspended in a nematic solvent. The interactions between
particles are governed by the orientational elasticity of
suspending fluid. These interactions lead to anisotropic st
tures which depend sensitively on the nature of the ancho
and on the global boundary conditions.

By using inverted and multiple emulsions with thermotr
pic liquid crystals, we have examined these interactions
nematic solvent for two limits of strong anchoring; the no
mal and parallel conditions. At long range, these interacti
have an elegant analog to electrostatics, providing a con
tual basis by which the origin of the observed behavior c
be understood. At short range, the elastic interactions de
mine the local structures of the assembled particles, and
generate a repulsive interaction between them, thereby
sulting in a new form of colloidal stabilization. Emulsion
are ideal systems to use for these experiments; becaus
droplets are fluid, their interfaces are inherently more u
form, leading to more uniform anchoring of the liquid cry
tal. Moreover, the anchoring can be easily controlled throu
the physical adsorption of compounds which, by design,
be chosen to interact in different ways with the liquid crys
molecules. Finally, the use of a thermotropic liquid crys
with large elastic constants gives rise to strong forces wh
dominate the effects of entropy and other colloidal forc
such as van der Waals forces. This greatly facilitates
study of the properties of the elastic forces. While ma
effects are studied in this work, we expect still more unus
phenomena to be observed as the full phase space of pa
size, elastic constants, anchoring energies, and boundar
fects are explored.
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