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Inverted and multiple nematic emulsions
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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, cluster§S1063-651X98)07701-Q

PACS numbe(s): 61.30.Jf, 82.70.Dd, 83.70.Jr, 82.70.K]j

[. INTRODUCTION faces and at the boundaries of the sample; this is the anchor-
ing energy 9]. When the anchoring to a surface is strong, the
The distinctive features of nematic liquid crystals arisedirector makes a well-defined angle with this surface, regard-
from the orientational ordering that the liquid crystal mol- less of the resultant elastic distortions. In this limit the
ecules adopfl]. Due to their orientational order, these ma- boundary conditions of are fixed. This situation is of great
terials exhibit specific optical properties and responses to expractical interest, as it is commonly encountered in applica-
ternal fields which lead to many important technologicaltions of liquid crystal materials. By contrast, in the limit of
applications of liquid crystal§1—4]. However, such order weak anchoring, the competition between anchoring energy
makes it difficult to suspend small colloidal particles in lig- and elastic distortions may lead to different orientations of
uid crystal hosts, because of the strong elastic distortionthe director at the interface, and to more complex behavior
which ensue[5]. Nevertheless, if small particles are sus-[10]. If the anchoring energy tends to zero, the director can
pended in liquid crystals, new composite materials resultadopt any orientation at the interfaces and, as required by
and the behavior of these particles reflects the ordering of theinimization of the elastic energy7,8], no elastic distor-
liquid crystal. Moreover, anisotropic interactions betweentions are needed. This limit is, however, rarely achieved.
the particles occur as a result of the elastic distortions of the The combination of the geometry and the boundary con-
liquid crystal hos{6]. These lead to new colloidal structures, ditions impose topological constraints which must be satis-
which are of interest as examples of topologically controlledfied by the director field of the liquid crystal; this can lead to
structures; they are also of potential practical importance asthe formation of topological defecfd1] which cannot be
novel way to control both the stability and the structures ofremoved. These topological defects play a crucial role in
colloidal particles. determining the elastic interactions between colloidal par-
In this paper, we examine the structures of colloidal particles suspended in a liquid crystal host.
ticles suspended in a nematic thermotropic liquid crystal. To identify the nature of these topological defects and the
The molecules of a nematic fluid are called nematogens. Faglastic interactions between the particles, we use emulsions,
the thermotropic liquid crystals used here, the nematogensmade of water droplets suspended in a continuous liquid
are long, rigid, rodlike molecules, which pack with a pre- crystal phase, or multiple emulsions made of water droplets
ferred direction, resulting in long-range orientational ordersuspended in much larger drops of liquid crystal which are in
[7,8]. The preferred direction of alignment of the moleculesturn suspended in water. We investigate two limits of strong
is specified by the unit vector field, called the director. anchoring on the surface of the particles: normal, or homeo-
When the wavelength of the distortions wfis large com-  tropic, anchoring, and planar, or tangential, anchoring. These
pared to the size of the nematogens, the distortions can kenchoring conditions allow us to study two important limits
described in terms of continuum elastic theory. This is thefor the boundary conditions af on the droplets. For normal
relevant limit for the present study, as the size of the particleanchoring the director is normal to the surface of the drop-
is of order a micron, and is thus much greater than the size déts; for planar anchoring the director is parallel to the sur-
the nematogens, which is about 30 A. face of the droplets. The control of the anchoring is achieved
The other energy in these systems comes from the locaxperimentally by using various amphiphilic compounds
interactions between the nematogens and the particle swvhich are adsorbed at the water—liquid-crystal interface.
Molecular surfactants are used to induce strong normal an-
choring, while a polymer is used to induce strong planar
*Present address: Centre de Recherche Paul Pascal CNRS, Aanchoring.
enue du Dr. Schweitzer, 33600 Pessac, France. The energy scale of an elastic distortion around a particle
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is of orderKa, whereK is a typical elastic constaf?,8] of

the nematic liquid crystal, ana is the radius of the particle.

For a thermotropic liquid crysta is approximately 10! N

and for a colloidal particla is approximately one microme-

ter; thus the energy scale is a few thousakglE, wherekg

's the Boltzmann constant affdthe temperature. As a result, FIG. 1. Schematics of the director field of a radial hedgeho
the entropic fr.ee. energy of _the.partldes |s.neg_l|'g|ble Com_(Ieft), and of a particle with normal boundary conditio(rﬁghtg)]. ’
pargd to elgstlc |.nter.act|or?s, this actually simplifies the X The particle and the hedgehog give rise to similar radial configura-
perimental investigation, since any structures formed due t

S . . . flons, and are topologically equivalent.
attractive interactions remain stable against thermal fluctua-

tions. Control of the strong anchoring and high elastic energyeview theoretical predictions for the long-range interactions
are key advantages of using these nematic emulsions to stugi¢tween the particles. Section Il describes the preparation of
the nature of colloidal interactions in nematic solvent. Theihe samples, and explains how the boundary conditions are
limits investigated in this work are expected to be useful togontrolled. The nature of the topological defects accompany-
build further our understanding of more complex phenomengng jsolated particles is presented in Sec. IV. Section V deals
involving weaker interactions arising from weaker anchoringith the experimental behavior of a collection of droplets

or elastic constants and smaller size of particles. For exang the interactions between them. A brief conclusion closes
ample, the singular behavior of latex particles embedded ife paper.

nematic micellar solutions is clearly a manifestation of elas-
tic phenomengbs,12]. How_ever, the weakness of the elastip II. THEORETICAL MODELS
constants of such lyotropic systems and the very small size
of the particles lead to a complex phase behavior, which The first step in understanding the behavior of colloidal
makes it more difficult to directly extract information con- particles in nematic fluids consists in determining the struc-
cerning the elastic interactions. ture of the director field around one isolated particle. Here
We observe the structure of the systems with optical miwe describe the possible behavior with homeotropic and pla-
croscopy. By using crossed polarizers, we identify the natur@ar anchoring.
of the topological defects and map the distortions1ofso- A particle with homeotropic anchoring is in fact equiva-
lated particles can be observed shortly after the samplient to a topological defect called a radial hedgehbdj; an
preparation. They are always accompanied by defects whicexample of this is shown in Fig. 1. In the figure, the lines
allow the topological constraints to be satisfied. For bothrepresent the direction of the director,with radial symme-
normal and planar anchoring these companion defects atey in the far field, the director lines must meet at a central
point defects, although they are different for either case. Apoint, resulting in the topological defect. Hedgehogs are
time elapses, the particles stick to each other and form arpoint defects in which the director sweeps out all directions
isotropic clusters. The formation of these structures demonen a unit sphere an integral number of times on a spherical
strate the presence of attractive forces; the stability of theurface enclosing the defect. These defects can be character-
particles against coalescence demonstrates the presenceiz#d by a topological chardd 4]; this is the integer specify-
repulsive forces. For normal anchoring the attractive forcang the number of times the unit sphere is wrapped by the
has a dipolar character, and can be understood using an andirector. In liquid crystalsn is equivalent to—n and, as a
ogy to electrostatics. This dipolar force leads to the formaresult, hedgehogs with positive and negative charges are in-
tion of chainlike structures, similar to those seen in otherdistinguishable. Thus hedgehogs in liquid crystals are char-
dipolar fluids, such as electrorheological or magnetorheoacterized by positive charge only. Two hedgehogs with re-
logical fluids[13]. At shorter range, an elastic repulsion im- spective chargeg, andq, can combine to form hedgehogs
poses an equilibrium separation of a few tenths of a miwith chargeq,+q, or |g.—qy|. The radial hedgehog nucle-
crometer between the particles. The range of this repulsivated by a water droplet in a nematic has unit charge. Bound-
interaction scales with the particle size. The repulsion ariseary conditions at infinity or at the outer surface of an en-
from the presence of a topological defect between neighborlosed region, such as a larger nematic drop, determine the
ing particles; it prevents two droplets from contacting, andtotal topological charge. A cell with parallel boundary con-
thereby provides a new form of colloidal stabilization. By ditions at infinity has zero charge. Thus the addition of a
contrast, for planar anchoring, the droplets assemble in threaingle spherical particle with normal anchoring must nucle-
dimensional structures where the particles are in contact anate an additional unit charge hedgehog out of the nematic
where the line joining their center makes an angle of 30dtself; this combines with the radial hedgehog of the droplet
with the axis of alignment of the nematic. This behaviorto produce total charge zero. A zero charge can be achieved
again reflects the existence of anisotropic interactions bef the second point defect is a hyperbolic hedgehog, as de-
tween the particles. For planar anchoring, the long-range inpicted schematically in Fig. 2. The full droplet-defect assem-
teraction is theoretically expected to have a quadrupolably forms a topological dipole. Unlike an isolated droplet of
character. However, although, the equilibrium structures arenit charge, this assembly satisfies the global boundary con-
reminiscent of those expected from quadrupolar interactionglitions imposed on the sample, since the director is homoge-
their formation is more likely dominated by short-range in- neously aligned far from the dipole.
teractions. Other topological defects can satisfy the requirements that
In Sec. Il, we present the essential concepts describinthe total topological charge be zero. One such defect is a
colloidal particles in a nematic liquid crystal, and we briefly disclination line, called a Saturn ring, shown in Fig. 3



628 P. POULIN AND D. A. WEITZ 57

\@/H

R

FIG. 2. Formation of a hyperbolic hedgehog as a particle with
normal boundary conditions is introduced in a homogeneously
aligned liquid crystal. This defect allows the director to be aligned
along thez axis (horizontal axi far from the particle. The droplet-
defect pair has a total topological charge of zero, and dipolar sym-
metry.

FIG. 4. Director field in a empty drop of liquid crystébp leff).
The normal boundary conditions lead to a radial configuration and
[10,19. Such a disclination ring is located around the par-to the formation of a radial hedgehog in the center of the drop. In
ticle; its axis is aligned along the axis of alignment of thecontrast to the case of a homogeneously aligned sample, a small
nematic in the far field. This configuration also satisfies theparticle with normal boundary conditions can be introduced in the
global topological charge constraint. The exact configurationarge drop, without formation of any additional defébbttom).
chosen by the system is the one that results in the lowest

elastic energy. We find experimentally that the hedgehog ik additional droplets results in the formation lofadditional
derstood by using an ansatz for the director field that allowsyst always be exactly one fewer defect than particle; by
the continuous transformation from a hedgehog defect into @ontrast, for homogeneous alignment, there must always be
Saturn ring to be describdd6]. exactly as many defects as there are particles.

A radial sphere of nematic liquid crystal, such as occurs \yhen the anchoring on a particle is planar, a tangential
conditions[17]; here the total topological charge must be Fig. 5. The boundary conditions are met by the creation of
unity, and particles confined within such a sphere must satyo surface defects, called boojurfis9, 20, located at the
isfy this condition[6]. Thus, as depicted in Fig. 4, there is N0 poles of the particles. They are diametrically opposed, and
with homeotropic anchoring, as it directly fits the radial con-tar field director orientation to be homogeneous as required
figuration of the large host sphere. However, introduction ofby the global boundary conditions.

A more quantitative account of the behavior of the liquid
crystal, and the topological defects that result upon addition
of particles, can be obtained by considering the free energy
of the system. The elastic distortions in a nematic liquid

+ crystal are known as splay, twist, and bend deformations
[7,8]. The resultant elastic free energy denditycalled the
Franck free energy, is
¢ F=3K.(V-n)2+3K,(n-VXxn)2+3K4[nx(V xn)]?
— —— 1)
\ -—/\
—_— —
@

T ——

FIG. 3. Schematic of the director field of a Saturn ring, a dis-
clination loop of strength- % whose axis is aligned along tie FIG. 5. A particle with planar boundary conditions in an aligned
axis (director axis in the far field The total topological charge is liquid crystal. Two surface defects known as boojums are induced
zero. on the surface of the particle.
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whereK, K,, andK; are the splay, twist, and bend moduli, term of the expression for the long-range interaction energy
respectively. The director fields adopted in each of the situl between two topological dipoles locatedrgtandr s is
ations described above can be determined by integrating over
the volume, and minimizing with the appropriate boundary
conditions. Unfortunately, an exact calculation is very diffi-
cult. Instead it is possible to use a different approach, based
on an analog to electrostati¢6,16,18,2]. We restrict our Whered=|r,—rg/|, ¢ is the angle betweerr (—r ) and the
consideration to the limit of the assumption of a single elasZ axis, andu is a factor which depends upon thesatzaused.

tic constant, and Setlz K2: K3: K. An approximate form, For the first Ansatzwithin the electrostatic analom], o

up to a scaling factor, of the director field far from the par-=~9, While, for the seconénsatz16], a~4.8. Both models
ticle can be derived, since minimization Bf requires that Predict a dipole-dipole interaction which, for interactions
the far-field transverse components of the directgrand that are strong er_wough, res_ults in the formation of chamll_ke
n,, where thez axis is taken as the axis of alignment, are structures in Wh'Ch. th(".’ dipolar droplet-defect assemblies
solutions of the Laplace’s equatip®l]. The transverse com- point in the same direction. . .
ponents can thus be treated as two components of a Coulomb For the q'uadrupolar case, the expression for the interac-
! . : ) ; tion energy ig18]

field in which the particles are elementary multipolar

sources. The lowest order multipolar term that is relevant is ab

determined by the symmetry of a particle-defect assembly. UxK i (9—90 cog 6+ 105 coé 6). (©)]

For example, the particle-hedgehog assentblig. 2) has a
dipolar charactef6], while both the droplet-Saturn ringrig.
3) and the tangential structur€ig. 5 have a quadrupolar
charactef18].

1-3cog 6

U~—4anKa* e

@

This interaction is attractive when the line joining the par-
ticle centers makes an angle between 31° and 70° tathe
. . i axis; the maximum attraction occurs when the angle is about
A more cc_)mplete descrlptlon of the dlrgctor field of the 49°, The patrticles repel each other when they are oriented in
topological dipoles can be obtained by usingAmsatzthal e girections. Therefore, the structures generated by qua-
equates to the electrostatic field resulting from a charged yypolar interactions will be significantly different from
conducting sphere in a uniform electric fief8,16]. Both  those generated by dipolar interactions; this demonstrates the
fields satisfy the same boundary conditions; they are normalitical importance of the anchoring conditions, and of the
to the surface of the particle, and aligned alongztexis at  resultant topological structures around isolated droplets.
infinity. This Ansatzallows the short-range, local structure to  Although elegant, the electrostatic analog has its limita-
be predicted, and the separation between a droplet and itns. First, it assumes only a single elastic constant; by con-
companion defecR to be determined: it suggests thBt  trast, the elastic constants are different for real liquid crystal
=1.1%; an example of this spacing is shown in Fig. 2. Thismaterials, even though they are of the same order of magni-
Ansatzalso allows the determination of the value of the scaltude. Second, the electrostatic analog is only valid at long
ing factor in the expressions for the far-field transverse comrange. At short range, more complex phenomena can govern
ponents of the topological dipoles deduced from thethe behavior and the structures of the particles. Nevertheless,
Laplace’s equation. Recently, a second, more gen@relatz  despite its shortcomings, the electrostatic analog is a very
for the topological dipoles was introduced to study the stauseful picture which provides qualitative guidelines and
bility of hedgehogs defects versus Saturn rin@6]. This  quantitative predictions.
new Ansatzalso predicts slightly different behavior for the
structure of the dipole; for example, it suggests tiRat
=1.26a, a value that is slightly larger than the simplen-
satz In addition, the scaling factors for the long-range inter- The colloidal particles used in this work are water drop-
action between the particles are different, although they arkets suspended in thermotropic liquid crystals. Such liquid-
of the same order of magnitude. liquid dispersions are known as emulsid2®2,23; as with
Once the topological configuration around an isolated parisotropic fluids, they are metastable and require energy to be
ticle is known, the interactions between the particles can béormed. This energy is required to provide the large interfa-
investigated. Predictions of the long-range interactions cagial energy associated with the production of small particles.
be determined analytically through integration of a free enHowever, in anisotropic fluids, an additional contribution
ergy density containing, plus terms allowed by symmetry arises from the distortions of the order of the solvent sur-
which couple the director and its distortions to the concen+ounding the particle$5]. These elastic distortions, which
tration of particle§6,16,1§. From the approximate forms of are of the ordeKa per droplet, make the dispersion process
the director field obtained within the electrostatic analogy,more costly energetically than in isotropic fluids.
we expect that the particle-hedgehog pair behaves qualita- The energy required to produce the water droplets is sup-
tively as a dipole at long range, and that the tangential parplied mechanically by vigorously shaking the sample which
ticles or droplet-Saturn ring assemblies behave qualitativelys initially composed of the two fluids, each of which has a
as quadrupoles. From symmetry the long-range interaction®w viscosity. The energy supplied is sufficient to overcome
can be predicted up to a scaling factor. This scaling factoboth the interfacial and the elastic energies required to sus-
can be determined i, andn, are known quantitatively; this pend the small water droplets. To prevent their recombina-
has been done by using tesatzto describe the director tion or coalescence, amphiphilic compounds are used. In a
field around topological dipole$6,16]. The lowest order fashion similar to classic emulsiof22,23 composed of iso-

Ill. EXPERIMENTAL SYSTEMS
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TABLE I. List of systems used, including composition, anchoring, and type of emulsions. The liquid crystal materials were provided by
E. Merck Industries. The rati&3/K; is given by the manufacturer, except for the 5CB &b for which the ratioK; /K is taken from
Ref. [3].

Liquid Amphiphilic Approximate Emulsion Ratio
Sample crystal compounds water amount Anchoring type K3 /Ky
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 ZLI12620 PVA 5% planar inverted 0.73
6 ZL12248 PVA 5% planar inverted 1.13
7 ZLI14747 PVA 5% planar inverted 1.26
8 ZL14330 PVA 5% planar inverted 1.46
9 ZL11132 PVA 5% planar inverted 1.95

tropic oil and water, these compounds are adsorbed at theerved that Tween 60 is soluble in the liquid crystal used. It
water—liquid-crystal interface, and impart stability againstis therefore a good candidate for making stable inverted
coalescence to the particles. It is known for classic emulsionsmulsions with normal anchoring. By mixing about 2086
that certain compounds are more suitable to stabilize watdes9 of water and liquid crystal with a small amount of
droplets in oil(direct emulsionswhile others are more suit- Tween 60(0.1%), we observe the formation of a stable in-
able to stabilize oil droplets in waté¢inverted emulsions It  verted emulsions. When samples prepared by this procedure
is also commonly recognized that amphiphilic compoundsare observed between crossed polarizers, pronounced bire-
which are soluble in the continuous phase tend to providdringence patterns around the droplets are noted. These pat-
better stability of the droplets. This knowledge can help interns are described below, but they immediately indicate that
choosing the amphiphilic compounds used to stabilize watethe droplets are successfully suspended in the nematic phase,
droplets in liquid crystals. However, in liquid crystal sys- and that they impose distortions of the nematic director field,
tems, the adsorbed compounds also serve an important funas expected in limits of strong normal anchoring.
tion in addition to stabilizing the droplets; they also allow the  Addition of more water in such systems to get more con-
boundary conditions ofi to be controlled. Indeed, the inter- centrated suspensions leads to the formation of multiple
actions between the interfaces and the liquid crystal molemulsions composed of micrometer-sized water droplets dis-
ecules determine the strength and the nature of the anchorimmersed in large liquid crystal drops of several tens of mi-
of the liquid crystal. This critical property imposes additional crons, which are themselves dispersed in a continuous aque-
constraints in the choice of the amphiphilic compounds;ous phase. The anchoring of the liquid crystal molecules is
however, the anchoring properties known for different sys-normal at the internal surface of the large liquid crystal drops
tems can also provide guidance in the choice of suitabland at the external surfaces of the small water droplets. The
compoundg4,9]. resultant large nematic drops have a radial configuration
From extensive studies of liquid crystal droplets dispersed6,17]. A key to the stability of the multiple emulsion is the
in water (direct emulsions some compounds leading to stability of the large liquid crystal drops in water; this stabil-
strong normal or planar anchoring are well knojMj. We ity is provided by the use of Tween 60.
have used these properties as a starting point for the formu- In order to obtain more concentrated inverted systems
lation of our inverted nematic emulsions. For example, poly-while avoiding the formation of multiple emulsions, we mix
mers such as polyvinyl alcohol provide planar anchoring ofTween 60 with Span 80. With such a surfactant mixture the
thermotropic liquid crystals at water interfaces, while severalarge liquid crystal droplets in water are much less stable,
molecular surfactants can provide normal anchoring. Al-and the tendency to form multiple emulsions is reduced.
though the curvature is in the opposite direction in invertedHowever Span 80, unlike Tween 60, is not soluble in the
systems, this information is nevertheless relevant, becausiguid crystals used here. From its poor affinity for the con-
anchoring is a molecular phenomenon which should not detinuous phase, Span 80, when used alone or when mixed in a
pend strongly on the curvature of the interfaces, the surfackrge ratio with Tween 60, leads to a strong adhesion be-
of a micrometer-sized droplet being essentially flat at theéween the droplets and to poor stability of the water droplets.
molecular scale. Such adhesion phenomena are known in classic emulsions
The systems used are tabulated in Table |. To obtain sy§24,25; they are avoided in the present study since they
tems with normal anchoring, molecular surfactants are emebscure the structures of interest.
ployed: polyoxyethylene sorbitan monostear@teeen 60, Surprisingly, we have observed that multiple emulsions
sorbitan monooleatéSpan 80 and sodium dodecyl sulfate can also be formed by using SDS, while still retaining the
(SDS. With isotropic oils, Span 80 is used to stabilize in- condition of normal anchoring provided by molecular surfac-
verted emulsiongwater in oil, while SDS is used to stabi- tants. With isotropic oils, SDS is known to stabilize only oil
lize direct emulsiongoil in water. Tween 60 has intermedi- droplets in water. By contrast, in nematic oils, it can also
ate properties and, depending on the oil, can be used tstabilize small water droplets inside larger liquid crystal
stabilize either inverted or direct emulsions. We have ob-droplets for several weeks. As discussed below, the origin of



57 INVERTED AND MULTIPLE NEMATIC EMULSIONS 631

this unexpected stability is the distinctive anisotropy of a
nematic oil.

Stable direct emulsions with planar anchoring can be pro-
duced by using polyvinyl alcoh@gPVA), a polymer which is
soluble in water. This polymer is insoluble in oils, and is
inefficient at stabilizing inverted emulsions. Nevertheless,
we have formulated inverted nematic emulsions by using this
compound in the presence of small amount of wélable
I). An aqueous solution containing 1% PVA is first prepared,
and then vigorously mixed with the liquid crystal. Although
PVA preferentially stabilizes direct emulsions, an inverted
one is formed because the amount of water is too small to
form t_he .contmuous phase. _The resultant emu_IS|9n ha§ 4 FiG. 6. Optical microscope picture, using crossed polarizers, of
short lifetime of only a few minutes; howe\{er, this is suffi- a water droplet with normal boundary conditions suspended in an
C'_ent_to study the properties of the emuls_lon_. We Observectligned liquid crystal. The cross near the surface to the left of the
birefringence patterns around the droplets, indicating that thggpjet is a hyperbolic hedgehog. The background of the picture is
anchoring is strong and planar, as desired. Moreover, thgiformly dark, indicating that the liquid crystal is aligned along the
time for coalescence is sufficiently long to observe isolatethorizontal axis far from the particle, as expected from the associa-

droplets with planar anchoring and the formation of smalltion of a particle and a hyperbolic hedgehog. This assembly forms a
clusters, the structure of which is described in Sec. IV. Thusopological dipole.

these systems are useful to probe the essential features of the _ _
elastic interactions. However, more investigation is requiredhe small cross is the hyperbolic hedgehog defeé] that
to identify other amphiphilic compounds which provide both must be induced in the liquid crystal to ensure global con-

planar anchoring and greater stability of the droplets. servation of topological charge. This pattern is always ob-
served in our experiments, confirming that the anchoring of
IV. ISOLATED WATER DROPLETS IN LIQUID CRYSTAL the liquid crystal on the surface of the droplet is normal, as

expected(We note that it is conceivable that the angle is not

Birefringence patterns around isolated water droplets alperfectly normal; we would not be able to distinguish very
low the director structure to be determined, and the accomsmall deviationg. Moreover, it confirms that the hyperbolic
panying topological defects to be identified. These patternhedgehog, rather than the Saturn ring, is the lowest-energy
are observed with optical microscopy by using crossed poeefect that compensates for the topological charge of an iso-
larizers. To make the analysis simpler, the global liquid crysdated particle in homogeneously aligned liquid crystal. The
tal alignment must be controlled. Thus we place the samplesbserved separation between the defect core and the droplet
between polyimide coated glass slides which are rubbed tis a small fraction of the droplet radius, From optical
induce planar anchoring of the liquid crystal molecules at themicroscopy observations, we estimate tida=1.2+0.1,
glass surfaces. The resultant director is homogeneous anthere R is the distance between the defect core and the
parallel to the surface of the slides; the direction of the in-center of the particle. This is in good agreement with the
duced alignment is taken as tlzeaxis. In all our experi- predictions of the twdnsazethat were proposed to describe
ments, the thickness of the sample was abouit80 ensur-  the director field of the topological dipol¢6,16).
ing that good photographs of the structures could be
obtained; however, similar behavior was observed up to the B. Planar anchoring
maximum thickness that the objective allowed, about 100 . . . .
um. The size of the samples was always much greater that Flanar anchoring on the droplets is obtained by adding
the thickness, and was of order 1 cm across. These sam /A to the water phase. A_n isolated droplet stabilized \.N'th
sizes were always much larger than the small water dropletd, VA IS shown in Fig. 7. As in the case of normal anchoring,
ensuring that the boundary conditions were set essentially at
infinity. We can thus investigate the behavior for different
anchoring conditions at the interfaces of the water droplets.
All experiments reported here were performed at room tem-
perature.

A. Normal anchoring

The birefringence pattern around an isolated droplet, sta-
bilized with Tween 60, is shown in Fig. 6. A well-defined
cross is observed near the particle. The center of the cross
and the center of the droplet are aligned alongztgis, and FIG. 7. Optical microscope picture, using crossed polarizers, of
hence along the global direction of Far from the particle 5 water droplet with planar boundary conditions suspended in an
the background is dark, indicating that the director is alignediligned liquid crystal. The two bright regions located on the surface
along thez axis as required by the boundary conditions im-of the droplet indicate the presence of surface defects known as
posed by the glass slides. The observed pattern corresponiisojums. These defects are aligned along the alignment axis of the
to the structure of the topological dipole depicted in Fig. 2;liquid crystal, which is along the horizontal axis.
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the background is dark far from the particle. However, the
topological constraints are no longer satisfied by a single
defect. Instead, two strongly birefringent regions, diametri-
cally opposed and aligned along tlzeaxis, are observed.
These represent a pair of topological point defects, known as
boojums[19,20, at the poles of the droplets. The tangential
structure of the director field corresponding to this system is
depicted in Fig. 5. In this case again, the experimental ob-
servation agrees with the topological structure expected.
However, by contrast to the normal anchoring conditions, the
droplet-defect assemply W'th, _plan_ar f’:mChO”ng haslquad.rupo- FIG. 8. Optical microscope picture, using crossed polarizers, of
lar symmetry, and this modifies its interactions with neigh-yy, \water droplets with normal boundary conditions suspended in

boring droplets, as discussed in Sec. V. an aligned liquid crystal. The droplets are aligned along the align-
ment axis of the liquid crystal, which is along the horizontal axis.
V. COLLOIDAL INTERACTIONS AND STRUCTURES The direction of each dipole, defined by the direction from the

. . . . ., _center of the droplet to the core of the compensating defect, is the

In this section we desc_“be the_ behavior of the COIIO'_dalsame. This leads to the presence of a hyperbolic hedgehog between
droplets that results from interactions between the particleg,e particles. The separation between the particle is a few tenths of
induced by the orientational elasticity of the liquid crystal 5 micrometer.

host. Immediately after the sample preparation, isolated par-

ticles are observed; as time elapses these diffuse and afige hyperbolic hedgehog defects that exist between each of
attracted to each other, forming larger clusters. The formathe particles, and the far-field uniform orientation of the di-
tion of these clusters confirms the existence of long-rangeector. The conservation of the topological charge requires
attractive interactions between the particles which are inthat there be exactly the same number of hyperbolic defects
duced by the elasticity of the liquid crystal phase. Howevergas there are particles, with one defect corresponding to each
short-range repulsive interactions must also exist in somgarticle. This is clearly observed for the two droplets in Fig.
conditions, as the droplets can remain separated by a sma@| inspection of the chain in Fig. 9 between crossed polariz-
fraction of their diameter. These repulsive interactions are @rs and under higher magnification confirms this behavior for
new form of colloidal stabilization. In all cases, the clustersthe longer chains as well.

have a well-defined anisotropic structure reflecting the dis- As time elapses, the linear chains diffuse through the
tinct character of these colloidal interactions. In this sectionsample and form larger aggregates with a more complex
we discuss three different systems which exhibit attractivestructure. An example of this is shown in Fig. 11; the linear
interactions: inverted emulsions with normal anchoring innature of the interaction persists, but the chains become
homogeneously aligned samples, multiple emulsions witthranched as they grow sufficiently long. Moreover, there
normal anchoring, and inverted emulsions with planar ancontinues to be exactly one hyperbolic defect per particle for

choring in homogeneously aligned samples. these very large clusters. As the clusters become even larger,
they tend to become more compact, as more branches de-
A. Inverted emulsions with normal anchoring velop. Thus, after a long time, the droplets no longer appear

“dispersed,” but instead form large clusters. This helps ac-

We describe the behavior of emulsions stabilized Withcount for the commonly observed apparent difficulty in sus-
Tween 60 in which water droplets are suspended in a con="" . . nonly observed app i y .
ending particles in nematic liquid crystal hosts; the elasti-

tinuous nematic phase. This surfactant stabilizes the dropleps . . .
: N ; " ; cally induced attraction causes the particles to form large
while maintaining normal anchoring conditions at their sur- LT ; :
. clusters, making it difficult to fully disperse the particles.
faces. The samples are placed between rubbed polyimide- : .
. S : The electrostatic analog correctly accounts for the aniso-
coated slides which impose a homogeneous alignment of tt}e

continuous liquid crystal phase in the far field. Two droplets Ffopic attractive interactions which lead to the formation of

. - : he chains. However, within the chain, the droplets do not
N a such §ample are shown in '.:'g' 8. They are aligned aIonﬁ)uch each other, but rather remain separated by a few tenths
the z axis; there is a hyperbolic hedgehog between them

: ; . . 0f a micron. This separatios grows with the size of the
with a second hyperbolic hedgehog to their left. A typical . . .
example of the structure formed by a larger number of parf:OIIOIOIaI particles and corresponds to about twiée—(a),

ticles is shown in Fig. 9. Linear chaining of the particles iSthe separation between an isolated particle and its companion
apparent; this is reminiscent of the behavior of colloidal par-

ticles in electrorheological or magnetorheological fIUiti3].

In such fluids, the particles are polarized by an external elec-

tric or magnetic field, and they behave as dipoles subject to UM MDY
an attraction along the direction of the external field. In nem- 5—
pm

atic fluids, there is no such external field; however, from the
electrostatic analog, droplets with compensating hyperbolic
hedgehog defects are expected to behave at long range like FIG. 9. Optical microscope picture of several water droplets
electrostatic dipoles. These should attract each other, formsuspended in an aligned liquid crystal. The droplets form a long
ing long chains, exactly as observed. The correspondinghain that is aligned along the alignment axis of the liquid crystal,
structure of the director field is depicted by Fig. 10. It showswhich is along the horizontal axis.



57 INVERTED AND MULTIPLE NEMATIC EMULSIONS 633

h FIG'flg' SICheTat'C (;egre§entat|o_n ofbthe dlrecrt]or fleldl fo_r a [G. 12. Optical microscope picture, using crossed polarizers, of
chain of droplets formed by interaction between the topo OgllCaltwo water droplets in an aligned liquid crystal. The director is nor-

dipoles. There are exactly as many defects as particles. mal to the surface of the particles. However, the droplets do not

. . form a pair of dipoles, each with a companion hyperbolic hedgehog,
defect. This separation results from shorter range Effec'[But are instead connected by two bright strings that indicate differ-

which are not described within the _electrostqtlc analog. Nevg .t distortions of the director field.
ertheless, this phenomenon can still be ascribed to the orien-
tational elasticity of the liquid crystal. Indeed, such an equi-
librium separation indicates a repulsion whose range is Our discussion up to this point has focused on droplets
significantly larger than the range of repulsion observed withwhose topological charge is compensated by an additional
surfactant stabilization of water droplets in an isotropic oil,defect in the host liquid crystal. While this is the most com-
where the range of the steric repulsion is molecular. monly observed behavior, we do occasionally, but regularly
This separation of a few tenths of a micrometer arisebserve a distinctly different structure for some pairs of
from the repulsive interaction caused by the fact that, bedroplets. Instead of having two compensating hyperbolic de-
tween the particles, the director must change its orientatiofects, one associated with each particle, the two droplets are
from vertical to horizontal in a distance on the orderstf.  observed to contact one another, with what appears as a
This change results iiVn~2/s, leading to a considerable bright, stringlike material connecting them; a typical ex-
cost in elastic energy, as can be seen from the minimizatioample is shown in Fig. 12. Here the two droplets are viewed
of F in Eq. (1). This behavior has important consequences; ithrough crossed polarizers, and the strings appear as bright
provides a completely new form of colloidal stabilization, lines, joining the pair of droplets; moreover, there are no
since the droplets cannot come into contact and coalesd@parent hedgehog defects associated with each droplet and
even while they approach along the direction of maximumthere is no evidence of any singularity of the director field.
attraction. Regardless of the usual surfactant properties thdthe exact configuration of the nematic director associated
lead to emulsion stabilization in isotropic systems, this stawith this structure is not clear. It is conceivable that these
bilization in the liquid crystal host is based only on the factstrings represent localized distortions of the director, which
that the surfactant imposes normal boundary conditions in amay begin as localized hedgehogs or Saturn rings, but which
anisotropic host fluid; it is completely different from the then become elongated to form the strings observed. Alter-
more usual forms of emulsion stabilization, which depend orhatively, this pattern may reflect a cylindrical or tubular
the surfactant at the surfaces to provide the local surfacstructure of the director field between the droplets, which
repulsive forces. Moreover, since this phenomenon is inappears stringlike when viewed under crossed polarizers.
duced by the ordering of the nematic liquid crystal, it can beThis may arise because of a continuous deformation of the
switched off by heating the nematic into the isotropic phasedirector field in three dimensions between the two particles
This transition allows the particles to diffuse freely without [16,27.
being attracted to each other, and to coalesce as they collide The existence of this structure, whatever its nature, dem-
if the surfactant does not provide sufficient stabilization inonstrates that a variety of metastable states can be accessed
the isotropic liquid crystal. This represents a controlled wayby particles suspended in anisotropic fluids. Very strong dis-
to initiate fusion between particles, to regulate their mixing,tortions are required to go from this state to the dipolar state,
and to induce localized physical or chemical phenomena. With the resultant barrier being much higher thaT. How-
ever, the mechanical energy supplied during the sample
preparation is sufficient to access either state. The large bar-
riers between the metastable states result from the anisotropy
of the host fluid, and allow the particles to form these com-
pletely different structures; this behavior is in striking con-
trast with what is observed in an isotropic fluid.

B. Multiple emulsions with normal anchoring

Multiple emulsions can be formed by using SDS or
Tween 60; these are composed of small water droplets dis-
persed in large liquid crystal drops which are themselves
suspended in a continuous water phase. Both of these surfac-

FIG. 11. Optical microscope picture, using crossed polarizers, ofants provide normal anchoring on the surface of both the
larger aggregates that are observed a long time after the sampl@rge liquid crystal drops, as well as on the surface of the
preparation. Lateral connections between chains induce the form&mall water droplets. The multiple emulsions are formed by
tion of more complex structures. Nevertheless, the anisotropy of theigorous shaking of the sample. The size of the internal wa-
interactions clearly persists. ter droplets is typically between 1 and 1&n while the size
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FIG. 14. Optical microscope picture, using crossed polarizers, of
multiple emulsion which consists of a large liquid crystal drop in
water. Inside the drop are four small water droplets. A hedgehog
defect can be seen in the space between each particle. Thus there
are exactly three defects associated with the four particles, as ex-
pected from the conservation of the topological charge.

FIG. 13. Optical microscope picture, using crossed polarizers, of
large liquid crystal drops suspended in water. The liquid crystalike the core of the hedgehog defect that is located at the
anchoring is normal to the internal surface of the drop. This leads tgenter of an empty nematic drop. The Brownian motion of
a radial configuration resulting in birefringence patterns that exhibithe internal water droplet is essentially negligible, indicating
a characteristic dark cross. The large drop on the top is empty. Ahat the elastic energy that is involved is much larger than
slight twist is observ_ed at the center of the particl_e. T_he large drOFkBT. In such conditions, the droplet can not diffuse toward
on the bottom contains a small water droplet that is pinned near thgye syrface of the large radial sphere, significantly increasing
center c_)f the host liquid crystal drop. The anchoring of the liquidp,q stability of the water droplets. Indeed, as the internal
grystlal 'S nlormal :‘0 the ethrQathLgfa%e of thfe small droplet. Theyhj6t has no access to the surface of the large sphere, it has

roplet replaces the core of the hedgehog defect in an empty drog,, opportunity to coalesce with the external water phase.
Thus no additional defect is required to introduce the small droplet S . . .
We note the lack of twist as a small particle replaces the core of th(l;owever, When the liquid Crystal is heated to. the |sotr0p|§:
radial hedgehog. phase, the internal droplet is no _Ionger subjecF to ela_stlc

forces, and the water droplets exhibit the Brownian motion

of the larger liquid crystal drops is typically several tens ofcommon to colloidal particles; the droplets also then become
micrometers; thus the shape of the larger drops is typicallpomewhat unstable to coalescence when they collide with the
distorted somewhat as they are squeezed between the micnwalls of the liquid crystal drops.
scope slides. However, this distortion has little affect on the The conservation of topological charge requires that,
behavior of the smaller internal water droplets. The numbewhenk small droplets are introduced within the radial drops,
of these internal water droplet&, varies from one large k—1 topological defects must be formed. This is observed
sphere to the other. experimentallyf6]. Moreover, as in the case of homogeneous

An example of a large, but empty, liquid crystal drop is alignment, the topological defects are hyperbolic hedgehogs.
shown by the drop in the upper part of Fig. 13. The crosdn this configuration, the small water droplets still form lin-
pattern-arises from the radial configuration of the nematiear chains, and two neighboring particles are still separated
order within the drop when viewed through crossed polarizby a significant fraction of their diameter, with a hyperbolic
ers. The faint ring around the large drop is due to opticahedgehog between them, as shown in Fig. 14. The formation
interference. Whenever the nematic drop is empty, and doedf chains cannot be directly ascribed to dipolar interactions
not contain smaller water droplets, the cross pattern adop®&s in the case of aligned samples, because of the different
the curved structure apparent in the figure, which is knowrglobal boundary conditions. Nevertheless, both systems have
as a twisted radidl4]. The twist allows relaxation of some fundamental similarities because the nature of the topologi-
splay; the equilibrium structure results from competition be-cal defects between the particles is similar. We illustrate this
tween these deformatiorid,16]. This competition does not schematically in Fig. 15, where we show a chain of particles
occur locally, at the center of the nematic drop, when aseparated by hyperbolic hedgehogs. Thus the basic phenom-
single smaller water droplet is contained inside; then theena which lead to the separation between the neighboring
cross pattern is straight, and no relaxation of splay is obparticles, thus stabilizing them, are expected to be compa-
served. This difference in appearance between the emptgble in the radial and homogeneously aligned geometries.
drops and those containing a single water droplet provides Bowever, in the multiple emulsions, the separation between
convenient means of identifying the empty drops. An ex-the small water droplets s~0.6a, for a between 1 and 10
ample of a nematic drop with a single water droplet is showrum [6]. This is slightly larger than the separation between
by the large drop in the lower half of Fig. 13. When there isthe droplets in chains formed in homogeneously aligned lig-
only a single internal droplek 1), no additional topologi- uid crystal.
cal defects are associated with the particle. Such a single The stabilization provided by this elastic repulsion can
droplet is pinned at the center of the radial dféfy exactly  explain the surprising formation of a multiple emulsion with
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FIG. 16. Optical microscope picture, using crossed polarizers, of
a cluster formed by several particles with planar anchoring sus-
pended in an aligned liquid crystal. Neighboring particles are in
contact, and form a well-defined angle with the alignment axis of
the liquid crystal, which is along the horizontal axis.

longer aligned along the axis, the direction of preferred

FIG. 15. Schematic representation of the director field in a mul-Orientation ofn induced at the glass interface. Instead, a
tiple emulsion containing many small water droplets inside a largeseécond particle attaches to the first in a region that is defined
nematic drop. There is a hyperbolic hedgehog between each pay the surface area of a cone, whose vertex lies at the center
ticles. Thus there ark—1 hyperbolic hedgehogs fdr droplets. of the first particle and whose axis lies along thexis, as

illustrated schematically in Fig. 17. The line joining the cen-

SDS, a surfactant that is normally ineffective at stabilizingters of two particles forms an angtewith respect to the
water droplets in an isotropic oil. Indeed, as long as the surdXis. Additional droplets are attached within the cone of any
factant induces normal anchoring, the particles cannot agiroplets in the cluster, resulting in the formation of more
proach too closely, since there is a hyperbolic hedgehog b&ompact clusters. We can understand the origin of this struc-
tween them. Thus, even though the surfactant is not efficieritire by referring to the schematic picture shown in Fig. 17;
at stabilizing the film between the droplets, they can neverthe director is more uniform, and the distortionsromini-
theless not coalesce. We can confirm that stabilization arisé®ized, when the particles approach each other with the line
from the hedgehog defect induced in the liquid crystal, rathefoining their centers forming a nonzero angle with thexis.
than from the surfactant, by heating an emulsion, made wityVhen the particles are large enough, buoyancy forces tend to
K15 (Table ) and stabilized with SDS, above 35 °C, the pack them against the glass slides, and, thus, the likelihood
nematic-isotropic transition temperature. In the isotropicOf observing chains increases, since the particles are confined
phase, the droplets coalesce within an hour. By contrast, thelp the surface of the cell. Focusing the microscope on this
remain stable for several weeks in the nematic phase. Thuplane allows6 to be measured experimentally. For two par-
when heated to the isotropic phase, only a direct emulsion ificles of the same size, we find thatis approximately 30°,
stable, as expected for any emulsion composed of water, is@s shown in Fig. 18. The value of this angle confirms this
tropic oil, and SDS. intuitive picture, since a straight line of the director field can
be drawn tangentially to the second particle from one of the
boojums near the first particle; this situation presumably cor-
] ) ) responds to a minimum in the elastic energy.

The final group of experimental systems examined have At jong range, the droplets with planar anchoring are ex-
parallel boundary conditions at the surfaces of the watepected to act as quadrupol€ss]. Thus their interaction
droplets, which is achieved using PVA dissolved in the wateigpguid be repulsive when they are perpendicutas 90°) or

phase. With these boundary conditions, the droplets foméligned (6=0°) along thez axis, and attractive for some
anisotropic aggregates, indicating that attractive interactions

again result from the elastic distortions of the nematic liquid

C. Inverted emulsions with planar anchoring

crystal. However, unlike the case of normal anchoring, the N - - ‘\
droplets come into contact with their neighbors at equilib- \,\\ Pie 1
rium. This indicates that there is no strong elastic repulsion, 0 —> _< z !
as is the case for normal anchoring. The stability of the con- I' S 'l
tact droplets in contact is then presumably ensured by steric - - —Gﬁ T
interactions provided by PVA. This accounts for why the —0—— !
droplets are poorly stabilized, since PVA is known to be A< ,'
inefficient at stabilizing water droplets in an oily compound. - ——) RS I
Thus the droplets coalesce after some minutes, and it is dif- z S\

ficult to find very large aggregates. Nevertheless, examina-

tion of the samples immediately after preparation still pro-  FIG. 17. Schematic representation of the nematic director field
vides ample time to investigate the nature of the attractivéor two particles with planar anchoring that approach each other in
interactions by observing the small clusters formed from aan aligned liquid crystal. The particles make an argleith align-
few particles. As indicated in Fig. 16, the droplets are noment axis of the liquid crystal, which is along the horizontal axis.
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range interaction potential upon the elastic constants is as yet
unknown.

VI. CONCLUSIONS

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

By using inverted and multiple emulsions with thermotro-
pic liquid crystals, we have examined these interactions in a

ematic solvent for two limits of strong anchoring; the nor-

FIG. 18. Optical microscope picture of two equally sized par-
ticles with planar anchoring suspended in an aligned liquid crystal

The droplets are confined to the top surface of the sample, ang, | 504 parallel conditions. At long range, these interactions
make an angle of 30° with the alignment axis of the liquid crystal,have an elegant analog to electrostatics, providing a concep-
which is along the horizontal axis. This angle does not depend 0?ual basis by which the origin of the obs,erved behavior can
the nature of the liquid crystal used. y 9

be understood. At short range, the elastic interactions deter-

values off between 0° and 90°. However, according to theMine the local structures of the assembled particles, and can
electrostatic analog, the angle for which long-range attracdenerate a repulsive interaction between them, thereby re-
tion is maximized is approximately 4918]. This theoretical sultl_ng in a new form of colloidal stab|I|z_at|on. Emulsions
value is different from the experimentally observed value for2r€ ideal systems to use for these experiments; because the
9, this discrepancy is not surprising, since the theory is Aroplets are fluid, their interfaces are inherently more uni-

long-range description that does not account for short-rangt'™m, leading to more uniform anchoring of the liquid crys-
effects. tal. Moreover, the anchoring can be easily controlled through

Another possible origin of this discrepancy may be ourthe physical adsorption of compounds which, by design, can
assumption of a single elastic constant; in any real quuiobe chosen to interact in different ways with the |.Iqu.ld crystal
crystal, the elastic constants are different. There is no calcyh0lecules. Finally, the use of a thermotropic liquid crystal
lation available that takes account of the three elastic deforith large elastic constants gives rise to strong forces which
mations; however, it has been suggested that differences beominate the effects of entropy and other colloidal forces
tween the splay and bend moduliK{,Ks;) can be such as van der We_lals forces. Th|§ greatly faC|I!tates the
accommodated by rescaling theandy coordinates with Study of the properties of the elastic forces. While many
respect to thez coordinates18]. Therefore, the angle of effects are studied in this work, we expect still more unusugl
maximum attraction would be expected to depend explicitlyPhénomena to be observed as the full phase space of particle
on the ratio ofK4/K,. To investigate this possibility, we size, elastic constants, anchoring energies, and boundary ef-
prepared six inverted emulsions using different liquid crys-fécts are explored.
tals, listed in Table I, where the ratio; /K, varies from 0.73
to 1.95. For all samples, we observed tifattmained con-
stant at 30°. This demonstrates that the rKtdK; is not the We are pleased to thank T. C. Lubensky, T. M. Martin, R.
origin of the discrepancy between the theory and experiMeyer, D. Pettey, H. Stark, and M. Zapotosky for very help-
ments. Therefore, the origin of the observed behavior musiul discussions, and T. C. Lubensky for critically reading the
be ascribed to short-range effects not explicitly included inmanuscript. We thank also F. V. Alldik. Merck Industriep
the theory. The behavior at longer range is also still uncerfor information on the liquid crystal materials used. This
tain; the angle of maximum attraction may differ from that atwork was supported by the Materials Research Science and
short range, and is perhaps closer to the one predicted by tlEngineering Center Program of NSF under Grant No.
electrostatic analog. Moreover, the dependence of the londMR96-32598.
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