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Novel Colloidal Interactions in Anisotropic Fluids
Philippe Poulin, Holger Stark,* T. C. Lubensky, D. A. Weitz

Small water droplets dispersed in a nematic liquid crystal exhibit a novel class of colloidal
interactions, arising from the orientational elastic energy of the anisotropic host fluid.
These interactions include a short-range repulsion and a long-range dipolar attraction,
and they lead to the formation of anisotropic chainlike structures by the colloidal par-
ticles. The repulsive interaction can lead to novel mechanisms for colloid stabilization.

Dispersions of small particles in a host
fluid are a widespread and important state
of matter (1); colloidal suspensions are dis-
persions of solid particles, whereas emul-
sions are dispersions of liquid droplets coat-
ed with a surfactant. They are of consider-
able technological importance, with appli-
cations in everything from paints and
coatings to foods and drugs. These are meta-
stable rather than equilibrium systems. At-
tractive interactions among the particles,
which arise, for example, from dispersion
forces, can separate the dispersed phase
from the host fluid. These forces must be
counterbalanced by Coulombic, steric, or
other repulsive interactions. The delicate
balance between attractive and repulsive
colloidal interaction determines the stabil-
ity and hence usefulness of dispersions.
We report on a novel class of colloidal
interactions that arise when the host fluid is
anisotropic and provide a comprehensive
theoretical framework to understand them.

Department of Physics and Astronomy, University of
Pennsylvania, Philadelphia, PA 19104, USA.
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These interactions have both repulsive and
attractive components. We use general the-
oretical arguments and a variational proce-
dure based on analogies with electrostatics
to show how these interactions arise from
the orientational elasticity of the host fluid
and from topological defects therein in-
duced by the dispersed particles. The nature
of these interactions depends on boundary
conditions and on the anisotropy direction
of the host fluid at particle and other inter-
faces. Modifications in these boundary con-
ditions can easily be produced through
changes in the composition of the surfac-
tant or host fluid, making possible a fine
degree of control of colloidal interactions.

We dispersed water droplets 1 to 5 wm in
diameter in a nematic liquid crystal (LC)
host, pentylcyanobiphenyl (5CB), with a
small amount of surfactant added to help
stabilize the interface. We also used multi-
ple emulsions, in which the nematic LC
host was itself a much larger drop (~50 pm
in diameter) in a continuous water phase;
this isolated a controlled number of colloi-
dal droplets in the nematic host and al-
lowed us to readily observe their structure.
The multiple emulsions were formed with

sodium dodecyl sulfate, a surfactant that is
normally ineffective at stabilizing water
droplets in oil. Nevertheless, the colloidal
water droplets remained stable for several
weeks, which suggested that the origin of
this stability is the surrounding LC—a hy-
pothesis that was confirmed by the obser-
vation that droplets became unstable and
coalesced in <1 hour after the LC was
heated to the isotropic phase.

We studied these nematic emulsions by
observing them between crossed polarizers
in a microscope. Between crossed polarizers,
an isotropic fluid will appear black, whereas
nematic regions will be colored. Thus, the
large nematic drops in a multiple emulsion
are predominately red in Fig. 1A, whereas
the continuous water phase surrounding
them is black. Dispersed within virtually all
of the nematic drops are smaller colloidal
water droplets, which also appear dark in
the photo; the number of water droplets
tends to increase with the size of the
nematic drops. In all cases, the water drop-
lets are constrained at or very near the
center of the nematic drops. Moreover,
their Brownian motion has completely
ceased, an observation that is confirmed by
warming the sample to change the nematic
into an isotropic fluid, whereupon the
Brownian motion of the colloidal droplets is
clearly visible in the microscope.

Perhaps the most striking observation in
Fig. 1A is the behavior of the colloidal
droplets when two or more cohabit the
same nematic drop: The colloidal droplets
invariably form linear chains. This behavior
is driven by the nematic LC—the chains
break, and the colloidal droplets disperse
immediately upon warming the sample to
the isotropic phase. However, although the
anisotropic LC must induce an attractive
interaction to cause the chaining, it also
induces a shorter range repulsive interac-
tion. A section of a chain of droplets under
higher magnification (Fig. 1B) shows that
the droplets are prevented from approach-
ing too closely, with the separation between
droplets being a significant fraction of their
diameter.

A clue to the origin of these new inter-
actions comes from close examination of
the patterns produced by the nematic host.
Nematic drops containing only a single
emulsion droplet invariably exhibit a dis-
tinctive four-armed star of alternating
bright and dark regions that extend
throughout the whole nematic drop (Fig.
1C). This pattern is produced by the rota-
tion of the nematic anisotropy axis through
a full 360° about the central water droplet
and is characteristic of a topological defect
called a hedgehog (2). When there is more
than one water droplet, there is additional
orientational texture between every pair of
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droplets. This structure is a distorted four-
arm star, which we identify as a hedgehog
defect created in the nematic host. The
distance between droplets and this host-
fluid defect increases with increasing drop-
let radius. Moreover, there is always one less
host defect than there are water droplets.

Colloidal water droplets can also be dis-
persed in a nematic host confined between
parallel plates treated to force molecular
alignment parallel to their surfaces. The
droplets still form chains, but over time
these chains continue to grow into larger
and more complicated structures. Exactly
one host defect is associated with each wa-
ter droplet, so each chain has as many extra
defects as water droplets rather than one
less. We conclude that water droplets create
defects in the host fluid that prevent close
contact between water droplets and that
give rise to a long-range anisotropic attrac-
tive interaction between droplets.

To explain these observations, we con-
sider the properties of the unit vector field
n(r), called the Frank director, that speci-
fies the direction of local alignment of
anisotropic LC molecules (3) at the point r
= (x, ¥, 2). Nematics are invariant under
the inversion operation n(r) — —n(r). The
energy of long-wavelength, spatially non-
uniform distortions of n is determined by
the Frank free energy (F), which in the
one-elastic constant approximation is

F = % %J(PTV,@V,@ (1)
where the integral is over the volume of
the nematic LC; i,j = x, y, z; n, is the i
component of the director, and V, = 9/dx,.
The elastic constant K is of order 107°
dynes in typical nematics. We must also
consider topological defects in nematics,
an important example of which is a hedge-
hog: a point defect in which the director
sweeps out all directions on the unit
sphere as all points on any surface enclos-
ing the defect core are visited. Hedgehogs
are characterized by an integer topological
charge specifying the number of times the
unit sphere is wrapped. These hedgehogs
can have different director configurations.
The simplest is the radial hedgehog, in
which the director n(r) = (x, y, z)/r points
radially outward like the electric field of a
point charge. Another common configu-
ration is the hyperbolic hedgehog with n
= (—x, —v, 2)/r (Fig. 2A) obtained from
the radial hedgehog by rotating all vectors
by 180° about the g axis. These hedgehogs
can be characterized by a topological
charge of 1. However, the nematic inver-
sion symmetry renders positive and nega-
tive charges indistinguishable, so that two
unit-charge hedgehog defects can be com-
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Fig. 1. (A) Microscope image of a nematic multiple emulsion taken under crossed polarizers. (B

B) A chain

of water droplets under high magnification. (C) A nematic drop containing a single water droplet

bined to give configurations with a total
topological charge of either 2 or 0. In
addition to hedgehogs, topological line
defects called disclinations can also exist
in nematics. Although there have been
conjectures (4, 5) that a colloidal particle
in a nematic will nucleate a disclination
ring centered at its equator, we have found
no experimental evidence for this for par-
ticles of the size we investigate.

Our observations can be qualitatively
explained by considering the total topolog-
ical charge Q in a nematic, which is deter-
mined by boundary conditions on n. Paral-
lel boundary conditions at infinity force Q
to be 0, whereas normal or homeotropic
boundary conditions on a closed surface
with the topology of a sphere force Q to be
1. Normal boundary conditions at the water
droplet surfaces force the creation of a ra-

Fig. 2. (A) Director con- A
figuration for a hyperbol-

ic defect. The director is
tangent to the lines
shown. (B) A droplet-de-

fect dipole. The director
configuration around the
spherical droplet is that

of a radial hedgehog.
The point defectis a hy-  x
perbolic hedgehog. Ro-
tation of this figure about

dial hedgehog at each droplet. Thus, for
homeotropic boundary conditions, a single
hedgehog in a closed nematic drop with a
single water droplet can satisfy both the
boundary condition at the water droplet
and the requirement Q = 1. Our observa-
tion of a single four-armed texture in single-
droplet nematic drops is in accord with this.
Each water droplet beyond the first added
to the interior of a nematic drop must cre-
ate orientational structure out of the
nematic itself to satisfy the global con-
straint Q = 1. Similar considerations apply
to each water droplet, including the first,
added to a nematic cell with Q = 0. The
simplest (though not the only) way to sat-
isfy this constraint is for each extra water
droplet to create a hyperbolic hedgehog in
the nematic host (6). The radial droplet
hedgehog and the companion host-liquid

the vertical axis produces the three-dimensional director configuration, which is uniform and parallel to
the vertical axis from the dipole. In the electrostatic analog, the droplet becomes a conducting sphere
with charge Q in an external electric field £, which produces the field lines determining the orientation of

the director.
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hyperbolic hedgehog combine to create a
parallel director pattern at infinity (Fig.
2B). All of our experimental observations—
including the observation of one host defect
per water droplet in the nematic between
parallel plates and N — 1 host defects for N
water droplets in a nematic drop—are con-
sistent with this simple scenario.

We can use Eq. 1 to determine the
energy E of the droplet-defect dipole as a
function of the separation R between the
defect and the droplet center and thereby
obtain the equilibrium separation R Sim-
ple dimensional analysis and more de-
tailed calculations (7) show that this en-
ergy grows linearly with separation R for R
much greater than the droplet radius a.
Energy increases as R approaches a (Fig.
2B): The director has to change directions
from vertical to horizontal in a distance of
order R — a leading to Vn ~ 1/(R — a) in
Eg. 1. Beyond a distance of order R from
the sphere, the director is approximately
uniform. Thus, E, ~ [K/(R — a)?][AR? —
(47/3)a’], where A is a number of order
unity. This energy is linear in R at large R,
diverges as R approaches a, and has a
minimum at some R, ~ a. To obtain a
more reliable estimate, we constructed a
variational ansatz for the unit vector field,
n(r), that is parallel to the 7 axis at infin-
ity, that is perpendicular to the surface of
the droplet, and that has a companion
hyperbolic defect somewhere. A vector
field satisfying these conditions can be
obtained from the electrostatic problem of
a conducting sphere of positive charge Q
in a uniform electric field E, = Ege, par-
allel to the z axis as shown in Fig. 2. In
reduced units with ¥ = r/a = (%, §, ?), the
solution to this problem for a sphere at the
origin yields an electric field E(r)/E, = e,
+ NP — 75(f%e, — 3%F), where \? =
Q/Eqa?. This field arises from the external
field, the charge on the sphere, and an
induced dipole at the center of the sphere.
There is no negative electric charge in this
problem, but there is a point where the
electric field goes to zero (provided N\? is
sufficiently large). The electric field con-
figuration in the vicinity of this point is
identical to that of a unit vector field in
the vicinity of a hyperbolic hedgehog de-
fect. Thus, a variational ansatz for the
director that satisfies all of our conditions
is n(r) = E(r)/|E(r)|. At distances r >> a

X
n(r) ~ ()\Zaz N % 1) (2)

and n_ and n are solutions to Laplace’s
equation as they must be to minimize F.
The zero of the electric field and thus the
distance R = |#a to the hyperbolic defect is
determined by the solution to |7> — \?|g| +
2 = 0. We can therefore use our ansatz for
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n(r) in Eq. 1 to obtain an estimate of Ep, as
a function of reduced separation R = |3|
(Fig. 3A). This energy is linear in R at large
R and has a minimum of 13.00mKa at R, =
1.17a. The curvature is 33wKa indicating
that thermal fluctuations in the reduced
separation between droplet and hyperbolic
hedgehog is negligible: (3R,)*> ~ KT/
33mKa ~ 107°, where 8R = R — R, k
is the Boltzmann constant, and T is the
temperature. A well-defined distance, R,
separates a colloidal water droplet from its
companion defect, and this distance scales
with the droplet radius. A host defect be-
tween two water droplets, therefore, pre-
vents the water droplets from approaching
each other too closely; it provides a repul-
sive barrier between two water droplets.
To treat long-range attractive interac-
tions between droplets that lead to chain-
ing, we seek a phenomenological free
energy (5) describing how the water drop-
let distorts the director field at distances
that are large compared to R,. This energy
must produce the large-R director field
predicted by Eq. 2. The droplet-defect pair
has vector symmetry, and we assign it a
dipole moment p = (\a)?e = pe, where e
is the unit vector from the companion
defect to the droplet center. From this we
can construct a dipole-moment density for
a collection of defects at positions r,, with
respective dipole moments p,: P(r) =
2P d(r — r,). We now seek a free energy
that, upon minimization, will lead to Eq. 2
for a single defect located at the origin
with p pointing in the minus z direction:

F= de3‘f[% E (Vin)(Vin))

1
— 47P(r) n(V 'n)] -3 A [po n(r)]
: (3)

The second term in this energy is a flexo-
electric term (8), and the last term (with an
as-yet-unmeasured coefficient A) results
from the energetic preference for the di-
poles to align either parallel or antiparallel
to the director. Minimization of Eq. 3 over
n for a single defect at the origin [P =
ped(r)] for small deviations from linear

Fig. 3. (A) Plot of re- A
duced energy E/mKa of a

droplet-negative hedge- 24

hog as a function of re-

duced separaton R/a. & 20

Note the linear depen- &

dence at large T and the 16

minimum at Ry ~ 1.17a. 12 L l

equilibrium leads to n(r) = pr/r® for i =

x,y. This reproduces Eq. 2 for p = N?a?.
The tendency to form chains can be
explained by the effective dipole-dipole in-
teraction predicted by Eq. 3. By calculating
the director field at ' produced by a dipole
moment density at r, we can calculate the

effective dipole-dipole potential:
1 — 3cos’0
B (4)

where 6 is the angle between R = r, — 14
and the z axis. p%, is the component of the
dipole moment of defect a along the 7 axis;
it can be either positive or negative. This
energy is clearly minimized when pZ and p
have the same sign (that is, p, and pg point
in the same direction) and their separation
vector is parallel to the z axis. This form
accounts for the attractive interaction and
leads to the formation of chains as seen in
experiments. It is similar to configurations
seen in other dipole systems such as elec-
trorheological fluids and in magnetic emul-
sions (9).

The predicted scale for both the dipole-
dipole attractive and defect-mediated re-
pulsive interactions should be set by the
droplets’ diameter; as a consequence, the
droplet separation within the chains
should scale with a. To test this hypothe-
sis, we measured the separations between
the surfaces of neighboring droplets as
their radius increased, and the results are
plotted in Fig. 3B. A linear increase was
observed. Moreover, the fit to the data
(solid line) gives S = 0.6a. This value is in
good accord with the expectation that the
distance between droplets be somewhat
greater than twice the separation 2(R, —
a) between a droplet and its companion
defect.

The model free energy of Eq. 3 also
accounts for several other experimental ob-
servations. It incorporates a preference for p
to align along n. This was verified by ob-
serving single droplets between parallel
glass plates treated to force tangential align-
ment of the director at their surface; p is
invariably aligned with n. In addition, Eq. 3
also predicts that the defects will seek re-
gions with maximum director splay (V + n)
and that p will prefer to orient antiparallel

Uss = 4TKPDR

(B) Plot of the distance d 1 2
between droplet surfac-
es as a function of their diameter 2a.
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to n when V * n is positive. A nematic drop
with Q = 1 has nonvanishing positive splay
everywhere. This splay acts as an external
field that establishes minimum energy posi-
tions for droplet dipoles and thereby arrests
Brownian motion. The minimum energy
position of a single droplet is at the center
of a nematic drop. A second droplet moves
to maximum splay at the center with p
pointing toward the center along negative n
in accord with observations. Subsequent
droplets form chains. In contrast, in the
parallel geometry there is no splay localizing
particles; as a result, the particles and
chains undergo Brownian motion, which
leads to interchain coagulation.

Finally, one of the most important features
of these novel colloidal interactions is their
dependence on the anchoring of the nematic
at the interface. For example, the behavior of
the colloidal droplets in the multiple emul-
sions is completely altered if the nematic is
forced to align parallel to the surface of the
large droplets rather than perpendicular. In
the passage from homeotropic to tangential
alignment, the topological charge interior to a
nematic drop is changed from 1 to 0, and
point defects called boojums (2) develop on
its surface. Splay is a maximum in the vicinity
of these boojums, and thus we would expect
the colloidal droplets to congregate at these
defects. We can achieve tangential bound-
ary conditions at the surface of the nematic
drops, but not at the surfaces of interior
colloidal water droplets, by adding a small
amount of glycerol to the continuous water
phase. As expected, the colloidal droplets
do indeed migrate to the boojums. Similar-
ly, in our theory, both the chaining and the
defect-mediated repulsion are a conse-
quence of the dipolar defect configuration
produced by a droplet with homeotropic
boundary conditions. Droplets with tangen-
tial boundary conditions create neither a
radial nor a companion hyperbolic hedge-
hog and should, therefore, exhibit com-
pletely different structures. To test this, we
added polyvinyl alcohol to the water drop-
lets to change boundary conditions from
homeotropic to tangential. The tendency
to form chains was greatly reduced; more-
over, the droplets were no longer separated
by large distances when they approached
one another, reflecting the absence of the
hedgehog defects.

The new class of colloidal interactions
discussed in this paper is not restricted to
thermotropic nematic LC but should be
present whenever the host fluid is aniso-
tropic. Interesting effects can be expected
as the delicate balance among the magni-
tude of the elastic constant, the particle
size, and the anchoring energies is adjust-
ed. For example, this class of interactions
should also be present for solutions of
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anisotropic micelles (10), rigid-rod poly-
mers, and even biological systems such as
actin or viruses. Moreover, the ability to
controllably obtain both attractive and
repulsive interactions offers an opportuni-
ty to develop novel routes to colloid sta-
bilization and structure, as well as to cre-
ate new materials with potentially useful
applications. The theoretical picture pre-
sented here provides the framework for
understanding all of these phenomena.
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Direct Radiometric Observations of the
Water Vapor Greenhouse Effect Over the
Equatorial Pacific Ocean

Francisco P. J. Valero,* William D. Collins, Peter Pilewskie,
Anthony Bucholtz, Piotr J. Flatau

Airborne radiometric measurements were used to determine tropospheric profiles of the
clear sky greenhouse effect. At sea surface temperatures (SSTs) larger than 300 kelvin,
the clear sky water vapor greenhouse effect was found to increase with SST at a rate
of 13 to 15 watts per square meter per kelvin. Satellite measurements of infrared
radiances and SSTs indicate that almost 52 percent of the tropical oceans between 20°N
and 20°S are affected during all seasons. Current general circulation models suggest that
the increase in the clear sky water vapor greenhouse effect with SST may have climatic

effects on a planetary scale.

Recent studies (1) have demonstrated that
atmospheric general circulation models,
when forced only with measured SSTs (in
particular, tropical Pacific SSTs), can re-
produce the changes in global tropospheric
temperatures that have been observed dur-
ing the last several decades (2, 3). Earlier
results (4-6) also pointed to the existence
of a relation between variations in the trop-
ical Pacific SSTs and global tropospheric
temperatures. In this context, the clear sky
water vapor greenhouse effect is key to the
understanding of climate change, including
global warming (7). The greenhouse effect
can be defined as (8-10)

G, = o(SST)* — F* (1)
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According to the Stefan Boltzmann law,
o(SST)* is the infrared black body emission
by the surface at temperature SST, ¢ =
5.67 X 1078 W m~% K~* is the Stefan
Boltzmann constant, and F™* is the outgoing
infrared radiation flux at the top of the
atmosphere.

Satellite studies (8—10) have found that
for clear skies and SSTs above 298 K, the
spatial variation of G, with SST, dG,/
d(SST), exceeds the rate of increase of sea
surface emission, do(SST)4/d(SST) =
45(SST)>. For a tropical SST of 300 K,
40(SST)? ~ 6.1 W m~2 K~!. This effect,
termed the “super greenhouse effect” (11),
occurs in both hemispheres during all sea-
sons. It is also observed for interannual
variations of G, with SST during the El
Nifio in the tropical Pacific (12). Observa-
tions in the tropical Atlantic ocean (I11)
show that the clear sky downwelling infra-
red flux incident on the surface (F) also
increases faster than the surface emission
with increasing SST. The net result is fur-
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