JOURNAL OF COLLOID AND INTERFACE SCIENCE 200, 182—-184 (1998)
ARTICLE NO. CS975223

NOTE

Rotational Diffusion of Monodisperse Liquid Crystal Droplets

We have prepared monodisperse suspensions of nematic liquid
crystal droplets in water. The droplets are stabilized by polyvinyl
alcohol, a polymer that induces planar anchoring of the liquid
crystal molecules at the surface of the droplets. The resultant
particles exhibit strong optical anisotropy while having a spherical
shape. As a consequence, the light scattering from the particles
contains a strong depolarized component. We report a simple ap-
plication of this feature by performing dynamic light scattering
experiments to measure the rotational diffusion of colloidal
spheres in a dilute suspension. © 1998 Academic Press
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Spherically isotropic, but optically anisotropic particles can be highly
desirable for awide range of purposes; their optical anisotropy allows them
to serve as local probes for the rotational motion in fluid flows and for
rotational diffusion in different geometries. For example, colloidal particles
containing polymer microcrystallites in an amorphous host matrix (1) have
been used to measure the rotationa diffusion of spherical particles in a
colloidal crystal or a concentrated suspension (2) and to study rotation in
hydrodynamic flows (3). While these optically anisotropic particles enable
many new studies of both scientific and technological interest, their applica-
bility can be limited by the amount of their optical anisotropy. Since they
are generally composed of several microcrystallites in each particle, the
total optical anisotropy tends to be averaged out, limiting the total value.
Moreover, being made of Teflon, these materials are difficult to synthesize.
Thus, it would be highly desirable to have spherical colloidal particles that
are easy to synthesize and are highly optically anisotropic.

In this note, we show that colloidal droplets of liquid crystal can form
nearly ideal spherically shaped, optically anisotropic particles. These parti-
cles are simple to synthesize using standard emulsion techniques (4) . More-
over, they can be purified to obtain highly monodisperse suspensions using
the technique of fractionated crystallization (5). Emulsions of liquid crys-
tals in water form the basis of an important display technology based on
polymer dispersed liquid crystal electrooptical devices (6). The droplets
provide awell-defined geometry of confinement, which resultsin the forma-
tion of topologica defects and elastic distortions, which have been widely
studied (6). The nature of the optical anisotropy is controlled by the aign-
ment of the liquid crystal, and this can be varied by adjusting the boundary
conditions at the surface of the droplets. This alows us to easily convert
nearly optically isotropic droplets into ones that are optically anisotropic.
Each of these small droplets consists of a single domain of optically aniso-
tropic oil, maximizing their anisotropy. We demonstrate the consequences
of this anisotropy by performing depolarized dynamic light scattering mea-
surements on the droplets at dilute concentrations, and confirm that the
measured values of the translational and rotational diffusion coefficients
are consistent and in agreement with expectations.

We make the liquid crystal droplet using standard emulsion techniques,
developed previously for isotropic oils in water; however, here we replace
the isotropic oil by aliquid crystal, a mixture of organic molecules com-
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posed mainly of long, rigid, and rodlike cyanobiphenyl molecules (7). Like
many isotropic oils, this liquid crystal is not soluble in water. We therefore
use an ionic surfactant, sodium dodecyl sulfate (SDS), to stabilize the
droplets. This allows us to use standard fractionated crystallization methods
to purify the crude emulsion; after four steps, we obtain monodisperse
droplets about 0.6 um in diameter, as determined with an optical micro-
scope. The polydispersity of the droplets is estimated to be AR/R ~ 15%.

At room temperature, the liquid crystal is in the nematic phase, so the
molecules have a preferential orientation (7). This alignment results in the
formation of atopological defect within the droplets (6). The nature of this
defect depends on the anchoring conditions of the liquid crystal molecules at
the surface of the droplet. When SDS is used to stabilize the droplets, the
anchoring is normal to the droplet surface. This resultsin radial orientation
of the liquid crystal, with a radial hedgehog defect in the center of the
droplet. We show in Fig. 1 (top) a schematic representation of the director
field, n, which characterizes the direction of the alignment of the liquid
crystal molecules within the droplet. We note that this structure is centro-
symmetric and thus will not result in strong anisotropy in the scattering
from the small particles used here.

To change the orientation of the liquid crystal molecules within the
droplet, we modify the anchoring conditions. This is easily accomplished
by replacing the stabilizing surfactant, SDS, by another surface-active agent,
polyvinyl acohol (PVA), which is known both to stabilize the droplets
and to change the surface anchoring condition from normal to paralel
(6). This is accomplished by centrifuging the emulsion to concentrate it,
removing most of the excess continuous phase, and replacing it an aqueous
solution containing PVA (My, ~ 50K) at 0.1% by weight. After severa
steps, the droplets are dispersed in a PVA solution and have the same
size, but completely different boundary conditions and completely different
optical properties. Now the anchoring is planar, resulting in two diametri-
cally opposed defects, called boojums, and illustrated in Fig. 1 (bottom),
where we show schematically the director orientation. The droplet now has
a single domain of aligned liquid crystal.

The optical properties of aliquid crystal in the nematic phase are charac-
terized by two indexes of refraction, the ordinary one, n,, and the extraordi-
nary one, n.. At room temperature, this liquid crystal has n, = 1.49 and n,
= 1.59. The optical anisotropy is quantified by the difference between the
ordinary and extraordinary indexes, n, — n, = 0.10. The global optical
anisotropy of a nematic droplet also depends on the configuration of the
alignment of theliquid crystal molecules. The particles with normal anchor-
ing are small and centrosymmetric and thus are not strongly anisotropic,
whereas the particles with planar anchoring should exhibit a strong optical
anisotropy resulting from the nearly complete alignment of the liquid crys-
tal. Because of such an aignment the optical anisotropy of the droplets
should be approximately that of the liquid crystal molecules themselves.
Moreover, because the liquid crystal droplet is composed of only a single
domain, it is much more optically anisotropic than the Teflon particles,
which typically consist of several, randomly oriented domains. We estimate
that the optical anisotropy of the liquid crystal dropletsis about a factor of
10 larger than that of the Teflon particles.

We must also consider the shape of the droplets; the orientational elastic-
ity of the nematic phase competes with the surface energy of the droplet, and
could induce deformation of the droplet shape. However, nematic dropletsin
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FIG. 1. Schematic representations of liquid crystal droplets stabilized
with SDS (top) or PVA (bottom). The lines represent the orientation of
the director field of the liquid crystal molecules. A topological defect,
known as hedgehog, is located at the center of the radia droplet (top)
obtained with normal boundary conditions. Such a droplet is centrosymmet-
ric. By contrast, two surface defects, known as boojums, are located at the
surface of the bipolar droplet (bottom) obtained under planar boundary
conditions. This droplet is highly anisotropic.

water are known to be spherical (6). This can be simply understood by
comparing the scale of the elastic energy, Ka, to the surface energy, yaZ.
Here, K is a typical elastic constant of the liquid crystal, a is the size of
the droplet, and v is the interfacial tension. For the materials used in these
experiments, K/ya ~ 1073; thus, the surface energy is much greater than
the elastic energy, and the droplets remain spherical.

To measure the consequences of the optical anisotropy, we perform
dynamic light scattering experiments and measure both the polarized and
depolarized components. We use dilute suspensions of liquid crystal drop-
lets: centrosymmetric droplets stabilized with SDS and optically anisotropic
droplets stabilized with PVA. We use a goniometer to alow usto vary the
scattering angle. The temporal autocorrelation function of the scattered light
is calculated with a digital correlator. An Ar* ion laser operating at a
wavelength of 514.5 nm is used as the excitation source. It is linearly
polarized in the vertical direction. We detect the scattered intensity polarized
in the same direction, |,,, and in the perpendicular or horizontal direction,
Iun. In both cases, we determine the normalized electric field correlation
functions, g.v(7) and g.n(7), as a function of scattering angle and, thus,
scattering vector, g = 4xn/\ sin(6/2).

For isotropic particles, g, (7) is sensitive only to translational motion
and is widely used to measure particle size (8). For isotropic particles there
is no depolarized scattering (I, = 0). By contrast, for optically anisotropic
particles both the polarized and depolarized components of the scattering
are large. A genera theoretical description of the depolarized scattering is
rather complex; we simplify this by restricting our attention to the Rayleigh
approximation and treating the particles as point scatterers (8). While not
exact, this approximation provides sufficient insight to properly interpret
our results; moreover, it becomes increasingly accurate as the particle size
and index of refraction mismatch decrease. We assume that the particles
are spherically symmetric, but have an optica anisotropy, characterized by
two indices of refraction, n; and ny. Values of n; and n can, in principle,
be determined experimentally by measuring the polarization dependence of
the static light scattering as the index of refraction of the solvent is varied
(1, 8, 9). Unfortunately, however, the index of refraction of the liquid
crystal is so large that we were unable to attain a sufficiently large index
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of refraction of the solvent to make these measurements. Thus, instead, we
assume that n ~ n, = 1.59 and ny =~ n, = 1.49; these are reasonable
assumptions because of the alignment of the liquid crystal in the droplets.
The average index of refraction is then

m= [—(”ﬁ = 2”5)]1/2, [1]

3

and the optical anisotropy is An = (n, — ng). The correlation function
gw(7) takes a simple form in the limit where 4An?/45 is small compared
with (ng — m? (1, 8, 9); here 4An?/45 ~ 1073%, while (n, — M? ~ 4 X
1072, In this limit, g,,(7) reflects mainly the trandlationa diffusion of the
particles and is given by (1, 8, 9)

ow(7) = exp{ —Dg’7}. [2]

Here, the trandational diffusion coefficient is D, = kgT/67na, where kg is
Boltzmann's constant, T is the temperature, and 7 is the viscosity of the
suspending fluid. For al the experiments reported here, T ~ 300 K and n
~ 1 cP. By contrast, the correlation function for depolarized scattering
exhibits contributions from both translational and rotationa diffusion. It is
given by (1, 8, 9)

gun(7) = exp{ —(D@g* + 6D;)7}, [3]

where the rotational diffusion coefficient is given by D, = kgT/8mna.
Thus, to characterize our data, we use a cumulant analysis to determine the
initial rates of the exponentia decays, I',, and I'y,, and plot these as a
function of g?; this should yield linear behavior, with the depolarized value
somewhat larger than the polarized value, reflecting the added contribution
of the rotational diffusion.

As expected, the depolarized component of the light scattered from the
centrosymmetric particles stabilized with SDS was found experimentally
to be very weak; thus, g,,(7) could not be measured. By contrast, the
depolarized scattering from the droplets stabilized with PVA was much
more intense, alowing g,(7) to be measured. Typical results for both
polarized and depolarized scattering are shown in Fig. 2, where we plot
T, and T, as a function of g?. In al cases, we find that the measured
correlation functions are exponential in shape, reflecting the highly mono-
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FIG. 2. Decay rates for both the polarized [T',,] and depolarized [T1]
scattering, determined from the autocorrelation function, plotted as a func-
tion of g?, for liquid crystal droplets stabilized by PVA.
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disperse distribution of the droplets. The solid lines through the datain Fig.
2 are linear fits; the linearity of the data again reflects the monodisperse
distribution of the particles. Moreover, the slopes of the two data sets are
identical, as expected from Egs. [2] and [3]. The slope gives the transla-
tional diffusion coefficient, D, ~ (7.0 = 0.2) X 10~** m?/s. The intercept
of the depolarized data provides a measure of the rotational diffusion coef-
ficient, yielding D, = 4.8 = 0.1 s™*. From the translational diffusion coeffi-
cient we determine the particle radius to be a = 0.31 ym. By comparison,
from the rotational diffusion coefficient we determine a = 0.32 um, in
excellent accord with the value determined from D,. These values also
agree very well with that obtained from optical microscopy. The ratio D,/
D, = 4/3*a? depends only on a and not on any other system parameter.
This provides a direct measure of the particle size; we obtain a = 0.33 um
from this estimate.

To conclude, we have introduced a simple method for synthesizing highly
monodisperse droplets that are spherical in shape but highly anisotropic in
their optical properties. We characterize their behavior by measuring both
their trandational and rotational diffusion coefficients with depolarized dy-
namic light scattering. Because the liquid crystal is in a single domain
within the droplets, their optical anisotropy is quite large. These particles
are potentially useful as loca probes of fluid rotation or vorticity, and will
also be of usein the study of rotational effects in concentrated suspensions
of particles. In addition, it may be possible to align these droplets using
external electric or magnetic fields, providing additional control over their
properties and increasing their potential utility. Finally, we also expect such
monodisperse droplets to have important uses in electrooptical devices,
providing an increased degree of control over the light because of their
monodisperse distribution. The preparation of the liquid crystal emulsions
is independent of the nature of the liquid crystal; thus, many systems with
different optical properties can be synthesized.
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