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ABSTRACT
Optical devices based on polymer-dispersed liquid crystal (PDLC)
thin films derive their functional properties from the electric-field-
induced reorientation of (sub)micrometer-sized polymer-dispersed
liquid crystal (LC) droplets. In these materials, the LC reorientation
dynamics are strongly dependent on droplet size and shape, as
well as polymer/LC interfacial interactions. The dynamics also vary
spatially within individual droplets. This Account describes studies
of individual PDLC droplets and their field-induced dynamics by
high-resolution near-field scanning optical microscopy (NSOM)
and multiphoton-excited fluorescence microscopy (MPEFM). In-
cluded are studies of native (“pure”) PDLCs and those doped with
ionic compounds and dyes; the latter are used in sophisticated
photorefractive materials.

Introduction
Polymer-dispersed liquid crystal (PDLC) thin films find a
variety of applications in a range of optical devices. These
include their use in electrically switchable windows,
optical shutters, flexible displays, diffractive optics, and
photorefractive systems.1-5 PDLCs consist of (sub)mi-
crometer-sized birefringent LC droplets encapsulated
within what is usually an optically transparent polymer.
Figure 1 shows a schematic cross-section of a PDLC device
and a polarized light micrograph of a PDLC film. The
molecular organization within the encapsulated LC drop-
lets depends on the elastic constants of the LC and the
interfacial anchoring conditions.3-6 In their native state,
the fast (or slow) optical axes of these droplets are usually
randomly aligned, causing the materials to strongly scatter
light. Pure polymer/liquid-crystal composites are trans-
lucent in this state, while dye-doped versions7 can be
completely opaque. When polymers and LCs with proper

refractive indices are employed, application of an electric
field causes the films to become optically transparent to
normally incident light. This field-induced change results
from reorientation of the LC directors within the droplets.

An important attribute of PDLC-based optical devices
includes the ease by which they are fabricated. PDLC
materials are often prepared by emulsion techniques and
by temperature-, polymerization-, or solvent-induced
phase separation.1-5 Thin PDLC films can be cast onto
suitable conductive, transparent substrates. In functional
devices, only a few volts per micrometer of film thickness
are needed to induce optical switching. PDLC systems
draw very little current in the powered state. Optical
contrast in PDLCs comes predominantly from their inher-
ent light-scattering properties. No complicated surface
treatments or external optics (i.e., polarizers) are required
to make a functioning device.

While commercial devices are already being produced
from PDLCs, their chemical and physical properties are
not yet completely understood. An area of particular
concern is in the understanding of electric-field-induced
LC dynamics. Prior research has proven the existence of
spatial and temporal complexities in LC droplet reorienta-
tion.8 In early studies, UV-vis absorption and light-scat-
tering methods were used to monitor the LC dynamics.8-10

More recently, nuclear magnetic resonance,11-14 Fourier
transform infrared spectroscopy,15,16 and several time-
resolved microscopies and spectroscopies have been

* Corresponding author. E-mail: higgins@ksu.edu.

Daniel A. Higgins received a B.A. in chemistry from St. Olaf College (Northfield,
MN) in 1988 and a Ph.D. in chemistry from the University of Wisconsin-Madison
in 1993. He subsequently worked as a NSF postdoctoral fellow under Prof. Paul
F. Barbara. In 1996, he joined the faculty at Kansas State University, where he
is an associate professor.

Jeffrey E. Hall received a B. A. in chemistry from Northwestern College (Orange
City, IA) in 1999 and a Ph.D. in Chemistry from Kansas State University in 2004,
working under the direction of Daniel Higgins.

Aifang Xie received B.S. and M.S. degrees in physics from Henan Normal
University (China) in 1996 and 1999, respectively, and a Ph.D. in physics from the
Chinese Academy of Sciences (Beijing) in 2002. She is presently working as a
postdoctoral associate with Daniel Higgins.

FIGURE 1. Panel A presents a model cross-section of a PDLC
device. The refractive index of the polymer is np, while those of the
LC are ne and no. Panel B presents a far-field optical birefringence
micrograph of a PDLC film.
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employed.17-20 All such methods yield valuable informa-
tion on the LC dynamics but do not provide sufficient
spatial resolution to resolve the reorientation dynamics
within individual LC droplets.

This Account describes work from our labs in which
we have been using novel optical microscopic techniques
such as near-field scanning optical microscopy (NSOM)21-30

and multiphoton-excited fluorescence microscopy
(MPEFM)31-34 to study individual polymer-dispersed LC
droplets and their electric-field-induced dynamics. NSOM
provides high-resolution optical images of the droplets
and their dynamics, as well as topographic information,
allowing for development of detailed correlations between
droplet size/shape attributes and the dynamics. MPEFM
methods provide complementary capabilities, yielding
somewhat lower spatial resolution but providing the
ability to probe droplet organization and dynamics deep
within functional PDLC devices. These methods have
provided images with sub-diffraction-limited resolution
of spatial variations in the LC droplet dynamics. Models
describing the origins of these variations are used to
explain the results.

Optical Microscopy
Near-Field Scanning Optical Microscopy. NSOM methods
are described in detail elsewhere.35 Here, only the basic
principles are discussed, along with the unique methods
employed in our labs.

NSOM has been used to characterize both pure21-23,25

and dye-doped26-30 PDLC films. These studies allowed for
the location and organization of LC and dye dopants to
be determined and for correlation of these attributes with
droplet shape and sample morphology. Novel methods
developed in our laboratory22 were then employed to
study electric-field-induced LC, dye, and ion dynamics
within individual PDLC droplets.

Figure 2A shows a schematic of the aperture-based
NSOM instrument employed. During imaging, the sample
is illuminated with linearly polarized light from a sub-
wavelength-sized aluminum-coated fiber optic probe.
Images are acquired by raster scanning the sample
beneath the probe. To obtain high-resolution optical
images, the tip and sample must be maintained in close
proximity, and hence, the sample topography must be
followed. In optical imaging of PDLCs, the light exiting
the probe passes through the birefringent LC droplets,
which modify the polarization state. Optical contrast is
obtained by detecting the transmitted light under crossed-
polarization conditions. The simultaneous recording of
optical and topographic information makes NSOM a
particularly powerful tool for characterizing PDLC sample
structures.

In dynamic NSOM imaging studies, the aluminum-
coated probe is electrified, as is the conductive, transpar-
ent substrate upon which the sample is cast. A modulated
electric field is applied between the probe and sample,
inducing LC reorientation. Changes in the optical bire-
fringence signal due to LC reorientation are monitored

using a lock-in amplifier or an oscilloscope. Spatial or
temporal resolution of the LC dynamics or both are readily
obtained. Importantly, the use of the sharp NSOM probe
for field application helps confine the induced dynamics
to the near-field regime,25 even in optically thick samples.

In dye-doped PDLCs,26-28,30 the materials are character-
ized as described above with the option of simultaneously
obtaining fluorescence images of the sample as well.
Fluorescence is induced by simultaneously coupling light
of a second wavelength into the NSOM probe and using
it to excite the dyes. Separate optical detectors indepen-
dently monitor the fluorescence and birefringence signals.

Multiphoton-Excited Fluorescence Microscopy. The
necessity to maintain the tip and sample in close proxim-
ity makes NSOM studies of PDLC devices difficult. Con-
ventional far-field light microscopy can also be difficult
because of strong light scattering. MPEFM is a nonlinear
optical imaging method that overcomes many such
limitations and has been extensively described in the
literature.36,37 Figure 2B depicts the most important com-
ponents of our microscope.

Our MPEFM system is built upon a conventional epi-
illumination microscope. Pulses of light from a Ti:sapphire
laser (λ > 800 nm) are directed into the microscope and
focused to a diffraction-limited spot within the sample
using a high-numerical-aperture objective. In PDLCs

FIGURE 2. Panel A shows the components of the near-field
scanning optical microscope. Panel B shows the components
employed in the sample scanning multiphoton-excited fluorescence
microscope.
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employing cyanobiphenyl and terphenyl LCs, fluorescence
arises from three-photon excitation of the molecules.31

Images are collected by raster scanning the sample, which
is mounted above the objective on a piezo-electrically
driven stage, while the emitted fluorescence is detected.

The use of near-IR light for fluorescence excitation has
several advantages in studies of light-scattering, birefrin-
gent materials. First, because light scattering depends on
the optical frequency to the fourth power, scattering of
the incident laser light is minimized. Changes in the
polarization state of the incident light by passage through
the birefringent droplets are also minimized because the
LC is less birefringent at longer wavelengths and the
optical path through the droplets is shorter relative to the
wavelength of light.

Perhaps most important from the perspective of opti-
cally thick PDLC devices, fluorescence is excited only in
the focal volume of the microscope. MPEFM images are
virtually background-free, and depth-profiling experi-
ments are readily performed by simply changing the focus
depth. Multiphoton excitation is also highly sensitive to
molecular orientation, so MPEFM can also be used to
obtain the LC organization and to measure local order
parameters.33

Dynamical information was obtained in MPEFM stud-
ies by preparing functional PDLC films between conduc-
tive glass substrates or with embedded copper wires. An
electric field was applied to the sample (either perpen-
dicular or parallel to the film plane), and changes in the
LC fluorescence were recorded in time as a function of
position within the droplets. Time-resolved fluorescence
movies of the reorientation process were then prepared,
depicting dramatic spatial variations in the LC dynamics.

Droplet Shape Characteristics and Liquid
Crystal Organization
In the majority of PDLC devices, the encapsulated LC
droplets are meant to serve as efficient light-scattering
centers.38 In practical devices, droplets having diameters

of about 1 µm and a narrow size distribution work best.39,40

Droplet shape is also important because it can cause LC
organizational changes and plays a significant role in
governing LC reorientation dynamics.8,10 Unfortunately,
droplet size and shape attributes often vary substantially
from droplet to droplet, leading to significant sample
heterogeneity.

PDLC film optical properties are often modeled based
on the assumption of spheroidal or ellipsoidal droplets
of a specific size. Figure 1B shows an optical micrograph
of a PDLC thin film comprised of a common LC mixture
(E7) dispersed in a poly(vinyl alcohol) (PVA) matrix. As is
readily apparent, the droplets take on a wide range of sizes
and exhibit significant variability in the LC organization.

NSOM and MPEFM methods have been applied in our
labs to better understand the droplet shape classes and
LC organizations present in such materials. Figure 3 shows
a series of images that depict some of the different types
of droplets that have been observed. Figure 3A-C depict
NSOM images of the expected spheroidal or ellipsoidal
droplets for the E7-PVA system. The LC in these droplets
is organized in the bipolar configuration, as depicted in
Figure 3J. Figure 3D-F, however, show topographic and
optical NSOM images of unexpected “collapsed” or “to-
roidal” droplets,23,31 the latter exhibiting images consistent
with the LC organization shown in Figure 3K. Figure 3G,H
depicts MPEFM images of a bipolar ellipsoidal droplet and
a “toroidal” droplet, respectively. Our results have shown
that a significant fraction (∼8% of droplets) in pure E7-
PVA films take on a “toroidal” shape.31 Studies performed
for dye-doped28 and surfactant-treated31 materials prove
that a reduction in interfacial energy can cause an increase
in the fraction of collapsed or “toroidal” droplets. Although
not yet proven, the appearance of the “toroidal” droplets
likely results from competition between surface energy
effects, which tend to yield spheroidal droplets, and LC
organizational energy, which favors droplets having no
organizational defects (i.e., as occur at the poles of bipolar
droplets).

FIGURE 3. Images and models of several LC droplets. Panel A shows a topographic image of an ellipsoidal droplet. Panels B and C show
NSOM birefringence images of two bipolar ellipsoidal droplets having optical axes oriented perpendicular and parallel to the film plane,
respectively. Panel D shows a topographic image of a collapsed (“toroidal”) droplet. Panel E shows the NSOM birefringence image of the
droplet shown in panel D. Panel F shows a topographic image of a dye-doped PDLC sample showing several collapsed droplets. Panels G
and H show MPEFM images of bipolar and toroidal droplets, respectively. Panel I shows a MPEFM image of a PDLC droplet of radial
configuration. Panels J-L show models for the LC organization in bipolar, toroidal, and radial droplets, respectively. Appended arrows show
the incident and detected polarizations.
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Finally, Figure 3I,L presents a view of how polymer/
LC interfacial interactions alter the LC organization and
hence the images obtained. These data are for a droplet
of radial configuration,34 resulting from perpendicular LC
anchoring at a poly(isobutyl methacrylate) surface.

Controlling Liquid Crystal Droplet Shape
In most PDLC film preparations, droplet size and shape
are uncontrolled, leading to broadly distributed sample
properties.1-5 Dramatic improvements in the properties
of PDLC-based devices may be achieved by preparing
materials with well-controlled droplet sizes and shapes.
We recently demonstrated a method for obtaining highly
regular LC droplets that can also be used to prepare well-
ordered hexagonal droplet arrays.32 In this method, tem-
plated voids are prepared in a polymer film, and the voids
are subsequently filled with LC.

This method is outlined in Figure 4A and is based on
well-known methods for producing inverse opals.41 First,
monodisperse polystyrene microspheres were deposited
onto a glass substrate. The spheres were then coated with
a water-soluble polymer such as PVA or poly(ethylene
oxide). After drying, the microspheres were removed by
immersion in chloroform or toluene. This procedure left
behind a polymer film containing templated voids of the
same size, shape, and organization as the microspheres.
The templated polymer film was then covered with a
second substrate and capillary action was used to load
the voids with LC. Related materials in which the voids
between the microspheres have been filled with LC have
also been described,42 but to our knowledge, this was the
first time PDLC films had been fabricated in this manner.

Figure 4 shows MPEFM images of hexagonally ordered
templated PDLC droplet arrays. Figure 4B was recorded
using circularly polarized incident light to minimize
contrast caused by polarization-dependent excitation of
LC fluorescence. Such images most clearly depict the
hexagonal order. In subsequent studies, linearly polarized
light was used to excite LC fluorescence in hopes of
understanding LC organization within the templated
droplets.32 Of primary interest in these studies were
orientational correlations observed between neighboring
droplets. Figure 4D shows a MPEFM image recorded using
linearly polarized incident light. Simulations of the three-
photon excited images obtained from bipolar PDLC
droplets under different polarization conditions are shown
in Figure 4C. Surprisingly, the optical (or polar) axes of
many droplets in Figure 4D are oriented in the same
direction. The white box appended to the image highlights
a region in which ∼16 droplets possess nearly identical
LC alignment: all are nearly perpendicular to the incident
polarization. Figure 4E depicts the approximate optical
axis alignments for many droplets in this region. These
results prove that LC organization is well correlated over
long distances in these materials. Such correlations could
arise from (I) subtle compression of the void array along
a particular direction due to compression of the precursor
sphere arrays, (II) organizational “communication” be-

tween droplets through interconnecting channels between
the voids, (III) alignment induced by physical features on
the covering glass slide, or (IV) a combination of these

FIGURE 4. Panel A shows a schematic of the PDLC templating
method. Panel B shows a MPEFM image of a templated, hexagonally
ordered LC droplet array. Panel C shows the model configuration
and simulated three-photon excited fluorescence images for bipolar
droplets under different incident polarization conditions (see ap-
pended arrows). Panel D shows a MPEFM fluorescence image of
templated PDLC droplets recorded using linearly polarized light, and
panel E shows a model for droplet alignment in the highlighted
region.
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factors. Mechanism III was verified by inducing LC align-
ment by rubbing polymer-coated cover slides prior to
assembly of the devices.32 However, evidence for the
participation of the other mechanisms also exists. In-
cluded are the dramatic droplet-to-droplet variations in
LC alignment for droplets positioned near grain bound-
aries or single void defects.

Since our initial report on these materials, researchers
at Bell Labs have prepared 3D droplet arrays using similar
methods and have demonstrated Bragg diffraction from
them.43 Should it become possible to prepare well-ordered
hexagonal arrays over large areas,41 such materials may
someday lead to revolutionary, switchable Bragg devices
based on PDLCs.

Dynamics in Pure Polymer/Liquid-Crystal
Composites
Obtaining detailed, high-resolution images of the electric-
field-induced dynamics8,10 within single LC droplets has
been a long-term goal of our research.21,22,24,25,33,34 These
results, coupled with detailed theoretical modeling, will
allow for the complete understanding of how polymer-
encapsulated LC droplets respond to applied electric
fields.

Figure 5 presents typical topography and dynamic
NSOM images obtained from pure, bipolar PDLC droplets.
The amplitude images shown in Figure 5B,C reflect the
changes in LC alignment induced locally by the modulated
electric field. Figure 5E depicts a line profile taken from
the image in Figure 5B. Sub-diffraction-limited resolution
is clearly obtained, indicating that the dynamics probed
occur within the near field of the NSOM tip, even though
the droplets are approximately 1 µm thick.25 The sensitivity
of these measurements to near-field effects arises in part
from concentration of the applied electric field near the
end of the sharp aluminum-coated NSOM probe.22,25

Contrast in the amplitude images depends on the
relaxed LC orientation and the optical thickness of the
droplet region being probed. Phase images (see Figure 5D)
provide a better depiction of the droplet dynamics,
because of their reduced sensitivity to these parameters.
Clearly visible in Figure 5D are dramatic spatial variations
in the phase signal. These phase images and complemen-
tary time-resolved data21 obtained from numerous bipolar
droplets indicate that the LC dynamics are faster near the
polymer-LC interface and relatively slower in central
droplet regions. They also suggest that the LC reorienta-
tion process can be quite complex in central regions,
especially near the equatorial plane and polar axes of
bipolar droplets. LC reorientation is more rapid in outer
droplet regions due to the greater elastic torques active
in these regions.25,33 Over the equatorial plane, the droplet
polar axis, or both, dynamical differences arise primarily
from reduced coupling of the LC to the applied field
(because the relaxed LC lies perpendicular to the field).25,33

Reorientation in these regions is driven by reorientation
of neighboring LCs, and frequency-dependent studies

(Figure 5F) can be used to obtain information on the
relative importance of the local viscous and elastic torque
densities in governing reorientation in these regions.25

Representative MPEFM movies of the dynamics in
bipolar33 and radial34 droplets are shown in Figures 6 and
7, respectively, along with time transients recorded for
specific droplet regions. In the case of the bipolar droplet
(Figure 6), features associated with the equatorial plane
and polar axis dynamics are clearly depicted. The polar
axis in this droplet runs from the lower left corner of the
images to the upper right. Unlike the NSOM data, these
data were recorded under the influence of a relatively
uniform applied electric field, indicating that these dy-
namical features reflect inherent droplet properties varia-
tions. As observed by NSOM, the LC relaxation dynamics
are fastest in the outer circumference (especially away

FIGURE 5. Panel A shows a NSOM topography image of a PDLC
droplet. Panels B and C show NSOM dynamic amplitude images
recorded at high and low field modulation frequencies (3000 and
100 Hz), respectively. Panel D shows the NSOM dynamic phase
image collected simultaneously with the image shown in panel C.
Panel E shows a line profile from panel B. Panel F shows NSOM
dynamic amplitude signals for points on (9) and off (0) the central
axis.
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from the poles) of the droplet, where relaxation is driven
by orientationally “anchored” interfacial LC.33

Figure 7 depicts radial droplet dynamics recorded using
an alternative geometry in which the electric field was
applied parallel to the film plane. Aside from demonstrat-
ing that different experimental geometries are possible
using MPEFM methods, these data also depict how the
relaxation process depends on the droplet shape attributes
and LC organization. In this radial droplet, a long onset
prior to LC relaxation in central droplet regions is ob-
served, due to relaxation through a metastable “axial”
configuration upon removal of the applied field.34

Dynamics in Dye-Doped and Photorefractive
PDLCs
Dyes and other dopants are often employed in PDLC-
based optical shutters and photorefractive materials.7,44

By design, these additives alter the film properties, giving
the devices their functional attributes (e.g., a photoin-
duced change in refractive index in the case of photore-
fractives). In a number of recent publications, we have
explored the influence of both permanent24,30 and pho-
togenerated27,29,30 ions on PDLC droplet dynamics.

Figure 8 shows dynamic NSOM images acquired from
a PDLC sample doped with photoexcitable electron-
donating and -accepting dyes. The droplet shown contains
millimolar levels of perylene (photoexcitable electron

donor) and a naphthalene diimide (electron acceptor).45

These dyes were chosen based on their prior use in
photorefractive materials.44,46 Our NSOM studies yielded
information on the origins of the photorefractive effect
in individual PDLC droplets and also pointed to a possible
new method for enhancing the photorefractive effect in
PDLCs.

PDLCs doped with the dyes alone show only subtle
effects of ion generation in NSOM experiments. The
sample shown in Figure 8, however, was also doped to 11
µM with tetrabutylammonium tetrafluoroborate.30 Addi-
tion of these permanent ions causes enhanced sensitivity
of the NSOM dynamics signals to photogenerated ions.
We have also shown that the added ions yield a corre-
sponding increase in the photorefractivity of bulk PDLCs.30

Figure 8A,D,G shows phase images recorded before,
during, and after ion generation, respectively. Photoge-
neration of ions was induced using 488 nm light, while
the LC dynamics were monitored using 633 nm light.
During ion generation, the average phase angle measured
increased by 19° ( 3° (Figure 8D relative to Figure 8A), a
much larger increase than was observed in the absence
of permanent ions, where the increase typically averaged
∼2°. Experiments performed on several samples proved
this to be a general trend. After ion generation, the phase
angle returned to within 2° ( 2° of its value prior to ion

FIGURE 6. The top panel shows representative frames from a
MPEFM movie of PDLC droplet dynamics in a bipolar LC droplet.
The dynamics after application of the electric field are depicted in
the first two rows. The dynamics after removal of the field are shown
in the last row. The time in milliseconds after field switching is given.
The bottom panel shows time transients recorded for single positions
over the droplet. Data are shown from center (s), equatorial/edge
(- - -), and polar (‚‚‚) regions. The times at which the field was
switched on and off are shown.

FIGURE 7. The top panel shows representative frames from a
MPEFM movie of PDLC droplet dynamics in a radial LC droplet. The
dynamics after application of the electric field are depicted in the
first row. The dynamics after removal of the field are shown in the
last two rows. The time in milliseconds after field switching is given.
The bottom panel shows time transients recorded for single positions
over the droplet. Data are shown from center (‚‚‚), interfacial (- - -
), and intermediate (s) regions. The times at which the field was
switched on and off are shown.
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generation, indicating that most of the photogenerated
ions recombined or were otherwise removed.

Amplitude images (see Figure 8) exhibit similar sensi-
tivity enhancements in the presence of permanent ions.30

These images are shown in Figure 8B,E,H. Line profiles
taken from these images are reported in Figure 8C,F,I and
their relative differences are shown in Figure 8J,K. The line
profiles most clearly demonstrate the magnitude of the
changes in signal amplitude and a view of the spatial
variations therein resulting from ion photogeneration. The
decrease in signal amplitude during ion generation was
most pronounced in the droplet center, where the am-
plitude decreased by ∼60%. This spatial dependence likely
arises from the movement of ions to droplet regions
closest to the electrode surfaces. Hence, ion-induced LC
relaxation occurs most strongly in central droplet regions.

Several possible mechanisms exist by which permanent
ions might improve the sensitivity of the NSOM experi-
ments to photogenerated ions and enhance bulk photo-
refractivity. First, the ions may stabilize the photogener-
ated, charge-separated radical ions,47,48 resulting in a more

rapid and complete cancellation of the applied electric
field and, hence, enhanced LC relaxation. Second, they
may cause a change in the diffusion coefficients of either
ionic product, resulting in larger space-charge fields.44

While these two mechanisms are well-known and have
been previously described, a third possible explanation
also exists that, to our knowledge, has not previously been
addressed. This mechanism involves the nonlinear de-
pendence of LC alignment on the local electric-field
strength, which is determined in part by the ions present
(whether permanent or photogenerated).

Computer simulations were performed to better un-
derstand the contributions of this latter mechanism30 and
the overall dynamics of ion-dependent LC relaxation. One-
dimensional simulations of the dynamics associated with
ion migration, space-charge field formation, and LC
reorientation were performed using finite difference time
domain methods.27 As in the experimental studies, the
sample was exposed to a sinusoidally modulated, exter-
nally applied electric field. Ion concentrations similar to
those used experimentally were employed. Simulated
optical signals were obtained and their amplitude and
phase characteristics determined, exactly as with the
experimental data.

Figure 9 gives representative results from these simula-
tions, depicting the influence of increased ion concentra-
tions. These particular simulations employed a 200 Hz
field modulation frequency. Figure 9A depicts the squared
electric field within a droplet containing 1 µM ions. The
field data are plotted with respect to time and position
within the droplet, relative to the polymer/LC interface
(at 0.0 nm). The electric field in the droplet remains
relatively uniform throughout and has a relatively small
amplitude (peak at ∼2 V/µm). Figure 9B illustrates the
squared electric field in a droplet containing 30 µM ions.
In this case, the electric field within the droplet shows
dramatic spatial and temporal variations. The field in the
central regions of the droplet peaks below 2 V/µm, while
the field at the interface peaks at ∼5.3 V/µm, later in time.
These variations reflect the buildup and decay of an ion-
dependent space-charge field at the polymer/LC inter-
face.

The time-dependent LC orientation and simulated
NSOM signals were determined from the field data. Figure
9C plots the resulting simulated optical signals for 1 µM
ions (solid line) and 30 µM ions (dashed line). Also shown
on this plot is the approximate LC orientation state at each
point during the simulation. The modulated optical signal
(resulting from LC reorientation) clearly shifts earlier in
time (i.e., there is a smaller phase lag) as the ion
concentration increases. Simultaneously, a decrease in the
signal amplitude also occurs. These observations are
identical to those obtained in NSOM experiments (Figure
8). Most importantly, simulations performed for a series
of ion concentrations also predict an increase in the
sensitivity of the dynamic NSOM experiments to photo-
generated ions for samples of higher average ion concen-
trations (see Figure 9D).

FIGURE 8. Panels A and B show NSOM dynamic phase and
amplitude images of a photorefractive-PDLC droplet prior to pho-
togeneration of ions. Panel C shows the line profile from the image
in panel B. Panels D and E show NSOM phase and amplitude images
recorded for the same droplet during photogeneration of ions. Panel
F shows the line profile from the image in panel E. Panels G and H
show phase and amplitude images acquired after ion generation.
Panel I shows the line profile from the image in panel H. Panels J
and K show changes in the amplitude signal between images
recorded during and before ion generation and after and during ion
generation, respectively.
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The spatial variations in LC dynamics contributing to
the NSOM signals can be better understood by looking at
the LC orientation angle at different positions within the
droplet.30 Figure 9E,F shows the LC orientation as a
function of time at the droplet surface and in the droplet
center, respectively, for 1 and 30 µM ion concentrations.
An orientation angle of 0.0 rad corresponds to the fully

relaxed (zero-field) orientation of the LC, and π/2 corre-
sponds to field-aligned LC. The LC reorientation process
in the droplet center clearly changes more dramatically
with a change in ion concentration than it does near the
droplet surface. The modulated LC orientation in the
droplet center is more strongly damped at higher ion
concentrations because of the more rapid decay of the
electric field within the droplet under these conditions.
Hence, most of the changes in the NSOM signals observed
in Figure 8 can be attributed to changes in the LC
reorientation process deep within the droplet, as can the
LC relaxation that drives the photorefractive effect in
PDLCs.

Conclusions
The dynamics of electric-field-induced LC droplet reori-
entation play an important role in governing the func-
tional properties of PDLC-based devices. Such dynamics
are highly dependent on droplet size and shape, as well
as interfacial anchoring conditions. Even in systems of
highly regular droplets, the dynamics vary internally
within individual droplets due to the complex cooperative
mechanisms of field-induced LC reorientation. Proper
microscopic methods with sufficient spatial resolution are
required to probe these dynamics and fully understand
the mechanisms by which LC reorientation occurs. NSOM
and MPEFM are two techniques that meet these require-
ments and provide complementary information on PDLC
thin film morphology and dynamical properties.
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