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Imprinting of nematic order at surfaces created by polymerization-induced phase separation
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Bell Laboratories, Lucent Technologies, 600 Mountain Avenue, Murray Hill, New Jersey 07974

~Received 6 March 1998!

Surface interactions of liquid crystals at interfaces are crucial for the performance of devices that use liquid
crystals. Many dispersions of polymers and liquid crystals for electro-optic applications are made by
polymerization-induced phase separation into a nematic and a polymer gel component. Imprinting of nematic
order onto polymer interfaces created in this way was studied. Imprinting renders the interface anisotropic so
that the liquid crystal has a preferred in-plane orientation. The interface can be imprinted with nematic order
when the polymer network is formed but not after. Also, imprinting survives an excursion through a
temperature-driven anchoring transition. These observations argue that imprinting is due not to surface-
adsorbed mesogens, but to an anisotropic arrangement of the polymer network at the interface. Surface im-
printing affects electro-optic properties of polymer-dispersed liquid crystal films in this study and it can be
manipulated by an external field during film formation.@S1063-651X~98!10809-7#

PACS number~s!: 42.70.Df
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I. INTRODUCTION

Surface interactions of liquid crystals at interfaces are
entifically interesting as well as crucial for electro-optic d
vices that use liquid crystals. In many cases the liquid cry
is in contact with a polymer either as an aligning layer as
twisted-nematic displays or as a structural component s
as in dispersions of polymers and liquid crystals. One
ample is the polymer-dispersed liquid crystal~PDLC!, which
consists of micrometer scale liquid crystal drops~typically
nematic! embedded within a polymer matrix. PDLC films a
highly scattering because of the refractive index differen
between drops and their surroundings and curvature of
nematic within drops. By aligning the liquid crystal in a su
ficiently strong electric or magnetic field, the drops can a
pear index matched to their surroundings for light of norm
incidence and the film becomes transparent@1–3#. Because
of their switchable scattering power, they are used as s
chable privacy windows for architectural applications a
are candidate materials for flat panel displays. In anot
variation, the nematic drops are made to be much sma
than the wavelength of light to reduce scattering. The spa
average refractive index can be modulated by field alignm
of the nematic component and this action can be used
make electrically switchable photonic devices@4–6#. Several
other dispersions created by polymerization-induced ph
separation of polymers and liquid crystals have been de
oped with a variety of interesting electro-optical propert
@3,7–9#.

Electro-optical properties of PDLCs depend on bulk pro
erties of the liquid crystal, geometric factors, and liquid cry
tal anchoring at the drop surfaces@3,10–12#. Surface anchor-
ing arises because the interfacial energy of a nematic
substrate is, in general, a function of the orientation of
nematic near the interface. The anisotropic component of
interfacial energy is called the surface anchoring ene
w(n;n,j), wheren is the nematic director,n is the surface
normal, andj indicates a special in-plane surface directio
Whether a liquid crystal prefers to orient with the directorn
normal to the interface~homeotropicanchoring!, in the plane
PRE 581063-651X/98/58~3!/3273~7!/$15.00
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of the interface~homogeneousanchoring!, or along a tilted
direction or directions depends upon subtle interactions
are not well understood. Unidirectional homogeneous ali
ment can be produced by rubbing a substrate@13–15# and
homeotropic alignment by treating the bounding surfa
with amphiphilic alkyl compounds such as surfactants@16–
20#. The less common tilted anchoring has been seen
glass surface exposed to smoke soot@21# or coated with a
commercial fluorinated surfactant~Fluorad 431! @22#.

At an isotropic surface, anchoring energy can depend o
upon the angle between the nematic director and the sur
normal. Interestingly, several studies have shown that cer
initially isotropic surfaces can be rendered anisotropic
contact with an anisotropic phase. This phenomenon
been coinedsurface memoryby Clark @23#. Friedel @24# in
1922, showed that crystals on clean glass imprinted th
orientation on the surface and the nematic phase resu
from melting of the crystals aligned in directions defined
the crystals. Clark investigated a similar phenomenon at v
ous polymer surfaces@23#. He reported a surface memor
when smectic phases were formed in contact with hydrop
bic polymers. No memory was observed for nematics or
drophilic polymers. More recently, surface memory at
poly~vinyl alcohol! surface has been reported@25#.

Ouchi et al. @26# used second harmonic generation a
ellipsometry to study the orientation of octylcyanobiphen
at a polyimide surface. They inferred that surface memory
that system was caused by mesogens adsorbed on the su
and trapped in local rotational potentials. Notably, th
found only a very slightly anisotropic orientation of me
sogens at a surface that exhibited memory.

Whether surface memory is present in some PDLC fil
has been an issue of speculation. Margerumet al. @27# re-
ported on a memory phenomenon in PDLC films made
photopolymerization-induced phase separation of a mixt
of the commercial liquid crystal E7~EM Industries! and an
ultraviolet-light-curable monomer mixture. In each expe
ment, two matching films were photopolymerized with o
in an aligning electric or magnetic field~referred to as the
field-cured film!. The field-cured film exhibited several dif
3273 © 1998 The American Physical Society
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3274 PRE 58KARL R. AMUNDSON
ferences from its counterpart. The voltage required to sw
the field-cured film was lower and at zero field it was le
scattering, giving a greater forward transmittance. These
fects could have morphological origins: Perhaps the e
tric and magnetic fields elongate drops or could arise fr
imprinting of the nematic direction at the drop surface wh
the drops were formed. The latter explanation was prefe
because the enhancement of forward transmittance thro
the field-cured film diminished upon heating the films with
a couple of degrees of the nematic-to-isotropic tempera
(TNI). However, the E7 liquid crystal was later reported
have a biphasic~nematic plus isotropic! temperature range o
1.5 K ~and presumably greater in the presence of impurit!
just below TNI . In this range, the drops become biphas
with a nematic component enveloped in an isotropic fl
shell @11#. This would certainly eliminate the effects of su
face memory at the polymer surfaces, but would also eli
nate morphological effects, as surface tension drives
nematic component of a biphasic drop to a spherical sha

Yamaguchi and Sato@28,29# observed persistent states
bicontinuous polymer/liquid crystal dispersions, but the p
sistence was small or absent in related PDLC films. O
notable characteristic is that the memory in these struct
is erasable by heating the film into the isotropic state
seems likely that persistence in these cases arises from
tiple metastable nematic director patterns associated with
bicontinuous morphologies.

In this paper imprinting of nematic order at surfaces c
ated by polymerization-induced phase separation is dem
strated. The vehicle for this study is electric field alignme
of nematic order during formation of PDLC films. Pairs
identical PDLC films were formed where an electric fie
aligned the nematic director in one film while in the other t
director orients in various directions according to dr
shapes. Differences in electrical and optical properties of
two films reveal a memory of the early director orientation
some cases. The dependence of memory on surface an
ing shows that memory in the film is associated with the d
surfaces. Characteristics about surface anchoring are ga
from studying the effect of surface anchoring on memo
from thermal studies, and from passage through
temperature-induced anchoring transition.

II. EXPERIMENT

PDLC films were made from a mixture of;80 wt. %
liquid crystal ~TL205, EM Industries! and ;20 wt. % UV-
curable acrylate monomer. TL205 is a mixture of halog
nated bi- and terphenyls with aliphatic tails of lengths two
five carbon atoms@18#. The monomer mixture is mostly~85
wt. %! monofunctional alkyl acrylate with a polyfunctiona
acrylate~13.5 wt. %, 1,1,1-trimethylol propane triacrylate! to
add cross links to the polymer network and a UV sensit
photoinitiator ~1.5 wt. %, Darocur 1173, Ciba!. The choice
of monofunctional acrylate was varied to achieve the des
anchoring transition temperature. The mixture was pla
between two indium-tin-oxide-coated glass plates separ
by 10–20mm and then cured with UV light. Upon polymer
ization, the solution supersaturates. Drops of nematic liq
crystal form and are held in place by solidification of t
matrix.
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To study the effect of an electric field during curing, pa
of otherwise identical films were prepared simultaneous
Across one, a sinusoidal~1 kHz! voltage was applied
throughout photopolymerization and it is referred to as
field-cured film. The other is called the reference film.

The forward transmittance of a HeNe laser beam~632.8
nm! passing normally through the film was measured us
2° ~full angle! collection optics. The film temperature wa
controlled with a Mettler FP82 hot stage with cold nitrog
gas flow. Electrical impedance across the film was de
mined by measuring the amplitude and phase of current p
ing through the film at 1 kHz while applying a 1-kHz voltag
signal ~Fig. 1!. The test voltage was kept sma
(;18 mVrms) so as to not perturb the nematic director. T
impedance was also measured when the nematic was
aligned by a large-amplitude 60-Hz voltage. In that case,
60-Hz aligning voltage was mixed with a 1-kHz test volta
and the current at 1 kHz only was measured.

III. RESULTS AND DISCUSSION

A. Control of surface anchoring

The formulation used to make PDLC films studied he
was recently discovered in this laboratory@12# to exhibit
anchoring behavior that depends sensitively on the natur
the polymer side group. In general, anchoring was found
be homeotropic at low temperature and homogeneous at
temperature~see Fig. 2!, with an anchoring transition tem
peratureTt that depends on the structure of the polymer s
group, as shown in Table I of Ref.@12#. In general, long,
linear alkyl side groups induce homeotropic anchoring up
close to the nematic-to-isotropic transition temperature
about 84 °C in the PDLC films. Decreasing the length of t
side group causesTt to decrease somewhat, but use of
branched, secondary or cyclic alkyl side group induce
much more dramatic drop inTt . Intermediate values ofTt
can be obtained by mixing one or more monofunctional ac
lates in the PDLC formulation, resulting in copolymers wi
a mix of side groups.

FIG. 1. Electrical impedance measurement apparatus. Lock-
measures the voltage at 1 kHz and lock-in 2 measures the cu
amplitude and phase at 1 kHz.

FIG. 2. Homeotropic and homogenous anchoring of a nem
liquid crystal at an interface.
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This formulation offers a crucial feature for this wor
namely the ability to affect anchoring without large chang
in morphology. The morphology varies only slightly with th
choice of alkyl acrylate because the solubility of the liqu
crystal in all acrylate matrices used here is similar.

B. Memory of field alignment and the anchoring condition

Two PDLC films with thicknesses of 2061 mm were
made using a 75-wt. % isobornyl acrylate and 25-wt. %n-
octyl acrylate mixture as the monofunctional acrylate co
ponent. This mixture of monofunctional acrylates yiel
PDLC films with an anchoring transition temperature
14 °C, and anchoring is homeotropic below 14 °C and hom
geneous above. PDLC films were made at ambient temp
ture, 2361 °C and anchoring is homogeneous at that te
perature. A 53 Vrms 1-kHz voltage was applied across on
film during photopolymerization.

One concern is that drops could be elongated by the
tion of an electric field. This has been observed in ph
separated polymer blends@30#. Impedance measuremen
show that at the 1-kHz frequency used the films are pu
dielectric. Therefore, the theoretical analysis of static d
shape in an electric field by Garton and Krasucki is relev
@31#. Assuming a surface energy on the order of 10 ergs/c2,
their theory predicts that the electric field used would n
significantly elongate the drops. To explore this possibility
second pair of films was made from the same mixture wit
trace amount of fluorescent dye~Pyrromethene 580; Exciton
Chemical Co., Dayton, Ohio! and was studied by fluores
cence confocal microscopy. The morphology of the fie
cured and reference film had a similar appearance.

After photopolymerization, the voltage was removed a
the zero-voltage forward transmittance through the two fil
was measured as a function of temperature~Fig. 3!. Across
the entire temperature range where anchoring is homo
neous, the forward transmittance through the field-cured
exceeds its counterpart by a factor of 3–5. Upon cooling
films below 14 °C, the surface anchoring changes to hom
tropic and the forward transmittance through the pair of fil
becomes similar.

The enhanced forward transmittance in the field-cu
film above 14 °C suggests that the nematic director distri
tion is biased toward greater alignment with the film norm

FIG. 3. Forward transmittance through the field-cured and
erence films made using a 75-25 wt. % mix of isobornyl acryl
and n-octyl acrylate. Transmittance is relative to transmiss
through the optical apparatus without a sample.
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than in the reference film, that is, the film is ‘‘partiall
switched’’ even in zero field. Impedance measurements c
firm this. Measurements were made on a second pair of fi
made with the same formulation and procedure but with
smaller surface area~presumably because of the finite res
tance of the indium-tin-oxide surface electrodes, the sma
films gave better impedance results!. The impedance is reac
tive ~phase angle 88°–90°! so to a good approximation it ca
be considered purely capacitive. The capacitance of the
can be expressed as

C5
«eff A

d
, ~1!

whereA is the surface area of the overlapping parts of
electrodes,d the gap thickness, and«eff the effective dielec-
tric constant. The capacitance both at zero excitation volt
(C0) and at an excitation voltage that saturates both the
pacitance and forward transmittance (C`) was measured.C`

varied only very slowly with temperature. Geometric cont
butions to the capacitance are canceled by taking the r
C0 /C` , which is plotted as a function of temperature in F
4. When, in zero field, the nematic liquid crystal is not we
aligned with the film normal,C0 is small as is the ratio
C0 /C` . This ratio increases toward unity as the zero-fie
director is more strongly aligned with the film norma
Above the anchoring transition temperature, the field-cu
film has a significantly larger capacitance ratio, indicati
better alignment in zero field. Below 14 °C where the a
choring is homeotropic,C0 /C` for the field-cured film is
about 10% lower than the reference film, suggesting m
in-plane alignment of the director in the field-cured film
This surprising observation is repeatable, but the reason f
is unknown.

The forward transmittance and the capacitance ratio
hibit peaks at the anchoring transition temperature. Both
be attributed to a relaxation of the internal drop structu
near the transition. Light is scattered by spatial variations
the refractive index tensor, especially variations with leng
scale near the wavelength of light. One contribution is c
vature of the director field within the drops. Near the anch
ing transition, anchoring becomes weak and so the dire
field in the drops becomes less curved@9#. This loss of in-
ternal structure means that less light is scattered and m
light is transmitted in the forward direction.

f-
e

FIG. 4. C0 /C` for the field-cured and reference films made wi
a 75-25 wt. % mix of isobornyl acrylate andn-octyl acrylate.
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3276 PRE 58KARL R. AMUNDSON
The peak in the ratioC0 /C` arises for a similar reason
namely, near the anchoring transition the director field in
drops loses internal structure. A calculation of«eff for a
PDLC film is given in the Appendix. To second order in th
spatial variations of the dielectric tensord«<5«< (r )
2^«< (r )&, the effective capacitance is given by

«eff5êz•^«< ~r !&•êz2E @ êk• d̃«< ~k!•êz#
2

êk•^«< ~r !&•êk
d3k, ~2!

where the overhead tilde denotes a Fourier transform w
wave vectork and the angular brackets denote a spatial
erage over the film. The first term gives the space averag
the dielectric tensor projected onto the film normalêz . The
second term is an integration over normalized Fourier co
ponents of the dielectric tensor and acts to diminish«eff . In
weak anchoring, the curvature of the director field is redu
and so contributions to the second term are also redu
giving an increase in the effective capacitance. For this r
son, there will be a peak inC0 /C` around the anchoring
transition temperature with a width that corresponds to
temperature range of weak anchoring. Given the liquid cr
tal dielectric anisotropy («par59.1 and«perp54.1 at 24 °C!,
the magnitude of the peak inC0 /C` , far from TNI , should
be on the order of 10% of its base line value. Since
dielectric anisotropy diminishes asTNI is approached, films
with an anchoring transition temperature closer toTNI should
exhibit a smaller peak inC0 /C` , as is seen in the nex
example.

The same experiment was repeated on another se
PDLC films for which n-hexyl acrylate was used as th
monofunctional acrylate component. The rate of struct
formation and the final structure is similar to that of the film
made with the mixture of isobornyl andn-octyl acrylates.
The films made withn-hexyl acrylate exhibit an anchorin
transition at 65 °C so anchoring is homeotropic during p
topolymerization, which takes place at room temperatu
The forward transmittance through the two films are sho
in Fig. 5. There is only a slight enhancement in forwa
transmittance for the field-cured film near the anchoring tr
sition temperature, but the difference is dwarfed by the la
difference shown by the previous set of films. The ra
C0 /C` , shown in Fig. 6, is also very similar for the tw
films. Below the anchoring transition temperature,C0 /C` is
about 1% smaller and above it is about 3% greater.

FIG. 5. Forward transmittance through the field-cured and
erence films made usingn-hexyl acrylate.
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The data show that the field-induced memory is stro
when anchoring is homogeneous during film formation a
nearly absent when anchoring is homeotropic during fi
formation. This argues against a morphological basis to
memory ~e.g., field-induced elongation of drops! because
bulk forces are insensitive to surface anchoring. Conside
single nematic drop in an aligning field~Fig. 7!. The nematic
is well aligned through the bulk of the drop and only over
thin boundary layer near the surface does the director ben
accommodate the surface anchoring condition. When
boundary layer is much smaller than the drop radius,
thickness can be estimated from the calculated bound
layer thickness at a flat surface@32#

j;S 4pK

D«E2D 1/2

, ~3!

whereK is the nematoelastic constant andD« the dielectric
anisotropy. For approximate field strengths and nem
properties,j is on the order of 100 nm at room temperatu
and smaller above room temperature.

Because the ability to impose a field-induced memory
sensitive to anchoring and because surface alignmen
screened from the liquid crystal in the drop except for t
boundary layer very close to the surface, the memory m
reside within the surface-aligned boundary layer and pres
ably at the drop surface. In addition, the ability to imprint
special direction onto a surface requires a break in azimu
symmetry. A homogeneously anchored nematic define

f- FIG. 6. C0 /C` for the field-cured and reference films made wi
n-hexyl acrylate.

FIG. 7. A single drop of nematic is represented. The lines
note the nematic director in a strong aligning electric field. In t
left half anchoring is homeotropic and on the right it is homog
neous. The director field bends to accommodate surface ancho
in a boundary layer of thicknessj near the drop surface.
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special direction at the surface and imprinting is possible
strong homeotropic anchoring azimuthal surface symmetr
maintained and a special direction cannot be defined. H
ever, if the homeotropic anchoring is sufficiently weak th
the electric field induces a small tilt of the director at t
surface, then azimuthal symmetry can be broken and
printing of a special direction is again possible. The mag
tude of the tilt can be estimated by balancing the elec
field torque throughout the boundary layer of misalignm
near a flat surface:

sin u tilt;
K

w0j
[S D«E2K

4p D 1/2 1

w0
, ~4!

wherew0 is the surface anchoring energy andu tilt is the tilt
angle. Memory of a special direction should be slight
small tilt angles. It is notable that signatures of surface
printing are not completely absent from the film made w
n-hexyl acrylate. Perhaps a surface imprinting is permit
by a field-induced tilt away from homeotropic anchorin
Another explanation, however, is that anchoring is not
actly homeotropic, but slightly tilted from normal. Discer
ing a small tilt angle would be difficult.

C. Surface imprinting and thermal cycling

Clues about the molecular basis for surface imprinting
be gained from several thermal cycling experiments. It
helpful at this point to consider a couple of molecular mo
els. Ouchiet al. @26# proposed that, for octylcyanobiphen
on a polyimide surface, mesogens adsorb on the surface
are trapped in rotational potential wells caused by local po
mer conformations. Memory is then maintained in an ani
tropic distribution of the adsorbed surface layer of mesog
and the polymer is uninfluenced by the nematic phase.
the materials in this study, the polymer is formed while
contact with a nematic phase. It is therefore possible that
nematic director is imprinted upon the polymer gel netwo
and that imprinting is made permanent by cross linkin
Memory is then maintained by an anisotropic distribution
polymer chains segments and/or spatial correlation of fu
tional groups in the network at the drop interface. Th
mechanism has similarities to the principles behind cro
linked molecular templates@33#.

Access to an anchoring transition allows a simple tes
distinguish between these two models. Mesogens lying w
their long axes in the plane of the surface in homogene
anchoring are caused to stand up at the interface upon c
ing to homeotropic anchoring. Then mesogens adsorbe
the polymer interface would certainly escape the rotatio
potentials they experience when lying flat on the interfa
On the other hand, if the memory is retained in the polym
network at the interface, then the memory would survive
excursion to homeotropic anchoring. Electro-optic diffe
ences between the field-cured and reference films persis
ter cooling the films well into the homeotropic anchorin
regime and then heating back up to the homogeneous
choring regime. This shows that the memory survives
anchoring transition, supporting the model where memor
retained in the polymer network.

If memory is imprinted in a polymer network during cro
linking, then imprinting would be impossible after the pol
n
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mer network is formed. To test this, an attempt was made
write a field-aligned nematic order into a filmafter photopo-
lymerization. The reference film used in the above expe
ment ~made withn-hexyl acrylate monomer! was heated to
90 °C and then cooled at21 °C/min to room temperature in
an aligning electric field. The film shows no significa
change in the forward transmittance orC0 /C` across the
entire temperature range~Fig. 8!. The film is susceptible to
imprinting during polymerization, but not after the polym
network is formed. Presumably, after the polymer chain s
ments are cross linked into a network, their orientation s
tistics cannot be rearranged by the nematic liquid crystal

Films were heated to elevated temperatures both ab
and below the nematic-to-isotropic transition temperature
characterize the thermal stability of surface imprinting. R
sults are shown in Fig. 9. The two PDLC films in this e
periment were made using the 75-25 isobornyl acrylaten-
octyl acrylate mixture of monofunctional acrylates describ
earlier so thatTt is at 14 °C. One film was cured in an align
ing field and the other without a field. The forward transm
tance andC0 /C` were recorded after photopolymerizatio
then after heating for 1 h at 70 °C~below TNI), and then
again after heating for 1 h at 90 °C~aboveTNI). The field-
cured film was also held for an additional 4 h at 90 °C.Since
the two films did not have exactly the same thickness, d
ferences in absolute values of forward transmittance sho
be discounted. For the reference film, the peaks in both
forward transmittance and capacitance ratioC0 /C` associ-
ated with the anchoring transition atTt change, but values fa
from Tt change very little. Similar changes in the peak atTt
are also seen in the field-cured film, but in addition there i
significant downward drift in the data aboveTt where an-
choring is homogeneous. The decrease inC0 /C` aboveTt

FIG. 8. ~a! Forward transmittance and~b! C0 /C` before and
after slow cooling in an aligning electric field.
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FIG. 9. Forward transmittance through~a! reference and~b! field-cured film before thermal treatment and then after holding at 70 °C
1 h, followed by 90 °C for 1 h. The field-cured film was also held at 90 °C for an additional 4 h.~c! and ~d! showC0 /C` for the same
thermal treatment.
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for the field-cured film after thermal excursions indicates
lessening of the effect of surface imprinting. At least over
duration of these thermal excursions, surface imprinting
somewhat reduced, but not eliminated. In previous reports
surface memory, memory was shown to decay upon hea
above the nematic-to-isotropic transition temperat
@23,25,26#. In this work, surface imprinting effects diminis
only a little as a result of holding the material aboveTNI.
This likely reflects the different physical bases for surfa
imprinting between the previous work, where the polym
surfaces were created before being put in contact with
nematic, and this study, where the polymer surface fo
and the polymer is cross-linked while in contact with a ne
atic.

IV. CONCLUSIONS

Surface imprinting of liquid crystal orientation at surfac
created by polymerization-induced phase separation has
studied. The vehicle for this study is field alignment duri
formation of polymer-dispersed liquid crystal films. Th
memory of field alignment occurs at the drop interfaces w
demonstrated by showing that memory is strong only wh
surface anchoring is homogeneous. When anchoring is
meotropic during film formation, signatures of the fiel
alignment memory are very slight. That surface imprinti
survives a transition from homogeneous to homeotropic
back to homogeneous surface anchoring is evidence tha
surface memory is held in the polymer network at the d
surface instead of in surface-adsorbed mesogens. Furthe
dence comes from the fact that surface imprinting does
occur after the polymer network is formed. Also, the sign
a
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ng
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en
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d
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tures of surface memory diminish only slightly after holdin
the films at elevated temperatures. Surface imprinting is
important contributor to electro-optic properties of PDL
films and it can be manipulated by an external field dur
film formation.
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APPENDIX: CAPACITANCE AND PDLC
FILM STRUCTURE

The capacitance of the PDLC film is given by Eq.~1!. «eff
is the dielectric constant of a hypothetical uniform and is
tropic material that maintains the film capacitance when
replaces the PDLC material in the capacitor. It is given
equating the electrostatic energy across this hypothetica
placement

1

8p
«effuE0u25

1

8p

1

V EV E~r !•«< ~r !•E~r !d3r , ~A1!

whereE0 is given by

E05
V

L
êz , ~A2!

whereV is the voltage across the film,L the gap thickness
and êz the unit vector normal to the substrates.V is the vol-
ume of integration and«< (r ) andE(r ) are the spatially vary-
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ing dielectric tensor and electric field, respectively. The
electric tensor is spatially varying because of variations
both composition and orientation of the nematic director. F
simplicity, Eq. ~A1! is solved by perturbation analysis eve
though the variations in the dielectric constant can be
much as 50% the mean dielectric constant. The dielec
tensor can be separated into a space average^«< & and a spa-
tially varying componentd«< :

«< ~r ![^«< &1d«< ~r !. ~A3!

By Fourier transform of Maxwell’s electrostatic equatio
“3E(r )50 and“•@«(r )E(r )#50 and Eq.~A3!, the Fou-
rier transform of the electric fieldẼ~k! can readily be ob-
tained. To first order ind«< , Ẽ~k! is given by

Ẽ~k!5E02
êk• d̃«< ~k!•E0

êk•^«< &•êk
êk , ~A4!
J.
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tt.
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ic

whered̃«< (k) is the Fourier transform ofd«< andêk is the unit
wave vector. Only first-order contributions to the elect
field contribute to the effective dielectric constant to seco
order ind«< . Equations~A3! and~A4! inserted into Eq.~A1!
give the effective dielectric constant to second order ind«< :

«eff5êz•^«< &•êz2
1

V E ~ êk• d̃«< •êz!
2

êk•^«< &•êk
d3k. ~A5!

The effective dielectric constant to lowest order is given
the spatial average dielectric tensor projected onto the
normal, minus a term arising from the spatial variations
the dielectric constant. It is primarily the first term that ris
as the liquid crystal is oriented with the electric field. Th
second term represents a negative contribution from com
sitional variations~contrast between drop and matrix! and
from spatial variations in the nematic director.
em.
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