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Imprinting of nematic order at polymer network surfaces as a function of cross-link density

Karl R. Amundson
Bell Laboratories, Lucent Technologies, 600 Mountain Avenue, Murray Hill, New Jersey 07974

~Received 1 July 1998!

The effect of polymer structure on imprinting of nematic order on the surface of cross-linked polymer
networks was studied. Polymer surfaces were formed in contact with a nematic phase by polymerization-
induced phase separation in a nematic solvent. Nematic order imprints upon the interface, giving an easy axis
for nematic anchoring. Surface imprinting diminished with decreasing cross-link density of the polymer net-
work. This trend coincides with an increase in monomeric motion, as shown by a simple argument. This is an
example of crossover from solidlike to liquidlike behavior in a cross-linked polymer as the cross-link density
is varied. Also, surface imprinting is important because it can affect electro-optical properties of dispersions of
polymers and liquid crystals made by polymerization-induced phase separation.@S1063-651X~99!07901-5#

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

Rubbery, amorphous polymer networks exhibit both s
idlike and liquidlike characteristics. Constituent elements
dergo molecular reorientation and translation, albeit
stricted. On the other hand, because of the far-reach
extent of covalent bond pathways, polymer networks re
shear deformation, a characteristic in common with sol
As the density of cross links in a network decreases, mo
of constituent elements becomes less restricted and the
idlike properties diminish. Macroscopic manifestations
clude a decrease in the elastic modulus and an increase i
degree of swelling in a good solvent@1,2#. NMR line shapes
narrow with decreasing cross-link density as dipolar or ot
tensorial interactions are more completely averaged by in
nal motion @3,4#. In this work, crossover from solidlike to
liquidlike behavior upon decreasing the cross-link density
demonstrated in yet another arena, that being anchoring
ergetics of liquid crystals at polymer network surfaces.

The surfaces studied in this work are formed up
polymerization-induced phase separation of a mixture
monomers and a liquid crystal. In a previous publication@5#
it was shown that because the polymer network is form
while in contact with a nematic liquid crystal, nematic ord
can be imprinted onto the polymer network at interfaces. I
useful at this point to review some relevant previous fin
ings.

Surface anchoring arises because the interfacial energ
a function of the orientation of the nematic near the interfa
The anisotropic component is called the surface ancho
energyw(n;n,j), wheren is the nematic director,n is the
surface normal, andj indicates a special in-plane surfac
direction~see Fig. 1!. w is typically small, and is often on the
order of 1022 to 1024 times the average interfacial energ
Whether a liquid crystal prefers to orient with the director,n,
normal to the interface~homeotropicanchoring!, in the plane
of the interface~homogeneousanchoring!, or along a tilted
direction or directions depends upon subtle interactions
are not well understood. In a previous report, surface anc
ing of a liquid crystal~TL205, E. Merck! at acrylate polymer
network surfaces created by polymerization-induced ph
separation was studied@6#. That work showed that surfac
PRE 591063-651X/99/59~2!/1808~6!/$15.00
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anchoring is very sensitive to the polymer side group. Us
acrylates with alkyl side groups, a temperature-induced
choring transition was discovered. Anchoring is homeotro
below and homogeneous above an anchoring transition t
perature,Tt . Tt is near the nematic-to-isotropic transitio
temperature when the polymer side group is a long, stra
alkyl chain and is much lower when the alkyl side group
short, branch, or cyclic.Tt can be adjusted across nearly t
entire nematic temperature range by judicious selection
polymer side group and by mixing of side groups.

The ability to tailor the anchoring energy by making sm
changes in the side group chemistry permitted studying
effect of anchoring without significantly changing the resu
ing morphology. In subsequent work, this was important
demonstrating imprinting of nematic order at polymer n
work surfaces created by polymerization-induced ph
separation @5#. Pairs of polymer-dispersed liquid-crysta

FIG. 1. ~a! Homeotropic and~b! homogeneous anchoring ar
illustrated. Rodlike mesogens are shown above a surface. Hom
neous anchoring at an isotropic surface is degenerate and a
plane director orientations have the same surface energy. A
anisotropic surface~c! homogeneous anchoring can be nondegen
ate and certain in-plane orientations give a lower surface energg
than other orientations, as illustrated in~d!. f is the angle between
the in-plane director and the orientation that gives the minim
surface energy, denoted by the easy axis,j.
1808 ©1999 The American Physical Society
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PRE 59 1809IMPRINTING OF NEMATIC ORDER AT POLYMER . . .
~PDLC! films were made. Film formation begins with a
isotropic mixture of monomer and liquid crystal between tw
substrates. Upon photopolymerization, the mesogen beco
supersaturated and nematic drops form. Solidification of
polymer network halts the coalescence of the drops into la
structures. Confocal microscopy showed the nematic com
nent to form discrete drops within a continuous polymer m
trix @7#. The drop size can be controlled by various facto
and are typically about 1–5mm. An external field is applied
across one film that is sufficiently strong to align the nema
in the newly forming drops but too weak to alter structu
The other film is formed in the absence of a field and so
director in each drop adopts a pattern that minimizes the
of nematoelastic distortion and surface energies. Subseq
differences in optical and electrical properties between
two films were found when anchoring was homogeneous
not when anchoring was homeotropic, showing that
memory was held at the surface of the drops@5#. The fact
that imprinting survived excursions through an anchor
transition and isotropization of the nematic argued that
printing was not due to surface-adsorbed mesogens, bu
stead due to anisotropy imposed upon the polymer netw
at the drop surfaces. Also, surface imprinting occurred d
ing polymerization, but after polymerization a new nema
director orientation could not be imprinted. This support
model where surface anisotropy is held by cross-linking
the polymer network, so that once the network has cro
linked, imprinting of a new nematic director orientation
not possible. In this paper, the connection between impr
ing and the polymer network structure is explored. Impri
ing diminishes as the cross-link density is reduced. Wh
imprinting is possible at solid surfaces, liquids cannot ret
long-term memory. In this light, these experiments prov
another example of crossover from solidlike to liquidlike b
havior for a polymer network as a function of cross-lin
density.

II. EXPERIMENT

PDLC films were made from a mixture of 70–80 wt.
liquid crystal ~TL205, EM Industries! and the remainder a
uv-curable acrylate monomer mixture. TL205 is a mixture
halogenated biphenyls and terphenyls with aliphatic tails
lengths two to five carbons@8#. The choice for monofunc-
tional acrylate is driven by the need for homogeneous
choring at the temperature of film formation~;23 °C! in
order to permit imprinting. In addition, an experimenta
accessible anchoring transition temperature is desirable
cause the transition temperature is a sensitive probe of
face composition. A mixture of three parts~by weight!
isobornyl acrylate and one partn-octyl acrylate was used a
the monofunctional acrylate component because it gives
to an anchoring transition near 14 °C and anchoring is
mogeneous at room temperature. A trifunctional acryl
~1,1,1-trimethylol propane triacrylate! was added to provide
cross-links to the polymer network. The ultraviolet~uv! sen-
sitive photoinitiator~Darocur 1173, Ciba! was added to this
monomer mixture at a concentration of 1.5 wt. %. The cro
link density of the polymer network was controlled by th
choice of the trifunctional acrylate concentration.

In each experiment, the mixture was placed between p
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of indium-tin-oxide-coated glass plates separated by;14
mm, then cured with uv light~;14 mW/cm2, 8–10 min!.
Two films were formed simultaneously. Across one film,
sinusoidal~1 kHz! voltage (26 Vrms) was applied throughou
photopolymerization, and it is referred to as the field-cur
film. The other, with no voltage applied during photopol
merization, is referred to as the reference film. The low sc
tering power after the onset of phase separation in the fi
cured film compared to the reference film showed that
director was well aligned by the field. A series of film pai
were made using 80 wt. % liquid crystal and variable co
centrations of trifunctional acrylate. At low cross-link de
sity, if the liquid-crystal fraction was held at 80 wt. %, th
drops formed before the matrix became sufficiently so
and some drops coalesced to form large features. In th
cases, additional films were made using a lower liqu
crystal fraction until the film morphology appeared simil
~by optical microscopy! to films formed from mixtures with
the higher cross-link density.

The degree of nematic director alignment along the s
strate normal was probed by dielectric measurements. E
trical impedance across each film was determined by m
suring the amplitude and phase of current passing thro
the film at 1 kHz while applying a small 1-kHz voltage sig
nal as described in Ref.@5#. The impedance was also me
sured when the nematic was well aligned by a larg
amplitude 60-Hz voltage. The 60-Hz aligning voltage w
mixed with a 1-kHz test voltage, and the current at 1 k
only was measured. Good alignment with the field was ve
fied by observing that electrical and optical properties of
film did not change upon increasing the applied voltage. T
film temperature during dielectric measurements was c
trolled using a Mettler FP82 hot stage with cold nitrogen g
flow.

III. RESULTS AND DISCUSSION

For all films studied, the impedance is reactive~current-
voltage phase angle of 87°–90°! at the probe voltage fre
quency of 1 kHz, so to a good approximation the impeda
can be considered purely capacitive. The capacitance of
film can be expressed as

C5
«effA

d
, ~1!

whereA is the surface area of the overlapping parts of
electrodes,d is the gap thickness, and«eff is the effective
dielectric constant. The capacitance at zero excitation volt
(C0) and the capacitance while applying an aligning volta
sufficient to fully align the nematic component (C`) were
recorded. The ratio of these two is a convenient meas
because it is independent of the film geometry, and is gi
by the ratio of the effective dielectric constant under t
relaxed and aligned conditions,«0 and«` , respectively:

C0

C`
5

«0

«`
. ~2!

The effective dielectric constant is a function of the polym
dielectric constant and of the dielectric tensor of the nem
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1810 PRE 59KARL R. AMUNDSON
in the drops. Because the dielectric anisotropy of the liq
crystal is positive («par-«perp55.0 at 24 °C!, the dielectric
constant of the film is greatest when the nematic directo
aligned with the electric field.«` is thus an upper bound o
the dielectric constant at any given temperature. In zero fi
the director within each drop orients according to the d
shape and surface anchoring forces, and so the ratioC0 /C`

is less than unity. For example, if the director orientati
distribution is globally isotropic in zero field, then the rat
C0 /C` should be about 0.7 at room temperature, based u
the dielectric constants of the liquid crystal and polymer m
trix. @This ratio heads toward unity as the film is heat
toward the nematic-to-isotropic transition temperature (TNI)
because the dielectric anisotropy diminishes asTNI is ap-
proached.# A bias in the director distribution toward the film
normal will increaseC0 /C` .

Figure 2 shows the capacitance ratio for the pair of PD
films prepared using 13.5 wt. % trifunctional acrylate in t
matrix formulation. Above the anchoring transition tempe
ture, the field-cured film has a significantly larger capa
tance ratio, indicating a greater tendency for alignment w
the substrate normal in zero field. This is a result of impri
ing of the early nematic director orientation at the drop s
faces. The easy axis is aligned along the film normal in
field-cured film, while in the reference film nematic order
imprinted at each drop surface according to each drop sh
This biases the director distribution function toward grea
alignment along the substrate normal in the field-cured fi
compared to the reference film. BelowTt anchoring is ho-
meotropic and one would expect the capacitance of the
films to be similar. Instead, the capacitance ratio of the fie
cured film is slightly lower than the reference film. The re
son for this is unknown. It is possible that there are co
plexities to anchoring at these surfaces that are not w
understood. Also, transients at the lowest experimental t
peratures become quite long, and so the data at 0 °C are
very reliable. It should be noted that the effect of orienti
the director during film formation could also be seen in t
forward light transmittance through the films. The fiel
cured film was less scattering than the reference film ac
the range where anchoring is homogeneous. However,
cause the forward-scattering measurements added little
yond the impedance measurements and were susceptib
thickness differences between films, scattering data are
presented.

FIG. 2. C0 /C` for the field cured and reference films made w
13.5 wt. % trimethylol propane triacrylate.
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Additional pairs of films were made using the same fo
mulation but with lower trifunctional acrylate concentration
Figures 3~a!–3~c! show C0 /C` for films that contain 4.0,
2.0, and 1.0 wt. % trifunctional acrylate with the liquid
crystal fraction held at 80 wt. %. For the film with 4.0 wt. %
trifunctional acrylate, over the temperature range where
choring is homogeneous, the capacitance ratio is greate
the field-cured film than the reference film. However, t
enhancement is noticeably smaller than in the film with 1
wt. % trifunctional acrylate in the monomer mixture. Whe
the trifunctional acrylate concentration was reduced to
wt. % or below, there was no significant distinction betwe
the field-cured and reference films.

Varying the concentration of trifunctional acrylate n
only changes the cross-link density of the polymer netw
in the photopolymerized film, it also changes the drop si
This is because the growth of the polymer network is fac
tated by the presence of the trifunctional acrylate. While
films formed with 13.5 and 4.0 wt. % trifunctional acryla

FIG. 3. C0 /C` for the field cured and reference films made wi
~a! 4.0, ~b! 2.0, and~c! 1.0 wt. % trimethylol propane triacrylate
Solid points are for the reference films and the open circles are
the field-cured films.
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PRE 59 1811IMPRINTING OF NEMATIC ORDER AT POLYMER . . .
gave films with an approximately similar drop size~as esti-
mated by optical microscopy!, the drops were noticeabl
larger in the films made with 2% and 1% trifunctional acr
late. In fact, the drop sizes were significant compared to
film thickness~;14 mm! so that the drops become statis
cally flattened along the axis normal to the substrates
revealed by the capacitance data. Consider an oblate nem
drop with only a mild distortion from sphericity and a sho
axis perpendicular to the film substrates. In normal anch
ing, the director will have a greater presence along the fi
normal compared to the equiaxial texture in a spherical dr
In planar anchoring, the nematoelastic distortion energ
minimized when the director is aligned along a long axis
the drop, which in this case is in-plane. In this way, a sta
tical bias toward a shortening of the drop axes along
substrate normal will give an anomalously high capacita
in normal anchoring and an anomalously low capacitanc
planar anchoring. This effect becomes apparent for the
films made with 2% and 1% trifunctional acrylate@see Figs.
3~b! and 3~c!#, where the capacitance ratio drops shar
upon heating throughTt .

To verify that the reduction in the difference between t
field-cured and reference films with decreasing cross-
density was due to changes in the polymer structure and
the increase in drop size, a second set of films was form
with 2% and 1% trifunctional acrylate but with less liqu
crystal. The decrease in liquid-crystal fraction causes ph
separation to occur later in the polymerization proce
bringing the drop size back down@7#. Films with drop size
distributions similar to films with the larger cross-link fra
tion were developed by reducing the liquid-crystal fracti
from 80 wt. % down to 75 and 70 wt. % for the films wit
2% and 1% trifunctional acrylate, respectively. Figures 4~a!
and 4~b! show the capacitance ratio for these two films. T
anomalous behavior associated with large drops discuss
the preceding paragraph is eliminated. But more to the po
there is no significant difference between the field-cured
reference films. It is important to note that the anchor
transition, indicated by the spike and discontinuity in t
capacitance ratio, varied very little among all these samp
This showed that the surface composition is similar in all
films.

The ability to imprint long-term memory into a polyme
network relies upon restrictions in reorientation and trans
tion of monomers comprising the network strands. As
cross-link density diminishes, the number of available c
figurations increases, and so any effects of memory sho
weaken. Eventually, so many configurations are availa
that the surface will behave like a simple liquid and n
exhibit memory.

Dynamics of strands in a polymer network is compl
because each network strand interacts with numerous ne
boring strands and the end points of the strands themse
move. A useful simplification for the purpose at hand is
assume that the dynamics of monomers in a strand are
erned mostly by the end-to-end vector of the strand. In
approximation, motion is hindered primarily by the sepa
tion of the end points of the strand, where a strand is defi
as a sequence of monomers between cross-link sites~see Fig.
5!. Only strands that are coupled into the network at b
ends are considered. Reorientational dynamics under this
proximation and the additional approximation that the e
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points are fixed was worked out by Cohen-Addad@3,4#. A
network strand under consideration is divided into Kuhn s
ments in the usual manner@9#, and the orientational distribu
tion function for each Kuhn segment is given by

P~u!5
1

4p

a

sinh~a!
exp@a cos~u!#, ~3!

where

a5
3arc

sc
2 .

P is the time-averaged probability distribution of a Kuh
segment orientation andu is the polar angle with respect t
the end-to-end vectorr c of the network strand.a is the Kuhn
segment length,r c the magnitude ofr c and sc

2 the mean-

FIG. 4. C0 /C` for the field cured and reference films made wi
~a! 2.0 ~b! 1.0 wt% trimethylol propane triacrylate. The liquid crys
tal fraction is 75 wt% in the former case and 70 wt% in the latt
Solid points are for the reference films and the open circles are
the field-cured films.

FIG. 5. A hypothetical polymer network strand composed o
series of freely jointed monomers denoted by a set of vectorsai and
with an end-to-end vectorr c .
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1812 PRE 59KARL R. AMUNDSON
square end-to-end vector of the segment. If the strands
not strained, the average magnitude ofr c is Nc

1/2a andsc
2 is

Nca
2, whereNc is the number of Kuhn segments betwe

cross-links.a is then equal to 3/Nc
1/2, and the angular distri-

bution is completely determined by the number of Kuhn s
ments in the strand:

P~u!5
1

4p

3

Nc
1/2 sinh~3/Nc

1/2!
expS 3

Nc
1/2 cos~u! D . ~4!

Segments in a strand made up of a small number of K
segments will exhibit strongly restricted reorientation, a
motion becomes less restricted as the number of Kuhn
ments in a strand increases. Figure 6 shows the first ang
moment~Legendre polynomial,P1! of the distribution func-
tion of Eq. ~4!. ^P1& drops to zero asymptotically with in
creasing strand length.

The average network segment length estimated from
stoichiometry of each monomer mixture, and assuming id
network formation, is shown in Table I@10#. Also shown in
Table I is the number of equivalent Kuhn segments in
average network strand. The characteristic ratio of 9, typ
of acrylate polymers, was used@11#. Corresponding positions
for three of the four compositions are indicate in Fig. 6~the
film with the highest cross-link density has an average str
length less than a Kuhn segment!. Recall that the effect of
imprinting diminished to below detectable levels in goi
from 4 to 2 wt. % cross-linking fraction in the matrix mix

FIG. 6. First angular moment of the orientation of a Kuhn se
ment~denoted by vectorai in Fig. 5! as a function of the number o
Kuhn segmentsNKuhn in a strand. The arrows markeda, b, andc
denote the averageNKuhn for films made with 4.0, 2.0, and 1.0
wt. % trimethylol propane triacrylate. The average strand length
the film made with 13.5 wt. % trimethylol propane triacrylate is le
than one Kuhn segment.

TABLE I. Number of monomers,Ne , and equivalent number o
Kuhn segments,NKuhn in an average network strand.

Trifunctional
acrylate in monomer

mixture ~wt. %! Ne NKuhn

13.5 3.1 0.3
4 11.6 1.3
2 23.7 2.6
1 47.5 5.3
re

-

n
d
g-
lar

e
al

n
al

d

ture. At the same time, the degree of internal motion of
polymer network increases dramatically over this range,
reflected in the rapid decrease in the first moment of
Kuhn segment orientational distribution function between
rows labeleda andb in Fig. 6.

The scenario built from these observations is the follo
ing. At the drop interface, while a polymer network form
monomers at the drop interface interact with mesogens in
nematic phase. Configurations where functional groups
oriented or spatially arranged to give favorable interactio
with nearby mesogens are trapped by cross-linking. In
highly cross-linked network, the favorable configurations a
revisited often because the number of available configu
tions is limited, while in a loosely cross-linked network th
number of configurations visited can be so large that ther
very little memory of any configuration favorable to a prev
ous direction of nematic order.

It is worth noting that the anisotropy required to induce
easy axis at a polymer network surface can be extrem
slight. In order to induce a change in the orientation of t
director pattern inside a nematic drop, the azimuthal ene
difference, wf , between orthogonal surface orientatio
need only overcome the bulk nematoelastic energy dif
ence between low- and high-energy orientations in the dr

wfR2;KR~a221!1/2, ~5!

whereR is the drop radius,K is the elastic constant, anda is
the drop aspect ratio@12,13#. This gives awf on the order of
1022– 1023 erg/cm2, or about 1023– 1024 times the interfa-
cial energy typical of organic-organic interfaces
(;10 erg/cm2). In principle, this slight difference could
come about from a very small anisotropy in surface str
ture.

In this scenario, imprinting of nematic order at a netwo
surface is akin to molecular recognition through templat
of polymer networks@14#. Molecular templating in polymer
networks is commonly reported as a bulk phenomen
where a polymer network is formed in the presence of, ty
cally, a complex molecule acting as a template. The temp
molecule is removed, and later the polymer exhibits a spe
affinity for that molecule. For the studies presented here,
direction of nematic order is imprinted instead, but some
the principles may be similar.

The observations reported here are important on tech
logical grounds, especially because, over the past decad
variety of polymer/liquid-crystal composite materials wi
interesting electro-optical properties have been develo
using polymerization-induced phase separation. One
ample is the PDLC morphology formed in this study. PDL
films exhibit a scattering power that can be electrically v
ied @12,15,16# and are proposed for use in flat-panel displa
switchable photonic devices@17–19#, and are used as swit
chable architectural windows. Other examples include bic
tinuous polymer/liquid-crystal composites such as polym
stabilized cholesteric textures@16,20–22# and polymer-
modified ferroelectric liquid-crystal films@23–25# each with
their unique electro-optic properties. Because of the la
surface-to-volume ratio of these composites, surface anc
ing, including an imprinted easy axis, is crucial to devi
performance@6,16,26,27#.
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IV. CONCLUSIONS

Surface imprinting of nematic order at polymer netwo
surfaces created by polymerization-induced phase separ
was studied. Surface imprinting was shown to be most str
in films where the cross-link density was highest and i
printing became undetectably small when the cross-link d
sity was low. Over the range where surface imprinting
minished, the motion of monomers in an average ch
segment was estimated to increase dramatically. This
ev

m
ho
u
n

th
ion
g
-
n-
-
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a

new example of crossover from solidlike to liquidlike cha
acter for a polymer network achieved by varying the cro
link density. Also, surface imprinting is important because
affects the electro-optical properties of films incorporati
liquid crystal.
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