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Imprinting of nematic order at polymer network surfaces as a function of cross-link density
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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 sepaf®i®63-651X99)07901-5

PACS numbdps): 42.70.Df

[. INTRODUCTION anchoring is very sensitive to the polymer side group. Using
acrylates with alkyl side groups, a temperature-induced an-
Rubbery, amorphous polymer networks exhibit both sol-choring transition was discovered. Anchoring is homeotropic
idlike and liquidlike characteristics. Constituent elements unbelow and homogeneous above an anchoring transition tem-
dergo molecular reorientation and translation, albeit reperature,T;. T, is near the nematic-to-isotropic transition
stricted. On the other hand, because of the far-reachintgmperature when the polymer side group is a long, straight
extent of covalent bond pathways, polymer networks resis@lkyl chain and is much lower when the alkyl side group is
shear deformation, a characteristic in common with solidsshort, branch, or cyclicT; can be adjusted across nearly the
As the density of cross links in a network decreases, motiontire nematic temperature range by judicious selection of
of constituent elements becomes less restricted and the sglolymer side group and by mixing of side groups.
idlike properties diminish. Macroscopic manifestations in- The ability to tailor the anchoring energy by making small
clude a decrease in the elastic modulus and an increase in thbanges in the side group chemistry permitted studying the
degree of swelling in a good solvelrt,2]. NMR line shapes effect of anchoring without significantly changing the result-
narrow with decreasing cross-link density as dipolar or otheing morphology. In subsequent work, this was important for
tensorial interactions are more completely averaged by inteildemonstrating imprinting of nematic order at polymer net-
nal motion[3,4]. In this work, crossover from solidlike to work surfaces created by polymerization-induced phase
liquidlike behavior upon decreasing the cross-link density isseparation[5]. Pairs of polymer-dispersed liquid-crystal
demonstrated in yet another arena, that being anchoring en-
ergetics of liquid crystals at polymer network surfaces.

The surfaces studied in this work are formed upon ||||| I ,‘ =:::
polymerization-induced phase separation of a mixture of | ” “\ “I ___.__—__
monomers and a liquid crystal. In a previous publicafibh - — e
it was shown that because the polymer network is formed homeotropic homogeneous
while in contact with a nematic liquid crystal, nematic order anchoring anchoring
can be imprinted onto the polymer network at interfaces. It is (a) (b)
useful at this point to review some relevant previous find-
ings. v '

Surface anchoring arises because the interfacial energy is
a function of the orientation of the nematic near the interface. ¢
The anisotropic component is called the surface anchoring ﬁ_é'
energyw(n;v,£€), wheren is the nematic directory is the P
surface normal, and indicates a special in-plane surface
direction(see Fig. L wis typically small, and is often on the (©) ()

order of 16_2 t(,) 10°* times the average InterfaCIa! energy.  piG. 1. (8 Homeotropic andb) homogeneous anchoring are
Whether a liquid crystal prefers to orient with the director, jsirated. Rodlike mesogens are shown above a surface. Homoge-
normal to the interfacéhomeotropicanchoring, in the plane  heoys anchoring at an isotropic surface is degenerate and all in-
of the interfacethomogeneouanchoring, or along a tilted  pjane director orientations have the same surface energy. At an
d|reCt|0n or d|reCt|0nS depends Upon Subtle Interactions th%nisotropic Surfac@) homogeneous anchoring can be nondegener-
are not well understood. In a previous report, surface anchokgte and certain in-plane orientations give a lower surface engrgy
ing of a liquid crystaTL205, E. Merck at acrylate polymer than other orientations, as illustrated(). ¢ is the angle between
network surfaces created by polymerization-induced phasge in-plane director and the orientation that gives the minimum
separation was studigd]. That work showed that surface surface energy, denoted by the easy ais,
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(PDLC) films were made. Film formation begins with an of indium-tin-oxide-coated glass plates separated~i4
isotropic mixture of monomer and liquid crystal between twoum, then cured with uv ligh{~14 mW/cnf, 8—10 min.
substrates. Upon photopolymerization, the mesogen becomésvo films were formed simultaneously. Across one film, a
supersaturated and nematic drops form. Solidification of thaeinusoidal(1 kHz) voltage (26 V.9 was applied throughout
polymer network halts the coalescence of the drops into largphotopolymerization, and it is referred to as the field-cured
structures. Confocal microscopy showed the nematic compdilm. The other, with no voltage applied during photopoly-
nent to form discrete drops within a continuous polymer ma-merization, is referred to as the reference film. The low scat-
trix [7]. The drop size can be controlled by various factorstering power after the onset of phase separation in the field-
and are typically about 1—-am. An external field is applied cured film compared to the reference film showed that the
across one film that is sufficiently strong to align the nematiadirector was well aligned by the field. A series of film pairs
in the newly forming drops but too weak to alter structure.were made using 80 wt. % liquid crystal and variable con-
The other film is formed in the absence of a field and so theentrations of trifunctional acrylate. At low cross-link den-
director in each drop adopts a pattern that minimizes the sursity, if the liquid-crystal fraction was held at 80 wt. %, the
of nematoelastic distortion and surface energies. Subsequetitops formed before the matrix became sufficiently solid,
differences in optical and electrical properties between thend some drops coalesced to form large features. In these
two films were found when anchoring was homogeneous butases, additional films were made using a lower liquid-
not when anchoring was homeotropic, showing that thecrystal fraction until the film morphology appeared similar
memory was held at the surface of the dr¢p$ The fact  (by optical microscopyto films formed from mixtures with
that imprinting survived excursions through an anchoringthe higher cross-link density.

transition and isotropization of the nematic argued that im- The degree of nematic director alignment along the sub-
printing was not due to surface-adsorbed mesogens, but irstrate normal was probed by dielectric measurements. Elec-
stead due to anisotropy imposed upon the polymer networkical impedance across each film was determined by mea-
at the drop surfaces. Also, surface imprinting occurred dursuring the amplitude and phase of current passing through
ing polymerization, but after polymerization a new nematicthe film at 1 kHz while applying a small 1-kHz voltage sig-
director orientation could not be imprinted. This supports anal as described in Ref5]. The impedance was also mea-
model where surface anisotropy is held by cross-linking ofsured when the nematic was well aligned by a large-
the polymer network, so that once the network has crossamplitude 60-Hz voltage. The 60-Hz aligning voltage was
linked, imprinting of a new nematic director orientation is mixed with a 1-kHz test voltage, and the current at 1 kHz
not possible. In this paper, the connection between imprintenly was measured. Good alignment with the field was veri-
ing and the polymer network structure is explored. Imprint-fied by observing that electrical and optical properties of the
ing diminishes as the cross-link density is reduced. Whileilm did not change upon increasing the applied voltage. The
imprinting is possible at solid surfaces, liquids cannot retairfilm temperature during dielectric measurements was con-
long-term memory. In this light, these experiments providetrolled using a Mettler FP82 hot stage with cold nitrogen gas
another example of crossover from solidlike to liquidlike be-flow.

havior for a polymer network as a function of cross-link

density. lll. RESULTS AND DISCUSSION

For all films studied, the impedance is react{eairrent-
Il. EXPERIMENT voltage phase angle of 87°-904t the probe voltage fre-
% quency of 1 kHz, so to a good approximation the impedance
can be considered purely capacitive. The capacitance of the
film can be expressed as

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 of
halogenated biphenyls and terphenyls with aliphatic tails of e A
lengths two to five carbong8]. The choice for monofunc- C= eff , (1)
tional acrylate is driven by the need for homogeneous an- d
choring at the temperature of film formatignr-23 °Q in ) .
order to permit imprinting. In addition, an experimentally WhereA is the surface area of the overlapping parts of the
accessible anchoring transition temperature is desirable b&lectrodesd is the gap thickness, anel is the effective
cause the transition temperature is a sensitive probe of suflielectric constant. The capacitance at zero excitation voltage
face composition. A mixture of three partby weighi (Co) gnd the capac_ltance while applylng an aligning voltage
isobornyl acrylate and one pawtoctyl acrylate was used as Sufficient to fully align the nematic component{) were
the monofunctional acrylate component because it gives riscorded. The ratio of these two is a convenient measure
to an anchoring transition near 14 °C and anchoring is hoPecause it is independent of the film geometry, and is given
mogeneous at room temperature. A trifunctional acrylatd?y the ratio of the effective dielectric constant under the
(1,1,1-trimethylol propane triacrylatevas added to provide relaxed and aligned conditionsg ande.., respectively:
cross-links to the polymer network. The ultraviolet) sen-

sitive photoinitiator(Darocur 1173, Cibawas added to this &: o )
monomer mixture at a concentration of 1.5 wt. %. The cross- C. &n

link density of the polymer network was controlled by the

choice of the trifunctional acrylate concentration. The effective dielectric constant is a function of the polymer

In each experiment, the mixture was placed between pairgielectric constant and of the dielectric tensor of the nematic
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FIG. 2. Cy/C,, for the field cured and reference films made with
13.5 wt. % trimethylol propane triacrylate.

in the drops. Because the dielectric anisotropy of the liquid
crystal is positive £p,repe=5.0 at 24 °Q, the dielectric
constant of the film is greatest when the nematic director is
aligned with the electric fields,, is thus an upper bound on
the dielectric constant at any given temperature. In zero field,
the director within each drop orients according to the drop
shape and surface anchoring forces, and so the Gati€., ©® 0 10 20 30 40 50 60 70
is less than unity. For example, if the director orientation T (°C)
distribution is globally isotropic in zero field, then the ratio 1 g @

Co/C., should be about 0.7 at room temperature, based upon
the dielectric constants of the liquid crystal and polymer ma-
trix. [This ratio heads toward unity as the film is heated
toward the nematic-to-isotropic transition temperaturg,
because the dielectric anisotropy diminishesTag is ap-
proached. A bias in the director distribution toward the film
normal will increaseC,/C,, .

Figure 2 shows the capacitance ratio for the pair of PDLC
films prepared using 13.5 wt. % trifunctional acrylate in the
matrix formulation. Above the anchoring transition tempera- 6
ture, the field-cured film has a significantly larger capaci- o 10 20 E;O (,C4)° S0 60 70
tance ratio, indicating a greater tendency for alignment with
the substrate normal in zero field. This is a result of imprint-  FIG. 3. C,/C., for the field cured and reference films made with
ing of the early nematic director orientation at the drop sur<a) 4.0, (b) 2.0, and(c) 1.0 wt. % trimethylol propane triacrylate.
faces. The easy axis is aligned along the film normal in theSolid points are for the reference films and the open circles are for
field-cured film, while in the reference film nematic order is the field-cured films.
imprinted at each drop surface according to each drop shape.

This biases the director distribution function toward greater Additional pairs of films were made using the same for-
alignment along the substrate normal in the field-cured filmmulation but with lower trifunctional acrylate concentrations.
compared to the reference film. Beloly anchoring is ho- Figures 3a)—3(c) show C,/C., for films that contain 4.0,
meotropic and one would expect the capacitance of the tw@.0, and 1.0 wt. % trifunctional acrylate with the liquid-
films to be similar. Instead, the capacitance ratio of the fieldcrystal fraction held at 80 wt. %. For the film with 4.0 wt. %
cured film is slightly lower than the reference film. The rea-trifunctional acrylate, over the temperature range where an-
son for this is unknown. It is possible that there are com-choring is homogeneous, the capacitance ratio is greater for
plexities to anchoring at these surfaces that are not welhe field-cured film than the reference film. However, the
understood. Also, transients at the lowest experimental terenhancement is noticeably smaller than in the film with 13.5
peratures become quite long, and so the data at 0 °C are net. % trifunctional acrylate in the monomer mixture. When
very reliable. It should be noted that the effect of orientingthe trifunctional acrylate concentration was reduced to 2.0
the director during film formation could also be seen in thewt. % or below, there was no significant distinction between
forward light transmittance through the films. The field- the field-cured and reference films.

cured film was less scattering than the reference film across Varying the concentration of trifunctional acrylate not
the range where anchoring is homogeneous. However, b@nly changes the cross-link density of the polymer network
cause the forward-scattering measurements added little bat the photopolymerized film, it also changes the drop size.
yond the impedance measurements and were susceptible This is because the growth of the polymer network is facili-
thickness differences between films, scattering data are neated by the presence of the trifunctional acrylate. While the
presented. films formed with 13.5 and 4.0 wt. % trifunctional acrylate
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gave films with an approximately similar drop si@s esti- 1E
mated by optical microscopythe drops were noticeably 3
larger in the films made with 2% and 1% trifunctional acry-

late. In fact, the drop sizes were significant compared to the

film thickness(~14 um) so that the drops become statisti- o 3
cally flattened along the axis normal to the substrates, as <, 0.8 E
revealed by the capacitance data. Consider an oblate nematic ~ ©
drop with only a mild distortion from sphericity and a short
axis perpendicular to the film substrates. In normal anchor- 0.7 3
ing, the director will have a greater presence along the film 3
normal compared to the equiaxial texture in a spherical drop. 0.6 Br st et et
In planar anchoring, the nematoelastic distortion energy is 0 10 20 30 40 50 60 70
minimized when the director is aligned along a long axis of ' T (°0)
the drop, which in this case is in-plane. In this way, a statis- L IE

tical bias toward a shortening of the drop axes along the

substrate normal will give an anomalously high capacitance 0.9

in normal anchoring and an anomalously low capacitance in
planar anchoring. This effect becomes apparent for the two
films made with 2% and 1% trifunctional acryldteee Figs. o
3(b) and 3c)], where the capacitance ratio drops sharply

upon heating througft, . 0.7

To verify that the reduction in the difference between the
field-cured and reference films with decreasing cross-link
density was due to changes in the polymer structure and not 0.6 0 10 20 30 40 50 60 70
the increase in drop size, a second set of films was formed T (°C)
with 2% and 1% trifunctional acrylate but with less liquid
crystal. The decrease in liquid-crystal fraction causes phase FIG- 4. Co/C. for the field cured and reference films made with
separation to occur later in the polymerization process(® 2:0(b) 1.0 wt% trimethylol propane triacrylate. The liquid crys-
bringing the drop size back dowi]. Films with drop size tal fractlgn is 75 wt% in the former_ case and 70 wt% in the latter.
distributions similar to films with the larger cross-link frac- Sollo! points are_for the reference films and the open circles are for
tion were developed by reducing the liquid-crystal fraction!N® field-cured films.
from 80 wt. % down to 75 and 70 wt. % for the films with
2% and 1% trifunctional acrylate, respectively. Figurés) 4
and 4b) show the capacitance ratio for these two films. The
anomalous behavior associated with large drops discussed
the preceding paragraph is eliminated. But more to the poin
there is no significant difference between the field-cured and o
reference films. It is important to note that the anchoring P()= — ———
transition, indicated by the spike and discontinuity in the 4m sinh(a)
capacitance ratio, varied very little among all these samples.
This showed that the surface composition is similar in all thevhere
films. 3

The ability to imprint long-term memory into a polymer a= a;c.
network relies upon restrictions in reorientation and transla- o
tion of monomers comprising the network strands. As the
cross-link density diminishes, the number of available conP is the time-averaged probability distribution of a Kuhn
figurations increases, and so any effects of memory shoul8egment orientation andis the polar angle with respect to
weaken. Eventually, so many configurations are availabléhe end-to-end vectar; of the network stranda is the Kuhn
that the surface will behave like a simple liquid and notsegment lengthr . the magnitude of . and o the mean-
exhibit memory.

Dynamics of strands in a polymer network is complex
because each network strand interacts with numerous neigh-
boring strands and the end points of the strands themselves
move. A useful simplification for the purpose at hand is to
assume that the dynamics of monomers in a strand are gov-
erned mostly by the end-to-end vector of the strand. In this
approximation, motion is hindered primarily by the separa-
tion of the end points of the strand, where a strand is defined
as a sequence of monomers between cross-link SiéesFig.

5). Only strands that are coupled into the network at both FIG. 5. A hypothetical polymer network strand composed of a
ends are considered. Reorientational dynamics under this aperies of freely jointed monomers denoted by a set of veejand
proximation and the additional approximation that the endwith an end-to-end vectar, .

0.9 [

/C

- 0.8

points are fixed was worked out by Cohen-Adda&#]. A
network strand under consideration is divided into Kuhn seg-
ments in the usual manng3], and the orientational distribu-
1t’|on function for each Kuhn segment is given by

exd a cog6)], (3
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Tr ture. At the same time, the degree of internal motion of the
i polymer network increases dramatically over this range, as
08 I reflected in the rapid decrease in the first moment of the
(P1> [ Kuhn segment orientational distribution function between ar-
0.6 [ rows labeleda andb in Fig. 6.
The scenario built from these observations is the follow-
0.4 | ing. At the drop interface, while a polymer network forms,
monomers at the drop interface interact with mesogens in the
0.2 - nematic phase. Configurations where functional groups are
[ oriented or spatially arranged to give favorable interactions
07 ) ' ¢' ) K 0 =00 with nearby mesogens are trapped by cross-linking. In a
a b L highly cross-linked network, the favorable configurations are
Kuhn revisited often because the number of available configura-

FIG. 6. First angular moment of the orientation of a Kuhn seg.tions is limited, while in a loosely cross-linked network the
ment(denoted by vectos, in Fig. 5 as a function of the number of number of configurations visited can be so large that there is
Kuhn segments\yq, in a strand. The arrows markeg b, andc ~ Very little memory of any configuration favorable to a previ-
denote the averaghl,,,, for films made with 4.0, 2.0, and 1.0 Ous direction of nematic order.
wt. % trimethylol propane triacrylate. The average strand length for It iS worth noting that the anisotropy required to induce an
the film made with 13.5 wt. % trimethylol propane triacrylate is less€@sy axis at a polymer network surface can be extremely
than one Kuhn segment. slight. In order to induce a change in the orientation of the

director pattern inside a nematic drop, the azimuthal energy
square end-to-end vector of the segment. If the strands audifference, w,, between orthogonal surface orientations
not strained, the average magnituder pis Né’za andoZis  need only overcome the bulk nematoelastic energy differ-
N.a?, whereN, is the number of Kuhn segments betweenence between low- and high-energy orientations in the drop:
cross-links.« is then equal to 3Y?, and the angular distri-
bution is completely determined by the number of Kuhn seg- W4R2~KR(a?—1)"2, (5)
ments in the strand:

3 whereR is the drop radiusK is the elastic constant, andis
the drop aspect ratid 2,13. This gives aw,, on the order of
;(W cog 0)>' @ 10" 2—10 3 erg/cnt, or about 103104 t?mes the interfa-

) cial energy typical of organic-organic interfaces
Segments in a strand made up of a small number of Kuhfi_ 10 erg/cd). In principle, this slight difference could
segments will exhibit strongly restricted reorientation, and-gme about from a very small anisotropy in surface struc-

motion becomes less restricted as the number of Kuhn segge.
ments in a strand increaseg. Figure 6 shqwg the; first angular |y this scenario, imprinting of nematic order at a network
moment(Legendre polynomialP,) of the distribution func-  gyface is akin to molecular recognition through templating
tion of Eq. (4). (P,) drops to zero asymptotically with in-  of polymer networkg14]. Molecular templating in polymer
creasing strand length. _ networks is commonly reported as a bulk phenomenon,
The average network segment length estimated from thghere a polymer network is formed in the presence of, typi-
stoichiometry of each monomer mixture, and assuming ide&ajly, a complex molecule acting as a template. The template
network formation, is shown in Table[10]. Also shown in molecule is removed, and later the polymer exhibits a special
Table | is the number of equivalent Kuhn segments in argfinity for that molecule. For the studies presented here, the
average network strand. The characteristic ratio of 9, typicagjirection of nematic order is imprinted instead, but some of
of acrylate polymers, was uséfil]. Corresponding positions the principles may be similar.
for three of the four compositions are indicate in Fig(tite The observations reported here are important on techno-
film with the highest cross-link density has an average stranﬁ)gicm grounds, especially because, over the past decade, a
length less than a Kuhn segmprRecall that the effect of yariety of polymer/liquid-crystal composite materials with
imprinting diminished to below detectable levels in going interesting electro-optical properties have been developed
from 4 to 2 wt. % CrOSS'l|nk|ng fraction in the matrix mix- using polymerization_induced phase Separation' One ex-
ample is the PDLC morphology formed in this study. PDLC
films exhibit a scattering power that can be electrically var-
ied[12,15,16 and are proposed for use in flat-panel displays,
switchable photonic devicdd47-19, and are used as swit-

3
T A N2 i 2N
PO)= 4 N sinr(aNT?) &

TABLE |. Number of monomers\., and equivalent number of
Kuhn segmentsNyn, in @an average network strand.

Trifunctional chable architectural windows. Other examples include bicon-
acrylate in monomer . - .
mixture (wt. %) N Niur tlnuql_Js polymer/llqu_ld—crystal composites such as polymer
° unn stabilized cholesteric texturel6,20—22 and polymer-
135 3.1 0.3 modified ferroelectric liquid-crystal filmg23—25 each with
4 11.6 1.3 their unique electro-optic properties. Because of the large
2 23.7 2.6 surface-to-volume ratio of these composites, surface anchor-
1 475 5.3 ing, including an imprinted easy axis, is crucial to device

performancd6,16,26,27.
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V. CONCLUSIONS new example of crossover from solidlike to liquidlike char-

acter for a polymer network achieved by varying the cross-

sur?;éfeascgrtlan;& réngng glf ;irngggo%r-?ri;u?:tegomgi S:t\gfgt(ilink density. Also, surface imprinting is important because it
y Poly b P WMrects the electro-optical properties of films incorporating

was studied. Surface imprinting was shown to be most stronﬁ uid crystal
in films where the cross-link density was highest and im- d ystal
printing became undetectably small when the cross-link den-
sity was low. Over the range where surface imprinting di-
minished, the motion of monomers in an average chain The author thanks Mohan Srinivasarao for helpful discus-
segment was estimated to increase dramatically. This is sions.
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