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Confocal Microscopy Study of Texture Transitions in a Polymer Stabilized
Cholesteric Liquid Crystal
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The switching transition of polymer stabilized cholesteric texture liquid crystals is studied v
confocal microscopy. This noninvasive probe enables the simultaneous imaging of the polymer netw
and the liquid crystal domain structure. We find that the two-stage switching often occurring in th
systems results from the cholesteric experiencing two distinct environments: one consisting of very
polymer density, and the other strongly dominated by the polymer network. Fluctuations in the lo
polymer density produce effective random fields that broaden the transition. [S0031-9007(97)0431

PACS numbers: 61.30.Gd, 61.41.+e, 64.70.Md, 85.60.Pg
e:
t
p-
n
use
e
r

es
the

r,
er

s-
ce

-
e
-
-
ge
s

a
a-
ent
-
e

s
ix-
11
ro-

ic
te
r,
-
as
-

The use of polymer networks to stabilize and mod
liquid crystal phases for display-based applications has
cently become widespread [1]. Reverse mode polym
stabilized cholesteric textures (PSCTs) represent one s
class of polymer stabilized liquid crystals—a class who
applicability extends to both reflective and transmiss
displays [2,3]. In a reverse mode PSCT, a cholesteric [4
with a pitch of several microns (infrared) is situated b
tween glass plates. The axis of the cholesteric helix
perpendicular to the plates, a configuration referred to
the planar state. A low concentration (typically 2%–10
by weight) of a reactive mesogenic monomer is dissolv
in the liquid crystal. The monomer is then photopolyme
ized while the cholesteric is in the planar state. The h
cal structure of the cholesteric should thus be reflected
the resulting polymer network. In the absence of an
plied electric field, this planar state is transparent to visi
light. Application of a moderate electric field along th
helical axis switches the system into the so-called “foc
conic” state, which scatters light strongly. In the switchin
process, the polymer network serves two important fu
tions: First, it influences the structure of the focal-con
state, and thus greatly influences the scattering prope
of the system, and, second, following the removal of t
electric field, elastic forces between the polymer netwo
and the liquid crystal cause the reorientation back to
planar texture to occur about 1000 times faster than in
absence of polymer. Such rapid switching is obviously d
sirable in display applications.

Much work has been done modifying the processi
conditions of PSCTs so as to optimize their reflectivi
There is still, however, little understanding of the effe
of the polymer on the switching process, or of the m
croscopic structure of the liquid crystal in the disordere
scattering (focal-conic) state. This state is often visu
ized as a multidomain structure with each domain d
fined by the orientation of the local helical axis of th
cholesteric [3]. However, there have been no expe
mental observations in PSCTs which directly support t
picture. The greatest impediment to the study of t
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switching transition has been the lack of a suitable prob
The optical anisotropy of the liquid crystal prevents ligh
scattering studies, and the resolution of conventional o
tical microscopy is insufficient. While scanning electro
microscopy does provide the necessary resolution, its
requires removing the liquid crystal and destroying th
cell, so in situ imaging of either the switching process o
the polymer network has not been possible.

We show here how confocal microscopy overcom
these limitations. This technique enables us to probe
switching transitionin situ with a resolution of0.2 mm.
By tagging the polymer with a fluorophore, moreove
we are able simultaneously to resolve both the polym
network and the domain structure of the liquid cry
tal as the applied field is varied. We thereby produ
the first in situ experimental verification of the poly-
mer network following the helical orientation of the pla
nar cholesteric liquid crystal. By observing that, as th
field is increased, focal conic domains first form in re
gions of the sample with particularly low polymer con
centration, we are also able to explain the two-sta
switching transition previously observed [6] in system
with either sufficiently low polymer concentrations or
sufficiently coarse network. Finally, we argue that fe
tures of the observed switching are generally consist
with a simple random-field model, wherein local den
sity fluctuations of the polymer network broaden th
transition.

The liquid crystal material used for this study wa
an induced cholesteric consisting of the nematic m
ture E48 (Merck Industries) and a chiral dopant, R10
(Merck). The dopant concentration was chosen to p
duce a cholesteric pitch of10 mm. Two different reactive
monomers were studied: RM206 (Merck), a mesogen
diacrylate, and BMBB-6, a mesogenic dimethacryla
[3]. A monomer mixture—composed of 93% monome
2% photoinitiator, and 5% of a monofunctional fluores
cent tag molecule (pyrene-1-butanol methacrylate)—w
dissolved in the chiral nematic liquid crystal, with concen
trations of 4% and 6% by weight.
© 1997 The American Physical Society 3443
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The liquid crystalymonomer solutions were vacuum
filled into cells of 15 mm gap with rubbed polyimide
alignment layers, which induce ordering of the adjace
liquid crystal molecules parallel to the rubbing directio
thus promoting the formation of the planar state. T
cells were specially constructed; one wall was made
indium-tin oxide (ITO) coated glass, while the other w
made from an ITO coated,0.17 mm thick cover slip, so
as to allow study with a high resolution oil immersio
lens. The cells were sealed and irradiated with a U
source (0.5 mWycm2) for 5.5 h to induce polymerization
while the liquid crystal remained in the planar orientatio
The resulting polymer network structure is thus expec
to follow the local helical order of the liquid crysta
Incorporation of the fluorescent taggant into the polym
network permitted fluorescent imaging of the network.

The micrographs presented below were collected wit
Zeiss LSM 410 confocal microscope operating in reflect
geometry [7]. Light from a 488 nm Ar laser is focused
a small spot within the sample. As this spot is raste
across the sample with a mirror, an image is construc
from the reflected light, which is detected with a photom
tiplier. A pinhole, located directly in front of the detecto
serves as a spatial filter; it ensures that only focused li
(i.e., light from the focal plane within the sample) ente
the detector. It is this pinhole which provides the dep
resolution of the microscope—it ensures that the illumin
tion, specimen, and detector all have the same focus (
is, are confocal). Using a 63X oil immersion objectiv
lens, together with a20 mm pinhole, we obtained a spatia
resolution of approximately0.2 mm.

When a 515 nm low pass filter is placed in front
the detector, only fluorescence resulting from the 488
illumination is detected, whereupon the polymer netwo
(the only component of the cell that fluoresces) is imag
Similar fluorescence confocal microscopy techniques h
recently been used to study polymer morphology with
polymer dispersed liquid crystals [8]. When the lo
pass filter is replaced by a polarizer oriented at90± to
the polarization of the incident laser beam, depolariz
scattered light (488 nm) is collected. This results
imaging of the disordered regions within the liquid cryst
(i.e., those no longer in the planar cholesteric textur
Switching between the low pass filter and the polariz
enables us to image either the polymer network or
liquid crystal texture at exactly the same position with
the cell.

Figures 1(a)–1(c) show confocal micrographs of a 4
RM206 PSCT cell taken at depths of 4, 5, and6 mm
below the upper liquid crystal-polyimide boundary. The
images were taken with fluorescence detection, so
bright parts of the image show the polymer network. T
presence of dark regions in these micrographs indica
that there is complete phase separation between poly
and liquid crystal. If polymerization were not complet
and fluorescent monomers remained dissolved in the liq
crystal, these dark regions would fluoresce as well. I
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also clear from these figures that the polymer networ
reflects the helical order of the liquid crystal in which
it was polymerized: The polymer strands are oriente
in a well-defined direction within each plane, and this
direction rotates by35± between planes separated by
1 mm—corresponding quite precisely to the10 mm pitch
of the cholesteric material. Helical order, albeit less
pronounced, is also present (but not shown here), for th
6% BMBB-6 PSCTs. In this case, large liquid crystal filled
voids are also present in the network [cf. Fig. 3(d) below]
in agreement with scanning electron microscopy (SEM
data [3,6].

The diffuse reflectivity of 6% BMBB-6, 4% RM206,
and 6% RM206 PSCT cells as a function of applied volt
age is plotted in Figs. 2(a)–2(c). These reflectivities wer
measured on an absolute scale with an integrating sphe
and a 633 nm HeNe laser, using methods presented el
where [6]. The two stages of the switching between th
planar and focal-conic states are most clearly observab
for the 6% BMBB-6 data. They are present, although les
obvious, in the 4% RM206 data. The switching of the 6%
RM206 sample, however, occurs in a single stage.

Figures 3(a)–3(c) are confocal images of the 6%
BMBB-6 sample, taken with polarizing detection at
applied fields of 8, 10.5, and 13.5 V. Figure 3(d) is a
fluorescence detection confocal image of the polyme
network in the same region, taken with no applied field
At 8 V [Fig. 3(a)] the onset of a focal-conic domain is
readily observable. At 10.5 V the focal-conic domain
(seen as the darkened region of the micrograph) h
grown to approximately20 mm in diameter; domains
of this size cover about one-quarter of the sample. A
the voltage across the cell is further increased, the
domains multiply, expand, and, at approximately 13.5 V
form a structure which extends across the entire samp
[Fig. 3(c)]. The arrows in Fig. 2(a) allow one to correlate
these three portraits of domain development with th
behavior of the diffuse reflectivity. The earliest formation
of focal-conic domains (at 8 V) corresponds to the onse
of the initial steep (“first stage”) rise of the reflectivity.
The growth of localized domains corresponds to a poin
(10.5 V) midway through this first stage of the increas
in reflectivity, and the formation of the extended domain
network shown in Fig. 3(c) occurs at the beginning o
second-stage increase.

The effect of the polymer network on the switching
properties of the PSCT cell can be understood by com
paring the observed evolution of domains within the liquid
crystal [Figs. 3(a)–3(c)] with the polymer network in the
same region in space [Fig. 3(d)]. The initial nucleation o
the focal-conic domain occurs in a void in the polymer net
work, that is, in a region of pure liquid crystal. The larger
domain of Fig. 3(b) is centered around voids and general
occupies a region of lower than average polymer density

To understand the observed switching behavior, con
sider first the case of a planar cholesteric in the ab
sence of any polymer. As the voltage across the cell
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FIG. 1. (a)–(c) Fluorescence detection confocal micrographs of the polymer network within a 4% RM206 PSCT cell, take
depths of 4, 5, and6 mm, respectively. The length of each image is25 mm.
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increased, the liquid crystal undergoes a sharp transit
from the planar state to a fingerprint texture, which is
series of domains with helical axes alignedperpendicular
to the applied field [4]. As the voltage is increase
further, the helices unwind and the liquid crystal becom
“homeotropic,” i.e., all of the rodlike molecules becom
oriented in the direction (sayz) of the applied field.

Since the polymer network in the PSCT follows th
helical pattern of the planar state, it produces a fie
conjugate to the helical order parameter of this state. T
field, which opposes the rotation of the helical axes in
the fingerprint orientation, is strongest where the polym
density is highest. This picture can be formalized in
simple random-field model, wherein the standard elas
free energy [4] for a cholesteric in an electric field i
supplemented by a phenomenological random-field te
of the form U

R
ss$rd fĥszd ? $ns$rdg2 d $r. Heress$rd is 1 or

0 for, respectively, positions$r occupied or unoccupied
by a polymer molecule;U is the polymer-liquid crystal
interaction strength;̂hszd is a unit vector in the plane of
the glass plates, whose orientation follows the unifor

FIG. 2. Voltage dependence of the diffuse reflectivity fo
15 mm thick PSCT cells with polymer concentrations o
(a) 6% BMBB-6, (b) 4% RM206, and (c) 6% RM206. The
applied voltages are rms values of a 2 kHz sine wave. T
three arrows in (a) identify the voltages at which the images
Figs. 3(a)–3(c) were taken.
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rotation of the ideal planar texture; and$ns$rd gives the
orientation of the liquid crystal molecules at position$r.

Complete analysis of this model is difficult, but one ca
readily understand some of the qualitative features of t
switching transition by estimating the free energy chang
associated with rotating the helical axis of a liquid crysta
droplet of linear sizel from the z direction into thexy
plane. This free energy,DFsld, can be written as

DFsld , Jl 2 E2l3 1 UMsld . (1)

The three terms represent, respectively, the elastic e
ergy cost (of strengthJ) of rotating the droplet out of the
otherwise planar configuration, the bulk field-energy ga
in an applied field proportional toE, and the polymer-
liquid crystal interaction energy cost.Msld, the total
volume of polymer in the droplet, is approximated a
Msld , cl3 6

p
cs1 2 cd l3y2; here thel3y2 term crudely

accounts for the standard square-root statistical fluctu
tions in the polymer density, the plus and minus sign

FIG. 3. (a)–(c) Polarized detection confocal micrographs of
6% BMBB-6 PSCT cell, taken at applied potentials of 8, 10.5
and 13.5 V, respectively. Domains which have switched out
the planar texture appear as darkened regions. (d) Fluoresce
detection confocal micrograph of the polymer network at th
same region as (a)–(c), taken with no applied voltage. Th
length of each image is25 mm.
3445
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corresponding, respectively, to droplets rich or deficie
in polymer;c is the average fraction of liquid crystalline
material in close enough proximity to the polymer to b
influenced by it (which is somewhat different from the
mean polymer concentrationper se).

It is easy to see that for sufficiently smalll, the free
energy DFsld is positive for anyl, even for droplets
deficient in polymer; thus it is energetically unfavorabl
to rotate any droplets. There is, however, a critic
value of E, Ec1 ,

p
cUs1 2 dd, where d ; 27cs1 2

cd2U3y256J3, at which polymer-deficient droplets of size
lmin  16J2y9cs1 2 cdU2 can lower their energy by
rotating into the fingerprint alignment. It is simple to
show from (1) that, asE increases aboveEc1, droplets
with l’s in an expanding band aroundlmin likewise
gain energy by rotating. AtE  Ec ;

p
cU, polymer-

deficient droplets of arbitrarily large size rotate. Fo
E . Ec, therefore, only polymer-rich droplets remain
unrotated. Such droplets are surrounded by liquid crys
already rotated into the fingerprint texture, so the elas
energy term Jl in Eq. (1) now favors rotation, i.e.,
acquires a negative sign. AsE increases fromEc, the
only polymer-rich droplets remaining unrotated are thos
in a steadily narrowing band ofl’s aroundlmin. At E 
Ec2 ;

p
cUs1 1 dd, this band shrinks to zero, leaving

everything rotated into the fingerprint texture.
This model predicts a broad, single-stage switchin

transition, as in Fig. 2(c); the two-stage switching o
Figs. 2(a) and 2(b) results from the presence of lar
regions of anomalously low polymer density within the
network [Fig. 3(d)]—regions for which our simple ap-
proximation toMsld does not account. Figures 3(a) an
3(d) make clear that for 6% BMBB-6, the switching be
gins in large voids. The liquid crystal in a void of lin-
ear sizely has no polymer inhibiting its rotation, and
so rotates whenE exceeds the elastic term

p
Jl22

y . If
this value ofE is less thanEc1 of our droplet approxi-
mation, then liquid crystal in the voids will rotate into
the fingerprint texture first, initiating the transition. The
first “stage” of the transition is produced by the spreadin
of these rotated domains over a larger region containi
several voids [Fig. 3(b)]. For largerE, the first stage
gives way to the broadened “second stage” transition d
scribed by our droplet model.

For the 4% RM206 sample, which has smaller fluctu
ations in polymer density (Fig. 1) than the 6% BMBB-6
sample [Fig. 3(d)], the first stage of the switching proce
appears to result from droplets of rotated liquid cryst
forming in regions of anomalously low (but not zero
polymer density. These droplets are seen with confoc
microscopy in a narrow voltage range; at higher field
they form a structure that spans the entire sample.

For the 6% RM206 sample, the fine polymer networ
permeates the cell so completely that voids cannot
resolved with confocal microscopy (although they ar
observable with SEM [6]). In this case, only a singl
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stage is discernible [Fig. 2(c)], presumably because eve
the largest polymer-deficient regions are too small for any
droplets to rotate untilE exceedsEc1. Cross-polarization
confocal data in this case reveal only a uniform darkening
of the image with increasing voltage.

Since neither the polymer-density fluctuations responsi
ble for two-stage switching, nor the unwinding of the he-
lices at largeE was included in our derivation ofEc1 and
Ec2, these two field values cannot be precisely identified
in the experimental data. The droplet model predictions
are nonetheless qualitatively consistent with the trends ob
served in these data. In particular, sinceEc, Ec1, andEc2
all increase withc, the model predicts that raisingc will
push the transition to higher applied fields. This is con-
sistent with our 4% and 6% RM206 data—the 4% sample
has a lowerc and switches at lower fields. Further, SEM
data show that RM206 networks are more finely stranded
than BMBB-6 based ones [6]. Thus, for equal poly-
mer content, an RM206 network will have greater liquid
crystalypolymer interfacial area (resulting in a largerc)
and will require a larger field to switch. This is in agree-
ment with our 6% RM206 and 6% BMBB-6 data. Finally,
the droplet model predicts that the “width” of the transi-
tion (approximated byEc2 2 Ec1) should broaden with
increasingc. This too is consistent with experimental ob-
servations [6].
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