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Photorefractivity in Ferroelectric Liquid Crystal
Composites Containing Electron Donor and
Acceptor Molecules**

By Gary P. Wiederrecht, Beth A. Yoon, and
Michael R. Wasielewski*

Traditional photorefractive materials, such as LiNbO3 or
BaTiO3, are inorganic ferroelectric crystals.[1,2] More re-
cently, organic materials, including polymers,[3±7] glasses,[8]

crystals,[9] liquid crystals,[10±16] and polymer/liquid crystal
dispersions[17±20] have been shown to exhibit the photore-

fractive effect: an orientational and/or electronic electro-op-
tic response to a photoinduced space±charge field derived
from a spatially periodic charge distribution within the ma-
terial. Noticeably absent in the photorefractivity literature
are ferroelectric liquid crystals (FLCs).[21] Appropriately
aligned FLCs have a net polarization (PS) in the smectic C*
phase and also have C2 symmetry that permits, in principle,
the observation of electronic electro-optic effects that are
not possible in nematic liquid crystals.[22,23] Additionally,
FLCs can illustrate orientational effects that are not derived
solely from quadratic coupling of the space±charge field to
the dielectric anisotropy (De), but to coupling of PS to the
space±charge fieldÐa potentially far stronger orientational
effect than is possible in nematic liquid crystals.

We present here the first observation of photorefractivity in
FLCs. These results are possible because of dopant chromo-
phores chosen for the optimal free energy for charge separa-
tion to produce mobile ions,[24] and careful control of the wave-
vector and light polarization relative to the smectic liquid
crystal planes. The electron donor is perylene (PER), which
absorbs visible light and donates an electron from its lowest
excited singlet state to N,N¢-(di-n-butyl)pyromellitimide (PI),
an easily reduced molecule that has no visible absorption
bands. The concentration of PER = 2 ´ 10±3 M and PI = 4 ´
10±3 M. This produces an anisotropic absorption coefficient of
a ~ 1 cm±1 measured using s-polarized light (vide infra).

The FLC used is a eutectic mixture, CS-1015, commercially
available from Chisso Corporation, Japan, which has a phase
transition diagram as follows:

Isotropic ÿÿÿÿ! Nematic� ÿÿÿÿ! Smectic A ÿÿÿÿ!
78�C 68�C 57�C

Smectic C� FLC ÿÿÿÿ! Crystalline
(1)

ÿ17�C

CS-1015 has a polarization of ±6.6 nC/cm2 and an index of re-
fraction anisotropy of Dn = 0.14. In order to obtained aligned
FLC films, we used commercially available cells (Displaytech)
with a 4 lm spacing that have a rubbed polyimide layer de-
signed to align FLCs. The doped liquid crystal was placed at
the edge of the cell in the isotropic phase at 90 �C and drawn
into the cell through capillary action. The cell was then slowly
cooled at 0.5 �C/h to room temperature.

The FLC aligns in a manner that depends largely on the
spacer thickness and the pitch length of the FLC. The differ-
ent alignment possibilities are a result of the well-known heli-
cal pattern of FLCs, in which the polarization of the molecules
rotates in a helical pattern with a pitch length typically on the
order of a few micrometers.[22,25] An homogeneously aligned
FLC will possess a precessing director (n) perpendicular to
the planes of the Sm C* liquid crystal. This produces a rotat-
ing spontaneous polarization (PS) and no macroscopic polar-
ization. However, at a relatively low applied field (~1 V/lm),
the helix can be unwound and the molecular dipoles can align
with the field.[26] This produces the ªbookshelfº geometry,
where the long axes of the molecules are aligned parallel to
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the plane of the glass slides, with a tilt angle h from the rub-
bing axis. The molecular dipole is oriented perpendicular to
the long axis of the FLC molecules and points toward the face
of the cell, which produces macroscopic polarization in the
material.[27]

To study the photorefractive effect in this doped FLC we use
Ar+ laser output at 514 nm that is split into two beams of
15 mW each. The beams are overlapped at an angle h¢ = 8� at
the sample to create an optical interference pattern with a grat-
ing spacing of K = 2.1 lm, Figure 1. An applied voltage of up
to 22 V is used, producing an applied field EA up to 5.5 V/lm.
The sample is tilted relative to the bisector of the beams by
b = 32.5�. This induces directional charge transport along the
wavevector of the optical interference pattern, so that spatial
modulation of the charge distribution is possible. The inset il-
lustrates the optical interference and the relative orientation
of the FLC molecules in an applied field, for the applied field
normal to the plane of the page. The angle u is the rotation an-
gle of the cell about an axis normal to the surface of the cell
walls. The writing beams are s-polarized, i.e., perpendicular to
the wavevector, and no photorefractive beam coupling was
observed for p-polarized beams. This contrasts with the obser-
vation that only p-polarized beams lead to beam coupling in
homeotropically aligned liquid crystals, consistent with differ-
ent director orientation in FLCs.[10,11] Finally, no beam
coupling was observed in the absence of an applied field or
without tilting the cell relative to the bisector of the writing
beams. The photoconductivity (rk)
of the cell with 22 V applied is 4.5 ´
10±12 X±1 cm±1, while the dark con-
ductivity is 9 ´ 10±13 X±1 cm±1.

The values for K = 2.1 and 4 lm
cell thickness produce a quality val-
ue (Q), a measure of the degree of
Bragg character of the grating, of
~2. Since Q values of ~10 are re-
quired to produce true Bragg grat-
ings, this grating possesses a degree
of Raman±Nath (thin grating) char-
acter. In the thin grating regime, the
use of a photorefractive gain coeffi-
cient (I µ e±Cd, where I is intensity, C
is the gain coefficient, and d is the
optical path length) has been de-
bated, with some groups reporting
an exponential gain coeffi-
cient.[10,12,28] We choose here to
report only a beam coupling ratio,
i.e., I12/I1 where I12 is the intensity
of beam one in the presence of
beam 2 and I1 is the intensity of
beam one in the absence of beam
two.

The conductivity and nonlinear
optical effects should be highly an-
isotropic, so that the relative orien-

tation of the smectic planes relative to the wavevector of the
optical interference pattern should produce changes in the
photorefractive beam coupling ratio. Figure 2 illustrates the
beam coupling ratio as a function of the rotation angle u of
the cell. Also illustrated is the transmission of one of the
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Fig. 1. A schematic of the experimental geometry is illustrated. The sample is
tilted at an angle b = 32.5� relative to the bisector of the two beams. This allows
charge migration along the grating wavevector, which results in a sinusoidal
space±charge field. The beams are polarized perpendicular to the grating wave-
vector. The planes of the smectic C* FLC can be rotated by an angle u relative
to the wavevector direction.

Fig. 2. The dependence of beam coupling ratio on the rotation angle u is shown. Also shown is the transmission
through cross polarizers of a vertically polarized beam for an applied field EA at which beam coupling ratio is ob-
served compared to the transmission at ±EA. The relative orientations of the molecules are shown for EA and ±EA.



beams through cross polarizers, so that the relative orienta-
tion of the molecules relative to the wavevector can be deter-
mined. At 0� and 180�, the smectic planes and the wavevector
of the optical interference pattern are parallel. The orienta-
tion of the molecules is illustrated between the two graphs for
the applied field EA at which the beam coupling is measured
and the second row of orientations is for the opposite polarity
±EA. Since the polarization of the writing beams is perpendic-
ular to the wavevector, the maximum extinction, i.e., when
the molecular orientation is parallel to the polarization of the
writing beams, is at u = 20� or 200�.

Figure 2 shows a spike in the beam coupling ratio at
u = 100� and a smaller spike at u = 240�. For most of the rota-
tion angles u, no significant beam coupling is observed. In the
region around 100� where maximum beam coupling is ob-
served, the FLC molecules are oriented with their long axis
nearly perpendicular to the polarization of the writing beams
and parallel to the wavevector of the grating. This provides
some clues as to the electro-optic and space±charge field
buildup mechanisms. First, for u = 100�, charge migration
along the wavevector is approximately parallel to the FLC di-
rector. The magnitude of ESC for diffusing ions has the follow-
ing space±charge field dependence:[11]

ESC �
ÿkB TK

2e0

 !
D� ÿ Dÿ

D� � Dÿ

 !
rph

rph� rd

 !
� sinKx (2)

Here, rph is the photoconductivity, rd is the dark conductivity,
kB is the Boltzmann constant, K is the grating wavevector, x is
the direction along the wavevector, e0 is the charge of the elec-
tron, and D+ and D± are the diffusion constants for the cations
and anions, respectively. This equation assumes that the inten-
sities of the two incident beams are equal (I1 = I2). It is clear
that the two factors that determine the magnitude of the
space±charge field are the difference in the photoconductivity
versus dark conductivity and the difference in the diffusion
coefficients of the cations and anions. Previous experimental
results provide precedent for the high mobility of one charge
carrier in FLCs, supporting the ability of FLCs to possess a
spatially periodic charge distribution.[29] The diffusion of the
more mobile species is maximized at this orientation, with
ions moving approximately parallel to the long molecular axis.

Our results indicate that the photorefractive electro-optic
mechanism is derived from orientational effects and not the
linear electro-optic effect. First, the majority of FLCs have a
small degree of electronic second-order nonlinear character,
as measured by small electro-optic coefficients (rij) that are
1±2 orders of magnitude lower than their crystalline counter-
parts.[30] The few exceptions are FLCs that utilize molecules
with large hyperpolarizabilities aligned along the polar
axis.[23,30,31] Second, the r22 coefficient dominates the electron-
ic electro-optic mechanism in FLCs.[23,30] In this tilted geom-
etry, accessing r22 would require the writing beams to be
p-polarized where no photorefractivity is observed. The
s-polarized beams are consistent with an orientational re-
sponse, because the maximum signal is obtained when the
molecules are aligned nearly perpendicular to the light polar-

ization. In this region, an angular change of the molecular
orientation produces the largest change in the index of refrac-
tion as a component of the long axis begins to align with the
light polarization.

Although orientational photorefractivity is still dominant in
FLCs as with nematic liquid crystals, the mechanism for orien-
tational coupling to the space-charge field is different. As stat-
ed above, the reorientation of the molecules in FLCs can
occur through a coupling to the polarization, i.e., proportional
to PESC, as opposed to nematic liquid crystals in which the re-
orientation is coupled solely to the dielectric anisotropy (De),
proportional to DeESC

2. Figure 3 shows the dependence of the
beam coupling ratio on applied voltage, which is far less than

the (VAESC)2 dependence of diffraction efficiency previously
shown for nematic liquid crystals (VA is the applied volt-
age).[10] The beam coupling ratio in the FLC composite is
saturated for an applied voltage of 10 V, but larger applied
voltages give faster grating formation times.

The reorientational capabilities of the FLC director in re-
sponse to a switch in the polarity of the applied field could
lead to novel possibilities for on/off switching of the photore-
fractive effect. Since we have shown that the photorefractive
effect in FLCs is strongly correlated with the alignment of the
FLC molecules relative to the writing beam polarization, a re-
orientation of the molecules in response to a polarity switch
in the applied field could act to quickly increase or decrease
the beam coupling ratio in FLC composites. Figure 4 shows
the beam coupling changes for an orientation of 100�, where
photorefractivity is maximized for an applied voltage of 22 V.
At 10 s, the voltage is switched to ±22 V for 5 s. The signal is
corrected for a small change in the transmission, when the po-
larity switch occurs. A rapid decrease in the beam coupling is
observed, consistent with a molecular reorientation of 45� to a
region where less photorefractivity is observed. This is fol-
lowed by a slower erasure of the modulated space-charge field
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Fig. 3. The dependence of the beam coupling ratio on applied voltage is illus-
trated.



as charges begin to redistribute in response to the applied
field polarity change. At 20 s, the voltage is switched back to
22 V, and the initial charge modulation begins to reform.

We have observed for the first time orientational photore-
fractivity in FLC composites containing easily oxidized and
reduced chromophores. The applied field dependence sug-
gests that the orientational response is a result of the space±
charge field coupling to the bulk polarization of the FLC and
not to dielectric anisotropy as with nematic liquid crystals. In
order to increase the likelihood of observing the linear elec-
tronic electro-optic effect in addition to orientational contri-
butions, one possibility is to use homeotropically aligned
FLCs with a transverse applied field, so that the modulated
space±charge field lies along the polar axis of the FLC. The
use of FLCs specifically designed to increase PS and the elec-
tronic electro-optic effect would also prove advantageous for
improving the performance of these novel materials.
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Flexible Smart Window via Surface Graft
Copolymerization of Viologen on Polyethylene

By Jeyagowry Thirugnana Sampanthar, Koon Gee Neoh,*
Sock Wee Ng, En Tang Kang, and Kuang Lee Tan

The development of chromogenic materials for glazing
ªsmartº or ªintelligentº windows has been actively pursued in
recent years. The change in the optical properties of these ma-
terials may be activated by electricity, heat, or light. Examples
of commonly used chromogenic materials are certain transi-
tion-metal oxides such as WO3, NiO, MoO3, and organic com-
pounds such as viologens, diphthalocyanines, and polyani-
line.[1±5] The viologens are among the most studied
chromogenic materials and the change in coloration is
achieved by an oxidation±reduction reaction. However, since
the short-chain viologens are soluble in water, various meth-
ods of synthesizing viologen-containing chromogenic systems
have been developed. These include the incorporation of viol-
ogens into anionic polyelectrolyte films,[6] iminodiacetic acid±
type chelate resin beads,[7] and N-vinyl-2-pyrrolidone-methyl
acrylate copolymers,[8] as well as the casting of ruthenium(II)
complex and viologen containing partially quarternized
poly(1-vinylimidazole) into films.[9]
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Fig. 4. The change of the beam coupling ratio when the applied voltage is
switched from 22 V to ±22 V is shown. The rapid initial decrease is due to the
reorientation of the FLC director to a less optimal orientation for photorefrac-
tivity. The slower change is due to the erasure of the space±charge field.
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