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Photomanipulation of the anchoring strength of a photochromic nematic liquid crystal
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The behavior of the Fre´edericksz threshold voltage of a planarly oriented sample filled with liquid crystalline
azobenzene material possessing a nematic phase is investigated under UV illumination. It is found that the
anchoring strength strongly decreases with the UV-exposure time due to the photoisomerization process that
takes place in the sample. The changes in the anchoring strength are due to a selective adsorption ofcis isomers
at the surface. We show that the experimental data can be explained by a model that takes into account the
changes in the molecular shape and in the net molecular dipole moment due to thecis-trans isomerization. We
obtain a good agreement between the predictions of the model and the experimental data.
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I. INTRODUCTION

Liquid crystals ~LCs! are organic materials with stron
anisotropic physical properties. Due to their peculiar opti
properties ~transparency, homogeneity, birefringence, e!
they are very attractive materials for a great variety of opti
applications. The most known are the liquid crystal displa
~LCDs! that over the last 20–25 years have developed fr
a simple niche products to strategic components.

Liquid crystal displays and devices consist, in general
two solid substrates that~one or both! are transparent. Thes
substrates form a cavity, usually of a few microns, filled w
a liquid crystal material. The inner substrates’ surfaces
precoated with transparent electrodes covered by thin al
ment film for achieving a desired orientation of the liqu
crystal molecules via solid surface/liquid crystal interactio
The uniform alignment of liquid crystals is crucial for LC
displays and other LC devices and, therefore, it is a sub
of many fundamental and experimental studies. A gen
requirement to liquid crystal alignment is to be stable w
the time and temperature.

The performance of the LCDs and devices depends on
material parameters~bulk characteristics! of the liquid crys-
tal as well as on the surface/liquid crystal interactions~sur-
face characteristics!. In particular, the characteristic feature
of the anchoring of the liquid crystal are very important f
the performance of the liquid crystal devices since
strength of the anchoring affects strongly their thresh
characteristics. The anchoring of liquid crystal to the so
substrate is a result of a very delicate balance betwee
number of interactions@1#. As we recently have shown, th
photoisomerization process in photochromic liquid cryst
that takes place under light illumination could change t
balance and, thus, result in changes in the anchoring of
liquid crystal@2,3#. In some cases, these changes may trig
in-plane or/and out-of-plane anchoring transitions.

The bulk properties of thermotropic liquid crystals depe
on the molecular structure and on the molecular interactio
The liquid crystal surface properties that are of vital imp
tance for the alignment of LCs and thus for the optical a
pearance and the operation of these devices, depend, in
1063-651X/2002/65~4!/041719~6!/$20.00 65 0417
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dition, on the solid surface-liquid crystal interactions. Hen
both bulk and surface physical properties of the liquid crys
can effectively be controlled by external factors that resul
changes of the molecular structure.

As known, reversible changes in the molecular struct
may take place due to photoisomerization@4–6#. Some or-
ganic materials, such as azobenzenes, which also may
hibit liquid crystalline properties, undergo atrans- to cis
isomerization upon light illumination. The photoisomeriz
tion process, however, may result in changes of the net
lecular dipole moment and it may or may not result
changes of the molecular shape@3#. As a consequence
changes of bulk and/or of surface liquid crystal propert
may take place. The photoisomerization process might
also reversible, if there is no chemical reaction or mate
degradation under light illumination. Therefore, the phot
somerization of liquid crystal attracts the interest of ma
researchers since the physical~bulk and surface! properties
of the photochromic liquid crystals reversibly can be co
trolled by light without any changes in their chemical co
tent. Photoinduced changes of the liquid crystal physi
properties, however, could directly~e.g., photoinduced phas
transitions and anchoring transitions! or indirectly~e.g., elec-
tric field assisted photoinduced effects! lead to significant
changes of the optical appearance of the liquid crystal
vices. These changes could be very fast~of the order of
100 ms or even less! or very slow~a couple of minutes or
hours! depending on the origin of the photoinduced effe
photochromic material, and the conditions of light illumin
tion. The photoinduced effects in liquid crystals are very
tractive for applications in photonic devices.

In this paper, we present the experimental results conc
ing the behavior of the Fre´edericksz threshold voltage as
function of the UV-exposure time, for a cell of convention
sandwich-type, consisting of two parallel glass plates, fil
with a photosensitive nematic liquid crystal@4-hexyloxy-
(48-hexyl!azobenzene#. By means of a relation connectin
the anchoring strength to the threshold voltages, it is poss
to determine the behavior of the anchoring strength a
function of the UV-exposure time. These new data can
explained in the framework of the theoretical models p
©2002 The American Physical Society19-1
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posed to describe the planar-homeotropic anchoring tra
tion in azobenzene materials@7#. In the model presented in
Ref. @7#, it is considered that in the initial state all the mo
ecules of the photosensitive material are in thetrans state,
being planarly oriented. With the increasing of the U
exposure time the concentration ofcis isomers increases
whereas the concentration oftrans isomers decreases. Th
cis isomers are attracted to the solid substrate more than
trans isomers due to their larger electric dipole moment@3#.
It follows that the surface density of thecis isomers increase
with the illumination time. As discussed before, this proce
of selective adsorption ofcis isomers onto the solid surfac
has drastic consequences on the threshold voltages and
be invoked here to explain the behavior of this quantity a
function of the illumination time.

Our paper is organized as follows. In Sec. II the expe
mental setup is described. In Sec. III we discuss the m
experimental results. In Sec. IV we present the theoret
model and its connection with the experimental data. So
concluding remarks are drawn in Sec. V.

II. EXPERIMENT

The experimental cell used in this study is of conventio
sandwich-type consisting of two glass substrates cove
with transparent ITO~indium-tin oxide! electrodes precoate
with a thin SiOx layer. The SiOx layer is deposited at norma
incidence without any further treatment. The gap of the c
is fixed by Mylar spacers to be of about 10mm. The liquid
crystal under study is a photosensitive nematic liquid crys
4-hexyloxy-(48-hexyl!azobenzene.

The liquid crystal material has a small positive dielect
anisotropy (ea.0). The liquid crystal was introduced int
the cell in the isotropic phase. After cooling the cell from t
isotropic phase, the liquid crystal exhibited planar alignm
with the preferred direction parallel to the material flow du
ing the filling process. The cell was inserted in a Mett
F-52 hot stage in a setup shown schematically in Fig. 1.

FIG. 1. Experimental setup.
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optical observations were performed by means of a pola
ing microscope under crossed polarizers. The sample
protected from the light of the microscope lamp by yello
light filter. The sample was subjected to UV light for diffe
ent periods of time. UV light was supplied by UV-curin
units ~Teklite! with and intensity of 70 mW cm22 at the
wavelengthl5365 nm. The illumination spot was abou
1.5 cm in diameter, being with homogeneous distribution
the intensity in the cell area under investigation. Only o
part of the sample was subjected to UV light. An ac volta
~at 1 kHz) was applied to the cell and the threshold volta
UF for the Fréedericksz transition was measured as a fu
tion of the temperature and the UV-exposure time. The
curacy of the measurements ofUF was60.5 V. This depen-
dence is depicted in Figs. 2 and 3, respectively. As seenUF

FIG. 2. Temperature dependence of the Fre´edericksz threshold
voltageUF .

FIG. 3. Dependence of the Fre´edericksz voltageUF on the ex-
posure time of UV illumination.
9-2
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PHOTOMANIPULATION OF THE ANCHORING STRENGTH . . . PHYSICAL REVIEW E65 041719
decreases with the temperature and the exposure time,
implying that the anchoring strength undergoes changes

III. DISCUSSION

Before UV illumination,UF measured at 39 °C was abo
23 V. It was impossible to achieve any complete homeotro
alignment in the cell even at very high electric field near
electrical breakdown of one of the cells. There is alwa
some residual birefringence left due to the presence of
face layers with liquid crystal molecules having tilted inste
of homeotropic alignment. On approaching the clear
point, however, it was possible to obtain a complete tran
tion from planar to homeotropic alignment by applying
high electric field. However, no temperature-induced anch
ing transition from planar to homeotropic was found in th
case. On the contrary, under UV illumination an anchor
transition from planar to homeotropic alignment was fou
to take place in the sample without applying an electric fie
The mechanism of the light-induced alignment transition
been thoroughly studied@2,3# and could be shortly describe
as follows.

Upon UV illumination, the liquid crystal under study un
dergoes atrans-cis isomerization~Fig. 4!. The concentration
of the cis-isomer in the liquid crystal is increasing with th
exposure time. Since the form of this isomer does not fa
the liquid crystalline molecular order, due to its bent sha
the nematic state transforms into isotropic state above a c
cal concentration of thecis isomers in the liquid crystal vol-
ume @8#. Below this concentration, however, a transitio
from the initial planar to homeotropic alignment is observ
to take place in a cell whose substrates are hydrophilic,
for instance, the one covered by SiOx . The cis isomer is
generated under UV illumination in the volume as well as
the surface. However, the concentration ofcis isomer at the
surface increases much faster with the exposure time than
one in the volume since thecis isomer possesses a larg
transverse dipole moment than thetrans isomer that in turn
favors the adsorption ofcis isomer on the surface~selective
adsorption! ~see Fig. 5!. Due to its form, however, thecis
isomer anchored to the surface will affect the anchoring

FIG. 4. Schematic presentation of photoisomerization of
4,48-disubstituted azobenzene nematic liquid crystal.
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the liquid crystal in a similar way as the surface-active age
do. Above a certain surface concentration, thecis isomer will
promote a homeotropic alignment of the liquid crystal. Un
the critical surface concentration of thecis isomer is reached
there is a continuous change of the anchoring strength w
the UV-exposure time due to the selective adsorption p
cess, as indicated by the dependence ofUF in Fig. 3.UF was
measured at 39 °C, well below the clearing point~of about
30 °C), as a function of the exposure time. As shown in F
3, UF successively diminishes with the exposure time and
about 2 min exposure, spontaneous transition from plana
homeotropic alignment takes place. In Fig. 6 is shown
sequence of photographs of the experimental cell after s
UV illumination of the central part of the cell. As seen, n
visible changes in the birefringence of the cell took pla
thus indicating that there has been no detectable chang
the liquid crystal alignment due to the UV illumination@Fig.
6~a!#. When applying a voltage to the cell, the liquid cryst
volume reorients first under the applied field~Fréedericskz
transition! leaving the liquid crystal alignment in the subr
gion near the substrates to a large extent unaffected.
reorientation of the liquid crystal changes the birefringen
of the cell @Fig. 6~b!#. However, increasing the voltage fu
ther, a transition to homeotropic alignment was found to ta
place in the illuminated region of the cell where the anch
ing has been modified by the selective adsorption ofcis iso-
mer @Fig. 6~c!# whereas even much higher electric field
unable to result in such a transition in the unilluminated p
of the cell at this temperature.

The field-assisted anchoring transition from planar to h
meotropic seems to have potential for application in phot
ics. The recorded image can be visualized by applying
electric field. Depending on the exposure time, it would
possible to visualize images that will appear at different vo
ages.

IV. MODEL

Let us now interpret the above results concerning the
pendence ofUF with the UV-exposure time in the framewor
of the model proposed in Ref.@7#, which will be briefly
reviewed. As stated above, we assume that in the initial s
of the photosensible material all the molecules are in
trans state, and the planar orientation is achieved by me

e

FIG. 5. Singlecis-isomeric molecule adsorbed on the solid su
strate.
9-3
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G. BARBERO, L. R. EVANGELISTA, AND L. KOMITOV PHYSICAL REVIEW E65 041719
of the used surface treatment. With the UV irradiation t
concentration ofcis isomers increases and the concentrat
of trans isomers decreases@7#. Thecis isomers, having large
dipole moment, are more strongly attracted by the cell s
faces. This effect can be easily understood by evaluating
interaction energy of electrostatic origin of a dipolep with an
isotropic substrate.

Let p be the dipole moment of an isomer, at a distancer 0
from the substrate. We indicate byb the angle made byp
with the geometrical normal to the substrate, oriented
wards the dipole. We use a Cartesian reference frame ha
thez axis coinciding with the normal to the substrate, and

FIG. 6. Field-assisted transition from planar to homeotropic
ter illumination with UV light for short time.~a! No applied field
(U50), ~b! U1.UF , and~c! U2.U1.
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(x,z) plane containing the dipolep. In this framework,p
5pu, whereu5(sinb,0,cosb). According to the elementary
electrostatics@9# the image ofp in the dielectric substrate, o
dielectric constante, is

p85p
e02e

e01e
u8, ~1!

whereu85(sinb,0,2cosb). The electrostatic interaction en
ergy between the dipolep and its imagep8 in the substrate is

V5
1

4pe0

~p•p8!23~p•z!~p8•z!

~2r 0!3
, ~2!

wherez is the unit vector along thez axis. By substituting
Eq. ~1! into Eq. ~2!, simple calculations give

V52
1

4pe0
S e2e0

e1e0
D p2

~2r 0!3
~11cos2 b!. ~3!

Equation~3! shows that the interaction energy of the dipo
with the substrate is proportional top2/r 0

3, and depends on
the angle formed by the dipole with the geometrical norm
to the substrate,b. By assuming thatr 0 is the same for the
trans and cis isomers, we conclude that the larger is t
dipole moment, the larger is the adsorption energy. Since
dipole moment of thecis isomer is larger than the one of th
trans isomers, we expect that the surface concentration ofcis
isomer increases with the irradiation time.

A selective adsorption ofcis isomers has an importan
effect on the orientation induced by the surface on the ne
atic liquid crystal. To analyze this effect, let us assume,
simplicity, that the bulk concentration ofcis isomers remains
small. This is equivalent to assume that the bulk nema
properties of the photosensitive liquid crystal do not chan
very much. This is not really the case, since the shift in
nematic-isotropic critical temperature is of several degre
but this simplifying hypothesis allows one to understand i
simple way the effect of thecis isomers on the induced align
ment. In this framework, the initial planar alignment is d
to a molecular steric interaction ‘‘side to side,’’ where th
electrical dipole of thetrans isomer is parallel to the sub
strate. When acis isomer is adsorbed at the surface, its m
lecular dipole, for steric reasons, is normal to the substr
In this case thecis isomer gives rise to a structure having th
shape of an asymmetric V, shown in Fig. 5. On an averag
the substrate is homogeneous, the symmetry axis of th
objects of V shape is normal to the substrate, and the indu
orientation on the liquid crystal is homeotropic, i.e., the ne
atic molecules are normal to the substrate. To connect
anchoring energy of the interface with the surface concen
tion of cis and trans isomers, we can proceed in the follow
ing manner. If the substrate is homogeneous, the surplu
energy due to the presence of the substrate is of the kinf s
5 f s(n•k), wheren is the surface director andk the geo-
metrical normal to the substrate, supposed to be flat. Sincn
is equivalent to2n, f s5 f s@(n•k)2#. The surface orientation
ne minimizing f s is called ‘‘easy direction.’’ In the initial

-
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PHOTOMANIPULATION OF THE ANCHORING STRENGTH . . . PHYSICAL REVIEW E65 041719
state wherecis isomers are absent,ne is parallel to the sub-
strate (ne'k). In the opposite limit, where onlycis isomers
are present at the surface,neik. In a first approximation, in
which the easy directions are only the planar and homeo
pic ones,f S can be written in the Rapini-Papoular form@10#

f s5
1

2
W cos2u, ~4!

where u is the angle between the normal and the surf
nematic director, andW is the anchoring strength. The an
choring strength has two contributions: one coming from
trans isomers and another one coming from thecis isomers.
It can then be defined as

W5cs,transWt2cs,cisWc , ~5!

wherecs,trans and cs,cis are the concentrations oftrans and
cis isomers at the surface, respectively. The structure of
~5! is connected with the fact that the molecules intrans
form favor a planar alignment, whereas the ones in thecis
form induce homeotropic alignment, as discussed above.
quantities entering in Eq.~5! can be understood in the fo
lowing manner. In the initial state~no UV illumination!, all
the molecules are in thetrans state, i.e.,cs,cis50 and
cs,trans51. Therefore, in the initial state, the anchoring e
ergy is connected with the presence of onlytrans isomers at
the surface~in this caseW5Wt); as the UV-exposure time
increases,cs,cis also increases, tending to diminishW. Wc is
then the anchoring strength of a nematic sample having o
cis isomers adsorbed at the surface. By means of sim
arguments it is possible to estimate the ratioWc /Wt , if the
interaction responsible for the surface orientation is mai
of steric origin. LetE be the interaction energy between
nematic molecule and an adsorbed surface molecule. In
case of planar orientation a nematic molecule interacts w
one adsorbed molecule, and the involved energy isE. In the
homeotropic orientation, induced bycis isomers, the numbe
of first neighbors is, in average, four. Consequently, the
ergy for nematic molecule is 4E. It follows thatWc /Wt;4.
Of course other interactions contribute to the surface ene
but they are usually negligible with respect to the hard c
interaction considered in the steric interaction discus
above.

Let us consider now the influence of the UV irradiatio
time on the anchoring energy. According to the model p
posed in Ref.@7#, the density ofcis molecules at the surfac
is given by

cs ,cis5F11
x1~12x!e2t/t

~12x!~12e2t/t!
e2DvG21

, ~6!

where t is a characteristic time andx is a parameter tha
controls the fraction oftrans/cis isomers after the illumina-
tion, because some kind of recombination has to be con
ered@11#. An estimation ofx can be done by measuring th
shift of the critical nematic-isotropic phase transition, as
ported at the end of this section. Furthermore,Dv5(Vtrans
2Vcis)/kBT is the difference between the adsorption en
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gies of trans (Vtrans,0) andcis (Vcis,0) molecules at the
surface~in kBT units wherekB is the Boltzmann constant an
T the absolute temperature!. As a consequence of the a
sumption that at the initial time onlytrans molecules are
adsorbed at the surface, we havecs,trans512cs,cis . Equa-
tions ~5! and ~6! are the theoretical tool to analyze the e
perimental data.

In Fig. 3 the Fre´edericksz threshold voltagesUF are
shown as a function of the UV-exposure time.

In order to obtain the anchoring strength as a function
the illumination time, we use the Rapini-Papoular express
for the anchoring strength as a function of the threshold v
ages@1#, which can be written as

W5
K

2d S p

2

UF

U`
D tanS p

2

UF

U`
D , ~7!

whereK is the elastic constant andd is the thickness of the
sample. Furthermore, in Eq.~7! U` is the threshold voltage
for the case of strong anchoring at the surface. It is given
Ref. @1#,

U`5pAK

ea
, ~8!

whereea is the dielectric anisotropy of the sample. Note th
W is actually measured inK/2d and the critical voltage in
U` .

In Fig. 7 the values ofW as a function of the UV-exposur
time are shown. They were obtained by applying Eq.~7! to
the data of Fig. 3 and considering thatUF was determined
with an experimental error of about 0.5 V. The solid lin
represents the values of the best fit of these data, obtaine
using the theoretical expressions given by Eqs.~5! and ~6!.

The parameters obtained from the best fit are:Dv;0.3,
t;21.0 s,Wc /Wt;3.8, andx;0.85.

The positive difference between the adsorption energ
of trans and cis molecules at the surface,Dv5(Vtrans
2Vcis)/kBT.0.3, indicates that there exists a selective a

FIG. 7. Dependence of the anchoring strengthW on the expo-
sure time of UV illumination. The squares~with error bars! repre-
sent the data forW obtained from the data of Fig. 3. The solid lin
represents the theoretical curve.
9-5
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sorption ofcis molecules at the surface responsible for t
decreasing of the anchoring energy. This value forDv can be
justified using the expression proposed above for the ads
tion energy connected with the electrostatic energy of dipo
origin. In fact, according to Eq.~3! we have

Dv5
Vtrans2Vcis

kBT
5

1

4pe0
S e2e0

e1e0
D2pcis

2 2ptrans
2

~2r 0!3kBT
, ~9!

where the factor 2 in front topcis
2 comes from the angula

dependence of the adsorption energy of dipolar origin.
assumingpcis;5 D, ptrans;1 D @12#, r 0;6 Å, and consid-
ering a glass with a relative static dielectric constant of
order of 4, we obtainDv;0.4 that is in reasonable agre
ment with the value of the best fit.

The value ofWc /Wt;3.8 confirms our prediction accord
ing to which the steric interaction determines the orientat
induced by the adsorbed isomers on the liquid crystal
cussed above. This result indicates that for long UV-expos
time the system can undergo an anchoring transition fr
planar to homeotropic. Such a possibility is present in
model, but we have focused our attention to a case in wh
this anchoring surface transition has not been observed, s
the technique used by us to measure the anchoring en
works only if the threshold voltage for the Fre´edericksz tran-
sition is different from zero. For this reason, according to o
best fit, the anchoring energy remains always positive, in
cating that the easy direction remains always the planar

Finally, the parameter controlling the possibility of r
combination isx50.85. This value can be evaluated direc
by measuring the shift of the nematic-isotropic critical te
perature in the absence,TNI(0), and in thepresence of a
given irradiation time,TNI(Dt). With our experimental setup
for Dt;40 s the shift ofTNI , DTNI5TNI(0)2TNI(40 s)
;6 K. By assuming that the scalar nematic order param
of the photosensitive liquid crystal can be evaluated us
the Maier-Saupe theory,x can be estimated as follows. With
out UV irradiationTNI(0)5341.16 K and with irradiation
TNI(40 s)5338.16 K. According to Maier-Saupe theor
TNI(0)50.22019v/kB , where v is a molecular paramete
@9#. We define a reduced critical temperature by means of
relation TR5TNIv/kB , and obtainTR(0)5TNI(0)v/kB and
.
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TR(40)5 TNI(40)v/kB 5 0.22 019@TNI(40)/TNI(0)# ;0.21 .
According to the model proposed in Ref.@8# this reduced
temperature corresponds to a density of isomers of the o
of 0.1. Sincencis(Dt)5(12x)@12exp(2Dt/t)# @8#, by as-
sumingt;20 s we obtainx;0.9, which is comparable with
the value of the best fit. From the discussion reported ab
it follows that only the characteristic timet is a completely
free fitting parameter, whereas the other parameters ente
in the model can easily be connected with phenomena c
ditioning the observed effect of photomanipulation of t
anchoring energy.

The photoisomerization process affects also the b
properties of the liquid crystal. Thecis isomer of the nematic
under study is not compatible with the liquid crystalline o
der and thus it will affect the nematic scalar order parame
S @8,13#. Whereas the changes in the order parameter du
the temperature arise from the increased disorder cause
thermal fluctuations, the changes due to the photoisomer
tion arise from the increased concentration ofcis isomer.
Work is in progress along these lines and will be publish
elsewhere.

V. CONCLUSIONS

In this paper, we have presented an experimental te
nique to manipulate the anchoring energy of a photochro
nematic liquid crystal. We have shown how the U
illumination process strongly affects the Fre´edericksz thresh-
old voltage and, consequently, the anchoring strength o
nematic liquid crystal. The experimental results are int
preted in the framework of theoretical models that take i
account the changes in the molecular form and the molec
net dipole moment upon light illumination. The agreeme
between the models and the experimental data is rather g
Photomanipulation of the anchoring strength seems to h
potential applications in photonics.
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