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Photomanipulation of the anchoring strength of a photochromic nematic liquid crystal
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The behavior of the Feslericksz 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 adsoirpismmuts
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 dueistthasisomerization. We
obtain a good agreement between the predictions of the model and the experimental data.
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[. INTRODUCTION dition, on the solid surface-liquid crystal interactions. Hence,
both bulk and surface physical properties of the liquid crystal
Liquid crystals(LCs) are organic materials with strong can effectively be controlled by external factors that result in
anisotropic physical properties. Due to their peculiar opticakchanges of the molecular structure.
properties (transparency, homogeneity, birefringence, )Jetc.  As known, reversible changes in the molecular structure
they are very attractive materials for a great variety of opticamay take place due to photoisomerizatigh-6]. Some or-
applications. The most known are the liquid crystal displaysgganic materials, such as azobenzenes, which also may ex-
(LCDs) that over the last 20—25 years have developed fronhibit liquid crystalline properties, undergo teans to cis
a simple niche products to strategic components. isomerization upon light illumination. The photoisomeriza-
Liquid crystal displays and devices consist, in general, otion process, however, may result in changes of the net mo-
two solid substrates th&abne or both are transparent. These lecular dipole moment and it may or may not result in
substrates form a cavity, usually of a few microns, filled withchanges of the molecular shapd]. As a consequence,
a liquid crystal material. The inner substrates’ surfaces arehanges of bulk and/or of surface liquid crystal properties
precoated with transparent electrodes covered by thin aligrmay take place. The photoisomerization process might be
ment film for achieving a desired orientation of the liquid also reversible, if there is no chemical reaction or material
crystal molecules via solid surface/liquid crystal interactionsdegradation under light illumination. Therefore, the photoi-
The uniform alignment of liquid crystals is crucial for LC somerization of liquid crystal attracts the interest of many
displays and other LC devices and, therefore, it is a subjeaesearchers since the physi¢allk and surfaceproperties
of many fundamental and experimental studies. A generadf the photochromic liquid crystals reversibly can be con-
requirement to liquid crystal alignment is to be stable withtrolled by light without any changes in their chemical con-
the time and temperature. tent. Photoinduced changes of the liquid crystal physical
The performance of the LCDs and devices depends on theroperties, however, could direct{g.g., photoinduced phase
material parameterbulk characteristigsof the liquid crys-  transitions and anchoring transitiores indirectly (e.g., elec-
tal as well as on the surface/liquid crystal interactiossr-  tric field assisted photoinduced effectigad to significant
face characteristi¢sIn particular, the characteristic features changes of the optical appearance of the liquid crystal de-
of the anchoring of the liquid crystal are very important for vices. These changes could be very fésft the order of
the performance of the liquid crystal devices since thelOO us or even lessor very slow(a couple of minutes or
strength of the anchoring affects strongly their thresholchours depending on the origin of the photoinduced effect,
characteristics. The anchoring of liquid crystal to the solidphotochromic material, and the conditions of light illumina-
substrate is a result of a very delicate balance between t#on. The photoinduced effects in liquid crystals are very at-
number of interaction§l]. As we recently have shown, the tractive for applications in photonic devices.
photoisomerization process in photochromic liquid crystals In this paper, we present the experimental results concern-
that takes place under light illumination could change thising the behavior of the Fealericksz threshold voltage as a
balance and, thus, result in changes in the anchoring of thiinction of the UV-exposure time, for a cell of conventional
liquid crystal[2,3]. In some cases, these changes may triggesandwich-type, consisting of two parallel glass plates, filled
in-plane or/and out-of-plane anchoring transitions. with a photosensitive nematic liquid crystpd-hexyloxy-
The bulk properties of thermotropic liquid crystals depend(4’-hexyllazobenzene By means of a relation connecting
on the molecular structure and on the molecular interactionghe anchoring strength to the threshold voltages, it is possible
The liquid crystal surface properties that are of vital impor-to determine the behavior of the anchoring strength as a
tance for the alignment of LCs and thus for the optical apfunction of the UV-exposure time. These new data can be
pearance and the operation of these devices, depend, in agkplained in the framework of the theoretical models pro-
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FIG. 2. Temperature dependence of théeliericksz threshold

FIG. 1. Experimental setup. voltageU
F.

posed to describe the planar-homeotropic anchoring transi-
tion in azobenzene materidlg]. In the model presented in optical observations were performed by means of a polariz-
Ref.[7], it is considered that in the initial state all the mol- ing microscope under crossed polarizers. The sample was
ecules of the photosensitive material are in trens state, ~ protected from the light of the microscope lamp by yellow
being planarly oriented. With the increasing of the UV- light filter. The sample was subjected to UV light for differ-
exposure time the concentration ofs isomers increases, ent periods of time. UV light was supplied by UV-curing
whereas the concentration tfins isomers decreases. The units (Teklite) with and intensity of 70 mwW cm? at the
cis isomers are attracted to the solid substrate more than thgavelengthx =365 nm. The illumination spot was about
transisomers due to their larger electric dipole momggit 1.5 cm in diameter, being with homogeneous distribution of
It follows that the surface density of tlwésisomers increases the intensity in the cell area under investigation. Only one
with the illumination time. As discussed before, this processgpart of the sample was subjected to UV light. An ac voltage
of selective adsorption afis isomers onto the solid surface (at1 kHz) was applied to the cell and the threshold voltage
has drastic consequences on the threshold voltages and willr for the Fredericksz transition was measured as a func-
be invoked here to explain the behavior of this quantity as dion of the temperature and the UV-exposure time. The ac-
function of the illumination time. curacy of the measurementsdf was=0.5 V. This depen-
Our paper is organized as follows. In Sec. Il the experi-dence is depicted in Figs. 2 and 3, respectively. As sdgn,
mental setup is described. In Sec. Il we discuss the main
experimental results. In Sec. IV we present the theoretical R —
model and its connection with the experimental data. Some
concluding remarks are drawn in Sec. V.

T=39C

Il. EXPERIMENT

The experimental cell used in this study is of conventional I
sandwich-type consisting of two glass substrates coveres i LN
with transparent ITQindium-tin oxide electrodes precoated ;- Br M
with a thin SiQ layer. The SiQ layer is deposited at normal ! * |
incidence without any further treatment. The gap of the cell I 1
is fixed by Mylar spacers to be of about 18m. The liquid ol ]
crystal under study is a photosensitive nematic liquid crystal, |
4-hexyloxy-(4 -hexyl)azobenzene. [

The liquid crystal material has a small positive dielectric I
anisotropy €,>0). The liquid crystal was introduced into sl e
the cell in the isotropic phase. After cooling the cell from the 0 0 40 60 i 100 120
isotropic phase, the liquid crystal exhibited planar alignment
with the preferred direction parallel to the material flow dur-
ing the filling process. The cell was inserted in a Mettler FIG. 3. Dependence of the Federicksz voltagéJ on the ex-
F-52 hot stage in a setup shown schematically in Fig. 1. Th@osure time of UV illumination.

UV exposure time (s)
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FIG. 5. Singlecis-isomeric molecule adsorbed on the solid sub-
strate.

FIG. 4. Schematic presentation of photoisomerization of theN€ liquid crystal in a similar way as the surface-active agents
4,4 -disubstituted azobenzene nematic liquid crystal. do. Above a certain surface concentration, clsassomer will

promote a homeotropic alignment of the liquid crystal. Until

decreases with the temperature and the exposure time, thtie critical surface concentration of thisisomer is reached,

implying that the anchoring strength undergoes changes. there is a continuous change of the anchoring strength with
the UV-exposure time due to the selective adsorption pro-

Il DISCUSSION cess, as indicated by the dependenct pfq Fig. 3.Ug was
measured at 39 °C, well below the clearing pdiot about
Before UV illumination,Ur measured at 39 °C was about 30 °C), as a function of the exposure time. As shown in Fig.
23 V. It was impossible to achieve any complete homeotropi@, U successively diminishes with the exposure time and at
alignment in the cell even at very high electric field near theabout 2 min exposure, spontaneous transition from planar to
electrical breakdown of one of the cells. There is alwayshomeotropic alignment takes place. In Fig. 6 is shown a
some residual birefringence left due to the presence of susequence of photographs of the experimental cell after short
face layers with liquid crystal molecules having tilted insteadUV illumination of the central part of the cell. As seen, no
of homeotropic alignment. On approaching the clearingvisible changes in the birefringence of the cell took place,
point, however, it was possible to obtain a complete transithus indicating that there has been no detectable changes in
tion from planar to homeotropic alignment by applying athe liquid crystal alignment due to the UV illuminatiRig.
high electric field. However, no temperature-induced anchoré(a)]. When applying a voltage to the cell, the liquid crystal
ing transition from planar to homeotropic was found in thisvolume reorients first under the applied figlereedericskz
case. On the contrary, under UV illumination an anchoringtransition) leaving the liquid crystal alignment in the subre-
transition from planar to homeotropic alignment was foundgion near the substrates to a large extent unaffected. The
to take place in the sample without applying an electric field reorientation of the liquid crystal changes the birefringence
The mechanism of the light-induced alignment transition haf the cell[Fig. 6(b)]. However, increasing the voltage fur-
been thoroughly studiel®,3] and could be shortly described ther, a transition to homeotropic alignment was found to take
as follows. place in the illuminated region of the cell where the anchor-
Upon UV illumination, the liquid crystal under study un- ing has been modified by the selective adsorptionisfso-
dergoes drans-cis isomerization(Fig. 4). The concentration mer [Fig. 6(c)] whereas even much higher electric field is
of the cis-isomer in the liquid crystal is increasing with the unable to result in such a transition in the unilluminated part
exposure time. Since the form of this isomer does not favoof the cell at this temperature.
the liquid crystalline molecular order, due to its bent shape, The field-assisted anchoring transition from planar to ho-
the nematic state transforms into isotropic state above a critmeotropic seems to have potential for application in photon-
cal concentration of theis isomers in the liquid crystal vol- ics. The recorded image can be visualized by applying an
ume [8]. Below this concentration, however, a transition electric field. Depending on the exposure time, it would be
from the initial planar to homeotropic alignment is observedpossible to visualize images that will appear at different volt-
to take place in a cell whose substrates are hydrophilic, agges.
for instance, the one covered by SiOThe cis isomer is
generated under UV illumination in the volume as well as at
the surface. However, the concentrationcaf isomer at the
surface increases much faster with the exposure time than the Let us now interpret the above results concerning the de-
one in the volume since theis isomer possesses a larger pendence ol with the UV-exposure time in the framework
transverse dipole moment than tlrans isomer that in turn  of the model proposed in Ref7], which will be briefly
favors the adsorption afis isomer on the surfacéselective  reviewed. As stated above, we assume that in the initial state
adsorption (see Fig. 5 Due to its form, however, theis  of the photosensible material all the molecules are in the
isomer anchored to the surface will affect the anchoring otrans state, and the planar orientation is achieved by means

IV. MODEL
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(x,2z) plane containing the dipole. In this framework,p
=pu, whereu=(sin8,0,cosB). According to the elementary
electrostatic$9] the image op in the dielectric substrate, of
dielectric constang, is

€Ep— €

p=peo+eu, (1)

whereu’=(sin 8,0,— cosp). The electrostatic interaction en-
ergy between the dipole and its image’ in the substrate is

_ 1 (pp)=3(p-2(p"-2)
4meg (2ro)®

, @

wherez is the unit vector along the axis. By substituting
Eqg. (1) into Eq. (2), simple calculations give

1
47760

p?
(2"0)3

€— €p
V=

(1+co¥ B). ®)

eteg

Equation(3) shows that the interaction energy of the dipole
with the substrate is proportional tn)z/rg, and depends on
the angle formed by the dipole with the geometrical normal
to the substrateB. By assuming that, is the same for the
trans and cis isomers, we conclude that the larger is the
dipole moment, the larger is the adsorption energy. Since the
dipole moment of theis isomer is larger than the one of the
transisomers, we expect that the surface concentratiarnsof
isomer increases with the irradiation time.

A selective adsorption otis isomers has an important
effect on the orientation induced by the surface on the nem-
atic liquid crystal. To analyze this effect, let us assume, for
simplicity, that the bulk concentration ofs isomers remains
small. This is equivalent to assume that the bulk nematic
properties of the photosensitive liquid crystal do not change
very much. This is not really the case, since the shift in the
nematic-isotropic critical temperature is of several degrees,
but this simplifying hypothesis allows one to understand in a
simple way the effect of theisisomers on the induced align-
ment. In this framework, the initial planar alignment is due
to a molecular steric interaction “side to side,” where the
electrical dipole of therans isomer is parallel to the sub-

FIG. 6. Field-assisted transition from planar to homeotropic af-strate. When &is isomer is adsorbed at the surface, its mo-
ter illumination with UV light for short time(a) No applied field  |ecular dipole, for steric reasons, is normal to the substrate.
(U=0), (b) U;>Ug, and(c) U,>U;. In this case theis isomer gives rise to a structure having the

shape of an asymmetric V, shown in Fig. 5. On an average, if
of the used surface treatment. With the UV irradiation thethe substrate is homogeneous, the symmetry axis of these
concentration otis isomers increases and the concentrationobjects of V shape is normal to the substrate, and the induced
of transisomers decreas¢s]. Thecisisomers, having larger orientation on the liquid crystal is homeotropic, i.e., the nem-
dipole moment, are more strongly attracted by the cell suratic molecules are normal to the substrate. To connect the
faces. This effect can be easily understood by evaluating thenchoring energy of the interface with the surface concentra-
interaction energy of electrostatic origin of a dipplavith an  tion of cis andtransisomers, we can proceed in the follow-

isotropic substrate. ing manner. If the substrate is homogeneous, the surplus of
Let p be the dipole moment of an isomer, at a distange energy due to the presence of the substrate is of the figind
from the substrate. We indicate i the angle made bp =f(n-k), wheren is the surface director ankl the geo-

with the geometrical normal to the substrate, oriented tofmetrical normal to the substrate, supposed to be flat. Since
wards the dipole. We use a Cartesian reference frame havirig equivalent to—n, f,=fJ(n-k)?]. The surface orientation
thez axis coinciding with the normal to the substrate, and then, minimizing f is called “easy direction.” In the initial
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state wherecis isomers are absem, is parallel to the sub- 167
strate L k). In the opposite limit, where onlgis isomers 14
are present at the surfaagy|k. In a first approximation, in

which the easy directions are only the planar and homeotro

pic ones,fg can be written in the Rapini-Papoular fofit0] . 10
[2] 4

1 5 s

fSZEWcosZ&, 4 £ o]

>

where 6 is the angle between the normal and the surface
nematic director, andV is the anchoring strength. The an- 21
choring strength has two contributions: one coming from the ] .
transisomers and another one coming from tligisomers. — T

T T T T
It can then be defined as 0 20 N o % 0o
UV exposure time (s)

W=CsransWi~ CscisWe ®) FIG. 7. Dependence of the anchoring strengtton the expo-

sure time of UV illumination. The squaréwith error bar$ repre-
sent the data fow obtained from the data of Fig. 3. The solid line
qr'epresents the theoretical curve.

wherecgyrans @nd cgcjs are the concentrations dfans and
cis isomers at the surface, respectively. The structure of E
(5) is connected with the fact that the moleculestians
form favor a planar alignment, whereas the ones indise
form induce homeotropic alignment, as discussed above. Th
guantities entering in E(5) can be understood in the fol-
lowing manner. In the initial statého UV illumination), all
the molecules are in thérans state, i.e.,cgcs=0 and
Cstrans= 1. Therefore, in the initial state, the anchoring en-
ergy is connected with the presence of ottgnsisomers at

the surface(in this casew=W,); as the UV-exposure time In Fig. 3 the Fredericksz threshold voltagesy are

ies oftrans (Vi;ans<0) andcis (V.is<0) molecules at the
rface(in kg T units wherekg is the Boltzmann constant and
T the absolute temperatyreAs a consequence of the as-
sumption that at the initial time onlyrans molecules are
adsorbed at the surface, we hawg,ns=1—Cscis- Equa-
tions (5) and (6) are the theoretical tool to analyze the ex-
perimental data.

2 U,

, )

increasesgg i also increases, tending to diministh W, is shown as a function of the UV-exposure time
then the anchoring strength of a nematic sample having only In order to obtain the anchoring strength aé a function of
CIS Isomers ?dSOrbe_d at the _surface. By means _Of S'mplfhe illumination time, we use the Rapini-Papoular expression
arguments it is pos§|ble fo estimate the r.aNQ/W" '.f bl . for the anchoring strength as a function of the threshold volt-
interaction responsible for the surface orientation is ma'nlyages[l] which can be written as
of steric origin. LetE be the interaction energy between a '
nematic molecule and an adsorbed surface molecule. In the K (7 Up m Up
case of planar orientation a nematic molecule interacts with W= ﬁ( tar(E U
one adsorbed molecule, and the involved enerdy. ik the *
homeotropic orientation, induced lojs isomers, the number \yhereK is the elastic constant andlis the thickness of the
of first ne|ghbo_rs is, in average, four. Consequently, the eNgample. Furthermore, in EG7) U., is the threshold voltage
ergy for nematic molecule isi It follows thatW:/Wi~4. o the case of strong anchoring at the surface. It is given by
Of course other interactions contribute to the surface energyet. [1],
but they are usually negligible with respect to the hard core
interaction considered in the steric interaction discussed K
above. U,=7 \ﬁ (8)

Let us consider now the influence of the UV irradiation €a
time on the anchoring energy. According to the model proy,here¢ s the dielectric anisotropy of the sample. Note that
posed |anef[7], the density oftis molecules at the surface \y j5 actually measured iK/2d and the critical voltage in
is given by U, .

1 In Fig. 7 the values ofV as a function of the UV-exposure
—-Av 6) time are shown. They were obtained by applying Eg.to
’ the data of Fig. 3 and considering that was determined
with an experimental error of about 0.5 V. The solid line
where 7 is a characteristic time and is a parameter that represents the values of the best fit of these data, obtained by
controls the fraction ofrangcis isomers after the illumina- using the theoretical expressions given by E&§s.and (6).
tion, because some kind of recombination has to be consid- The parameters obtained from the best fit ae~0.3,
ered[11]. An estimation ofx can be done by measuring the 7~21.0 s,W./W;~3.8, andx~0.85.
shift of the critical nematic-isotropic phase transition, as re- The positive difference between the adsorption energies
ported at the end of this section. Furthermake,= (V,,ans  Of trans and cis molecules at the surface\v = (Vi ans
—V.is)/kgT is the difference between the adsorption ener-—V,;s)/kgT=0.3, indicates that there exists a selective ad-

x+(1-x)e Y7
e
(1-x)(1—e" 7

Cs cis™
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sorption ofcis molecules at the surface responsible for theTg(40) = Ty;(40)v/kg = 0.22 019T,;(40)/T,(0)]~0.21.
decreasing of the anchoring energy. This valueXorcan be  According to the model proposed in Ré8] this reduced
justified using the expression proposed above for the adsorpemperature corresponds to a density of isomers of the order
tion energy connected with the electrostatic energy of dipolaof 0.1. Sincen.(At)=(1—x)[1—exp(—At/7)] [8], by as-

origin. In fact, according to Eq.3) we have suming7~20 s we obtairx~0.9, which is comparable with
the value of the best fit. From the discussion reported above

Virans— Veis 1 [e—¢ 2p§i5— pf,ans it follows that only the characteristic timeis a completely
Av= kgT :47-“5O eteo) (2rg)kgT v 9 free fitting parameter, whereas the other parameters entering

in the model can easily be connected with phenomena con-
where the factor 2 in front tp2, comes from the angular ditioning the observed effect of photomanipulation of the

dependence of the adsorption energy of dipolar origin. Byanchoring energy.
assumingP.is~5 D, Pyrans~1 D[12], ro~6 A, and consid- The photoisomerization process affects also the bulk

ering a glass with a relative static dielectric constant of theProperties of the liquid crystal. Thas isomer of the nematic

order of 4, we obtaimv~0.4 that is in reasonable agree- Under study is not compatible with the liquid crystalline or-

ment with the value of the best fit. der and thus it will affect the nematic scalar order parameter
The value oW, /W,~ 3.8 confirms our prediction accord- S[8,13]. Whereas t_he changes i_n the order .parameter due to

ing to which the steric interaction determines the orientatiorf1® temperature arise from the increased disorder caused by

induced by the adsorbed isomers on the liquid crystal disthermal fluctuations, the changes due to the photoisomeriza-

cussed above. This result indicates that for long UV-exposurHon arise from the increased concentration oo isomer.

time the system can undergo an anchoring transition fron{VOrk is in progress along these lines and will be published

planar to homeotropic. Such a possibility is present in ouflSewhere.

model, but we have focused our attention to a case in which

this anchqring surface transition has not been obse_rved, since V. CONCLUSIONS
the technique used by us to measure the anchoring energy . .
works only if the threshold voltage for the Tedericksz tran- In this paper, we have presented an experimental tech-

sition is different from zero. For this reason, according to oumique to manipulate the anchoring energy of a photochromic
best fit, the anchoring energy remains always positive, indinematic liquid crystal. We have shown how the UV-
cating that the easy direction remains always the planar ondlumination process strongly affects the Edericksz thresh-
Finally, the parameter controlling the possibility of re- old voltage and, consequently, the anchoring strength of a
combination isx=0.85. This value can be evaluated directly nematic liquid crystal. The experimental results are inter-
by measuring the shift of the nematic-isotropic critical tem-preted in the framework of theoretical models that take into
perature in the absenc&,,(0), and in thepresence of a account the changes in the molecular form and the molecular
given irradiation timeTy,(At). With our experimental setup net dipole moment upon light illumination. The agreement
for At~40 s the shift of Ty, ATy =Ty (0)— Ty (40 s)  between the models and the experimental data is rather good.
~6 K. By assuming that the scalar nematic order parametePhotomanipulation of the anchoring strength seems to have
of the photosensitive liquid crystal can be evaluated usingotential applications in photonics.
the Maier-Saupe theory,can be estimated as follows. With-
out UV irradiationTy,(0)=341.16 K and with irradiation
Tni(40 s)=338.16 K. According to Maier-Saupe theory,
Tni(0)=0.22019/kg, wherev is a molecular parameter Many thanks are due to K. Ichimura for supplying the
[9]. We define a reduced critical temperature by means of thazobenzene material. L.K. acknowledges the financial sup-
relation Tg=Tyv/kg, and obtainTg(0)=Ty,(0)v/kg and  port of C. F. Lundstroms Stiftelse, Sweden.
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