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An automated in situ technique for the measurement of the director reorientation at
a nematic-aligning photosensitive polymer interface during polarized UV light irradiation
has been developed. Using this technique, the photoinduced azimuthal anchoring energy
(~20 mergcmÕ 2 ) and the adsorption part of the latter (~7 mergcmÕ 2 ) have been evaluated
for the E7-poly(vinyl cinnamate) system. The kinetics of the director reorientation have been
shown to be a very slow process (~1 h) and probably controlled by adsorption–desorption
of liquid crystal molecules at the interface.

1. Introduction this case the photochemical process at the polymer–air
interface might be diŒerent from that at the polymer–LCThe operation of traditional liquid crystal (LC) devices

is based on a change in the director orientation in the interface. The director reorientation in a � lled cell during
irradiation of the PVC layer was only studied in [23].LC bulk under the action of external � elds. The LC

director is � xed at the aligning surfaces and the boundary The azimuthal anchoring energy was estimated but no
details concerning the dynamics of anchoring was given.conditions are unchanged during the reorientation pro-

cess. Another way to control the reorientation process The aim of the present paper is to study the dynamics
of LC azimuthal anchoring at an LC–photosensitiveis to change the anchoring conditions for the LC at the

aligning surface [1–5]. polymer interface during in situ irradiation of the latter,
that is directly in a cell � lled with a liquid crystal. AsOne of the most attractive methods for controlling

the surface anchoring is the photoalignment technique shown later such a process has some important features
which shed light on the mechanism of the anchoring.which uses light-induced anisotropy in photosensitive

polymer � lms. Polarized light illumination of photo- For our study, a model photosensitiv e compound PVMC,
poly(vinyl methoxycinnamate ) has been chosen. A newsensitive aligning layers (azo-compounds [1, 6], poly-

imides [7–9], cinnamate-based polymers [3, 10, 11], and version of the rotating polarizer ellipsometric technique
[24] has been used in the measurements, enabling us tosome others [12, 13]) produces an easy axis along which

a liquid crystal is aligned. Poly(vinyl cinnamate) (PVC) make in situ measurements of the visible light polarization
rotation angle due to a twisted director con� gurationand its derivatives are the most investigated materials

for this purpose [14–18]. which, in turn, was induced by the polarized ultra violet
(UV) light illumination of the PVMC/nematic interface.A key parameter of the LC photoaligning layers is

the anchoring energy, either zenithal or azimuthal [19].
The azimuthal anchoring is especially important for the 2. Experimental
applications in which bistable nematic switching [20, 21] Films made of a PVMC sample (NIOPIK, Moscow)
is used. The azimuthal anchoring energy is usually deter- were used for the experiments. 1.4% PVMC in cyclo-
mined by twist angle measurements under a polarizing hexanone solution was spun at 3000 rpm for 30 s onto
microscope [22]. As a rule, the photoaligning layers are ITO-covered fused quartz substrates and dried at 60–70 ß C
irradiated before � lling the cell with a liquid crystal. In for ~1 h. Cells were constructed consisting of one sub-

strate with a PVMC layer (still not irradiated) and the
other substrate with a planar orienting reference interface*Author for correspondence; e-mail: barberi@� s.unical.it
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274 V. V. Lazarev et al.

at which the liquid crystal was assumed to be in� nitely glass plate and a mirror into two beams, the signal and
the reference. The signal beam, linearly polarized by astrongly anchored. In this case, the latter de� ned an

overall initial homogeneous planar texture of liquid polarizer, passes through a sample and is then chopped
by a rotating analyser. The reference beam is also linearlycrystals (5CB or E7) after cell � lling. In order to minimize

� ow alignment eŒects, the samples were � lled in the polarized in the same direction and chopped by the same
rotating analyser. Two identical silicon photodiodes eachisotropic phase and then the temperature was decreased

slowly through the isotropic–nematic transition. fed by a 22 V d.c. source and supplied with a 100 kV
load resistor receive modulation signals and deliverThe thickness of empty cells was measured by an

interferometric technique. The cell gap was controlled electric response signals to the line input of a multimedia
card of an IBM/PC computer. The PhysLab softwareby te� on strips and chosen to be large enough (more

than 10 mm) to be in the Mauguin waveguide regime. including a set of ‘virtual devices’ (an oscilloscope, a
lock-in ampli� er, a plotter and some others) was usedDiŒerent treatments of the reference surface were used

providing very strong anchoring, namely (i) rubbed poly- for automated measurements.
With such an optical set-up, it is possible to measureimide AL1254 and (ii ) 45 nm thick SiO layers evaporated

at an angle of 60 ß . the relative optical phase shift DY between the polarization
directions of linearly polarized beams in the referenceA schematic of the experimental set-up is shown in

� gure 1 (a). An 8 mW He-Ne laser beam is divided by a and signal (sample) channels. Indeed, it is easy to show
that the time variations of the light intensity trans-
mitted through the analyser rotated by a motor with
angular frequency v, is I 5 I0 cos2 (vt Õ DY ) ; (I0 /2) 3
{1 1 cos[2(vtÕ DY )]}. Therefore, the phase angle 2(DY )
is measured directly by a lock-in ampli� er at a frequency
(provided by rotating analyser) of 2v. The accuracy of
the phase angle measurements is of the order of ~0.01 ß .

For the measurements, the cells investigated were set
into the signal channel of the optical set-up, with the
initial planar LC-director orientation, L, being parallel
to the polarization direction of both polarizers P,
� gure 1 (b). Then, one of the � xed angles (designated as
W0 and chosen to be equal to 90 ß , 70 ß , 45 ß , 20 ß or 5 ß )
was established between the initial LC-director orientation
in the cell (controlled by the strong anchoring direction
R on the rubbed reference surface) and the expected
photoalignment direction at the PVMC surface F0 (which,
in other experiments, is known to be perpendicular to
the polarization direction of the UV pumping light PUV
[3, 11]). The PVMC/nematic interface was irradiated
with linearly polarized UV light through the back of the
PVMC-covered ITO–quartz substrate.

The irradiation resulted in an induced photoalign-
ment direction on the PVMC � lm and forced the LC
director at the PVMC-surface to reorient from the initially
memorized direction (which was spontaneousl y established
along the opposite substrate rubbing direction R) to
a new, UV-induced easy direction Feasy . This memory
eŒect of the initial orientation (due to the existence of
an adsorbed oriented nematic layer on the PVMC-

(a)

(b)

surface just below the I–N transition) is equivalent toFigure 1. (a) Experimental set-up. L 5 He-Ne laser; SM, M 5
mirrors; P 5 polarizers; D 5 diaphragm; C 5 liquid crystal the appearance of an easy axis Lads with a � nite azi-
cell; RA 5 rotating analyser; PDR and PDS 5 photodiodes muthal anchoring energy Wads . Therefore, the director
in reference and signal channels; MMC 5 multimedia card reorientation process at the PVMC layer is controlled by a
for IBM/PC computer; UVL 5 xenon ultraviolet lamp;

competition between two surface alignment directions: theLS 5 lens system; UVP 5 UV light polarizer; F 5 a set of
memorized and UV-induced ones. During cell irradiationUV � lters. (b). Orientation of the alignment directions,

the surface directors and the polarizers. a uniformly LC twisted texture forms with a bulk twist
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275Photoinduced azimuthal anchoring

angle w dependent on the UV exposure time. A temporal curve in � gure 2) is well � tted by the expression: DW (t) 5
A[1 Õ exp (Õ t/T1 )] exp(Õ t/T2 ) with � tting parameters:evolution of the induced bulk twist angle (i.e. surface

director reorientation at the PVMC/nematic interface) A 5 0.112 ß , T1 5 0.08 min, T2 5 5.6 min (solid curve in
� gure 2). The same form for the time dependence willwas measured and recorded with the PhysLab software.

The cells were irradiated through a lens system with be used later for the azimuthal anchoring energy surface
potential to � t an evolution of the director reorientationa pump beam of polarized UV light from a 300 W

Cermax Xenon lamp. The exciting light intensity was at the nematic/PVMC interface during the same UV
light exposure.about ~50 mW cm Õ 2 behind a set of UV � lters (UFS6,

UFS5: lmax # 350 nm, Dl0.1 # 300–390 nm) and a UV Figure 3 shows the time dependence of the UV light-
induced angle w of the director reorientation in a 12 mmpolarizer (ORIEL sheet dichroic UV-polarizer) . The pump

beam with the polarization direction of UV-light, PUV , thick cell � lled with the liquid crystal E7 for diŒerent
polarization angles W0 (diŒerent irradiated spots in thealong the vertical (s-polarization) was directed to the

PVMC-side face of the cell at the angle of 20 ß to the same cell ). For each curve, there is a sharp increase in
the angle w during the � rst 1–2 min just after switchingcell normal. For W0 variation, the polarizers and the cell

under study were rotated around the axis of the probe on the UV irradiation. Then after the following 20–30 min
of continuous UV exposure, the angle w smoothlylaser beam, with the UV-polarizer direction � xed along

the vertical during all the measurements. approaches some asymptotic value. For each experi-
mental curve, the latter is considerably less than the
corresponding angle W0 . After switching oŒ the UV3. Results and discussion

Figure 2 shows the time dependence of the intrinsic irradiation, the plateau value of w decreases a little.
First, there is a quick decrease due to a small decreasephotoinduced retardation of a 30 nm thick PVMC � lm

(typically used in our experiments) during linearly in temperature and the corresponding changes in the
nematic order parameter and elastic constant, K22 . Thispolarized UV light irradiation. These data were taken

under an exposure intensity of ~50 mW cm Õ 2 with the temperature-dependent jump is followed by a very slow
decrease of the plateau w-value, which may be attributedhelp of the ellipsometric technique described in detail

earlier [24]. The retardation is seen to rise to a maximum to some gliding of the director at the surface towards
the original direction.of ~0.1 ß at an exposure of ~1 J cm Õ 2. The exposure

value corresponding to the maximum birefringence is By comparing the two processes shown in � gures 2
and 3 controlled by the same UV light irradiation, itone � fth of that observed for thicker (d 5 100 nm)

PVMC � lms [11]. This may be explained by a less is easy to see that their characteristic times are quite
diŒerent. While evolution of the PVMC-� lm birefringenceuniform UV light absorbance in the thicker � lms. The

experimental time dependence of birefringence (scatter covers some tens of seconds, the director reorientation

Figure 2. UV exposure time dependence of the optical phase
Figure 3. Time dependence of the UV light-induced angle ofretardation (l 5 632.8 nm) of a ~30 nm thick PVMC � lm

spun onto an ITO-covered fused silica substrate under the director reorientation for diŒerent values of the angle,
W0 , between the photoalignment direction at the PVMCUV illumination (I 5 50 mW cmÕ 2 ) through the back of the

substrate. The solid line is a � t calculated from the expression: interface and the rubbing direction at the polyimide reference
interface. UV exposure time tirr 5 45 min (for W0 5 90 ß , 5ß )DW(t) 5 0.112 ß 3 [1 Õ exp(Õ t/0.08)] exp(Õ t/5.6). Insert: the

same curves on a logarithmic scale (the phase delay of and tirr 5 30 min (for W0 5 70 ß , 45 ß ). The ~12 mm thick
cell was � lled with E7.the substrate is subtracted).
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276 V. V. Lazarev et al.

till saturation requires hours. The latter can be explained From equation (2) an analytical expression for w(t) can

by slow adsorption–desorption phenomena which occur be obtained:
at the interface and accompany the director reorientation

process. The same behaviour of the director reorientation
w(t) 5 WeasyNG1 1

K22 /d 1 W 0
ads exp (Õ t/t2 )

Wsat[1 Õ exp (Õ t/t1 )] H . (3)was also characteristic of cells with another reference

surface (made of SiO) and a diŒerent LC (5CB).

It should be noted that, in our experiments, the Here W 0
ads , Wsat , t1 , t2 are parameters found by � tting

characteristic relaxation time of the twist deformation, the experimental data. Weasy is the angle characterizing
td , is much shorter than the observed time of the director the easy axis direction Feasy induced by UV exposure in
reorientation tr (i.e. the time of the surface anchoring

a particular experiment—the angle between Feasy and L
energy variation) . Indeed, td can be estimated by the

directions, see � gure 1 (b).
expression td # c1d2 /p2K22 [19]. The twist viscosity

Here we must emphasize that the Feasy alignment
c1

~1 dyne s cm Õ 2 (5CB, 25 ß C), the twist elastic constant
direction diŒers markedly from the expected F0 . It is

K22 5 (0.3–0.9) 3 10 Õ 6 dyne (5CB-E7, 20 ß C), the cell
not a surprising result because during the director

thickness d 5 10–20 mm; hence, td # 0.1–0.3 ms, i.e. much
reorientation there is a volume torque exerted on the

shorter than tr which is of the order of minutes (see
LC director at the PVMC-surface which prevents it

� gure 3). Under these conditions, the director distri-
from being aligned along F0 .

bution in the cell at each instant should be determined
There are at least two possible mechanisms responsible

by a minimum of the free energy of the uniformly twisted
for the phenomenon. Consider the � rst one which can

LC (including surface terms). Assuming strong azimuthal
be explained within the framework of the surface inter-

anchoring at the rubbed reference surface, the free energy
action potential. The surface interaction potential of

per unit area for a simple quadratic form of the surface
a PVMC � lm in contact with a liquid crystal should

potentials can be written as:
have azimuthal asymmetry due to the interaction with

the twisted LC medium. This means that, at least for
F 5

1
2

K22 w2 (t)/d 1
1
2

Wads (t)w
2 (t) the top PVMC surface layer, which is responsible for the

LC alignment, the initial distribution of the photo-

reactive bonds would diŒer from the azimuthally sym-
1

1
2

WUV (t)[w(t) Õ Weasy ]2 (1 )
metric distribution in the bulk of the same PVMC � lm

or at the interface of any irradiated PVMC � lm with
where the � rst term is the integrated bulk energy air. In the latter, the selectivity of the photochemical
contribution and the two last terms are the azimuthal polymerization reaction is de� ned by the UV polarization
surface anchoring energies for the two competitive align- direction, PUV , and, as said above, results in the easy
ment directions on the PVMC-surface: the memorized axis direction F0 perpendicular to PUV . In the case of
one (due to adsorption of aligned LC molecules) and the interface between the PVMC � lm and a liquid crystal
the UV-induced one. w(t) is the time-dependent angle of initially aligned along some direction not coinciding with
the surface director reorientation at the PVMC surface F0 (e.g. � xed by the rubbing direction R of the opposite
(i.e. the induced bulk twist angle of the cell at the instant plate) the easy axis is induced in a compromise direction
in time, t). deviated from the expected one F0 (toward, e.g. R). Thus,

Assuming an exponential time-dependent form for the corresponding twist angles Weasy diŒer from W0 .
the amplitude of the surface anchoring energy term due The second mechanism can be considered in terms of
to adsorption (called the adsorption anchoring energy) the easy axis gliding. Imagine that, at the very beginning
Wads (t) 5 W 0

ads exp(Õ t/t2 ), where W 0
ads is the magnitude of the UV light exposure, the induced easy axis direction

of the adsorption anchoring energy for t 5 0, and a coincides with the expected F0 . The amplitude of the
simple phenomenological expression for WUV (t) [18] is induced azimuthal surface anchoring at this moment
WUV (t) 5 Wsat[1 Õ exp(Õ t/t1 )], where Wsat characterizes is very small for the corresponding surface torque to
the saturated value of the anchoring strength of the balance the exerted LC bulk torque. That is why the
PVMC � lm after a su� ciently long UV irradiation, we easy axis orientation would deviate (by gliding) from
can easily derive the torque equilibrium equation at the the expected direction F0 to R, to diminish the exerted
PVMC-surface: bulk torque. With growing UV light-induced aniso-

tropy of a PVMC � lm, the corresponding surface torque
0 5 K22 w(t)/d 1 W 0

ads exp (Õ t/t2 )w(t)
increases and at some moment (approximately corres-

ponding to when the maximum birefringence is reached)1 Wsat[1 Õ exp (Õ t/t1 )][w(t) Õ Weasy ]. (2 )
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277Photoinduced azimuthal anchoring

a new position of the easy axis direction Feasy would be
obtained, for which a balance of all torques involved is

established. At present, we cannot distinguish between

these two models but, fortunately, numerical � tting of
experimental data with both models leads to the same

values of anchoring energies. For the sake of simplicity

we accept the � rst model.
In our experiments, the angles Weasy were measured

by polarization microscopy just after terminating the

w(t) automated measuring procedure. A sample was set
under a polarizing microscope with a crossed polarizer

and analyser. The rubbed plate of the cell was � xed on

the microscope stage with the rubbing direction along
the polarizer direction. The UV-exposed PVMC-plate

was rotated with respect to the � xed rubbed plate to
Figure 4. Typical � ts for the two experimental curves

reduce the observed twist until the full extinction position
(shown in � gure 3) calculated with equation (3) for the

occurred. In this position the LC texture was untwisted angles Weasy 5 37.5 ß and 78 ß (experimentally measured)
planar, i.e. the UV-induced easy direction on the PVMC- and for the � tting parameters: Wsat 5 22.5 mergcmÕ 2

and 21.2 merg cmÕ 2, t1 5 2.1 min and 32 min, W 0
ads 5plate coincides with the rubbing direction on the opposite

6.9 mergcmÕ 2 and 7.0 merg cmÕ 2, t2 5 3.0 min and 2.1 min,plate, and the angle of the PVMC-plate rotation equals
respectively for W0 5 45 ß and 90 ß .

the angle Weasy .

We have also checked the possibility of a virtual

director deviation on the rubbed polyimide surface. This
is UV light-induced and characterizes the PVMC � lmwas done by a weak misalignment of the polarizer
ability to bind LC molecules under linearly polarizedposition around the extinction direction, and for all
UV light illumination. As one can see from the � ts, the

the UV-induced twist textures, within the experimental
adsorption part of the surface anchoring is not as weak

uncertainty of Ô 0.5 ß , we observed no surface director
as may be thought (~7 merg cm Õ 2 ) and puts a techno-

deviation from the rubbing direction. So, in our experi-
logical limit for a weakest possible surface anchoring in

ments, the strong anchoring condition was indeed held
this system.

on the rubbed polyimide surface.
As is seen from � gures 3 and 4, the real onset of the

Knowing Weasy and the LC cell parameters (d, K22 ),
director reorientation process for W0 5 90 ß is consider-

the � tting procedure can be implemented and the
ably delayed from the beginning of UV light irradiation.

azimuthal anchoring energy magnitudes obtained. The
The W0 5 90 ß case is a special one due to its higher

two typical � tting curves (dotted lines) calculated with symmetry, and several authors [4, 5] have reported a
formula (3) are shown in � gure 4 with the corresponding threshold behaviour of the director reorientation in this
experimental curves (solid lines) previously shown in situation. We have not observed true threshold behaviour
� gure 3 for W0 5 45 ß and 90 ß and corresponding angles for W0 5 90 ß , perhaps, because of a divergence of the UV
Weasy 5 37.5 ß and 78 ß measured independently. The lamp beam which may break the full symmetry in
� tting parameters obtained are: Wsat 5 22.5 merg cm Õ 2 our experiment. But the characteristic time constant t1and 21.2 merg cm Õ 2, t1 5 2.1 min and 32 min, W 0

ads 5 responsible for the time dependence of the UV-induced
6.9 merg cm Õ 2 and 7.0 merg cm Õ 2, t2 5 3.0 min and anchoring amplitude increased dramatically with respect
2.1 min, respectively, for W0 5 45 ß and 90 ß . to the other cases where W0 Þ 90 ß (compare t1 5 32 min

Thus, considering the evolution of the director for W0 5 90 ß and t1 5 2.1 min for W0 5 45 ß ). This results
reorientation at the PVMC/nematic interface as a result in some time delay of the W0 5 90 ß curve (a shift to the
of a competition between two local azimuthal anchor- right along time axis in � gure 3).
ings, the original surface anchoring (due to the adsorption The other feature of the W0 5 90 ß case is the appear-
memory of the initial bulk LC alignment) and induced ance of the oppositely twisted domain texture of the LC.
anchoring (due to irradiation of PVMC-� lm with linearly A polarizing microscope image of such a texture is
polarized UV light), we succeeded in � nding the magni- shown in � gure 5 (the right spot). All the other spots
tudes of the two azimuthal surface anchoring energies induced at diŒerent values of W0 Þ 90 ß show perfect twist
Wads and WUV . The � rst one is the adsorption part of the textures with a good contrast (see an example in � gure 5,
surface anchoring energy and characterizes the adsorp- the left spot, W0 5 70 ß ) and high time stability (at least,

for several months).tion properties of the PVMC/LC interface, the second
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278 V. V. Lazarev et al.

Figure 5. Images of two UV light-induced twist texture spots seen under the microscope. The rubbed AL1254-polyimide plate of
the cell faced the polarizer with the rubbing direction parallel to the polarization direction of the polarizers. The analyser axis
is uncrossed through 70 ß with respect to polarizer (W0 5 70 ß for the left spot, W0 5 90 ß for the right spot).

4. Conclusions We are grateful to Dr S. P. Palto for useful discussions
and PhysLab software; also to Mr V. Massaro for pre-The dynamics of the LC director reorientation at a

nematic (E7)/PVMC-� lm interface exposed to linearly paring SiO aligning layers. The work has been carried
out in the framework of the Copernicus (grant no.polarized UV light has been studied. The direction of

the UV light-induced easy axis has been proved to be IC15-CT96-0744) program, an INTAS program and
INFM ‘Progetto Sud’.rotated from the normal-to-UV polarization direction

due to a torque exerted by the light-induced twist in the
bulk of the liquid crystal. The evolution of the director
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