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We show that adsorption of dye molecules control the light-induced alignment of dye-doped nematic liquid
crystal (LC) on a nonphotosensitive polymer surface. The dependencies of light-induced twist structures on
exposure, thermal baking, thickness, and aging before irradiation of the LC cells allowed us to propose the
following mechanism for the alignment. Before irradiation, the “dark”-adsorbed layer on the tested surface is
formed from dye molecules predominantly aligned along the initial direction of the director. Irradiation of the
cell with linearly polarized light produces an additional layer with different orientational ordering of dye
molecules. The final easy axis is determined by the competition of “dark” and light-induced contributions to
anchoring and is aligned between the “dark” easy axes and polarization of the light. For quantitative inter-
pretation, we apply the tensor model of anchoring and assume that the photoalignment in the mesophase is a
cumulative effect of the light-induced anchoring on the background of the already existing anisotropic “dark”
dye layer.
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[. INTRODUCTION light-induced adsorbed layer and a layer of dark-adsorbed

molecules play important roles in the final orientation of the

Effective applications of liquid crystalg C’s) require ap- ~ director on the surface. Light irradiation of a cell in the iso-
propriate alignment. A common alignment technique is afopic phase may produce anisotropy in the dark-adsorbed

rubbing of polymer surfaces to provide unidirectional orien-/2yer €ither due to photodesorption of molecules or their
photoreorientation. As a result, an easy axis perpendicular to

tation of the LC d_irectod, in a cell[1]. Despite hi_gh-quahty light polarizationE,,, appears. At the same time, the direc-
homogeneous alignment caused by rubbing this method hagn of easy axis due to light-induced adsorption is parallel to
some deficiencies, e.g., production of electrostatic charges, ., since light-induced adsorption is the most effective for
and dust on the surface during treatment. In a developegholecules in which long axes are parallelEg,.. The re-
photoalignment technologf2-5], LC alignment is due to sulting e is determined by the competition of light-induced
the appearance of an anisotropy axis on a boundary surfa@slsorption of dye molecules on the substrate and light-
irradiated with polarized light. The photoalignment processnduced anisotropy in the dark-adsorbed layer.
is a noncontact one and solves the problems associated with The aim of the present paper is to study light-induced
rubbing. In addition, it allows effective control of the direc- @nchoring of dye-doped LC in the nematic phase and to clear
tion of the easy orientation axis of L€ on the aligning UP @ role_of the mQIeCL_JIar erentatlonal ordering in the me-
surface by changing the direction of the incident light polar-SCPhase in producing light-induced alignment.
ization, and the value of the anchoring energy of WChy
changing the light exposure.

In the traditional photoaligning process an anisotropy axis Light-induced anchoring of pentylcyanobiphen{dCB)
on an aligning surface is produced with irradiation of thefrom BDH Ltd. (clear point,T.=36 °C) doped with azo-dye
surface before cell assembling. A polarization-sensitive phomethyl red (MR) from Aldridge (weight concentrationg
tochemical reaction in an aligning polymer layer is usually=0.5%) was examined in a combined cell consisting of the
responsible for this mechanism of photoalignmight reference and test glass substrates. The reference surface was

The other photoaligning method is light irradiation of a covered with indium tin oxid€ITO) and rubbed polyimide.
cell after filling. In situ photo-orientation of liquid crystals The polyimide layer produced strong low-tilted (1-2°)
was first observed in cells filled with dye-doped LE&7];  planar alignment of 5CB in the direction of the rubbing.
the method is usually called light-induced LC anchorfiB)  The test surface was covered with an ITO layer and an
Voloshchenkoet al. [7] suggested that the easy axis ap-isotropic nonrubbed layer of para-fluoro-potinyl)-
peared because the light initiated the adsorption of the dyeinnamate (PVCN-P. The PVCN-F layer was irradiated
molecules onto the surface. with nonpolarized UV light from a Hg lamgight intensity

Our recent studies of light-induced anchoring in the iso-10 mw/cnt) for 15 min. This irradiation crosslinked the
tropic phase of dye-doped L{®] has shown that both the polymer chains to prevent dissolution of the polymer by 5CB

II. MATERIALS AND BASIC EXPERIMENTS
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FIG. 1. Experimental setugl) He-Cd laser(2) polarizer,(3) “ob 15_' A\ v v
lens, (4) LC cell, (5) tested substrate, arié) reference substrate. § | T \V/

& 104 O——n_ A A
and to diminish the effect of director slippage over PVCN-F 1 o o ——A—
surface[8,10]. Calibrated spacers gave the cell thickness 5 \n\
=45 pum. The cell was filled with a mixture of 5CB and ] \O\

MR in the isotropic phaseT(=70°C) and cooled down to 04 a S0
room temperature ?n a r_nagr_1etic field=5 kG, which was 0o 10 20 30 40
parallel to the rubbing direction of the reference surface. The t, (min)

homogeneous planar structure was parallel to the rubbing

directiond,.;. The pretilt angle of LC on the tested surface, ~FIG. 3. Twist anglep vs time of thermal treatmeny at differ-
3°, was measured with the rotation technid@é]. ent exposure timed;,.=5 W/cn?.
The cell was placed normal to the incident Gaussian beam | i ) ) ]
of the He-Cd lasefwavelengthh =0.44 um, light power poIanzaﬂon Einc. At the given intensity, the value first
P<6 mW) (Fig. 1). The beam was focused on the LC Iayerwem up with the exposure and then saturated. The saturated
from the side of the test surface. The diaméteif width of ~ Valueé @sary, increased with the intensity,. but never
the intensity distributionD of the laser beam in the plane of achieved 45°, i.e., directioBjn;.
the cell was 0.25 mm. The polarization of the incident beam Experiments at low intensity I (<1 W/cn?) show
E,.. Was set at a 45° angle a}ef. The cell was irradiated POOr reproducibility. In most experiments, the director turned

with different light intensityJ ;.= 4P/7D?, during different towardE;,., but sometimes we observed the twist structures

. Th iod q with the director being turned outwakHj,. and¢ becoming
exposure timefey,. The exposure was carried out a day negative. The appearance of the latter abnormal textures was

after producing the cell, and the cells were examined in g npredictable. In one of the experiments, we observed two
polarizing microscope a half day after the EXposure. closely located £0.5 mm distant textures with opposite
We observed the appearance of structures in the irradiat gns of the twist angle at the same irradiation parameters.

areas. Analysis of the textures showed that the_ director oy coyid not find the conditions necessary for the formation
the reference surface was not changed. The twist SIrUCtUres e ahnormal textures. In particular, we did not find cor-
were cauAsed by the reorientation of the director on the teSterqelation between the appearance of these structures and the
surfacesd,es;, meaning that the stable light-induced easythickness of the cells, as well as the irradiation parameters
axis g5 Was produced on the tested surfaces. (exposure and intensity

The dependencies of the twist angiebetweend,s; and We checked the thermal stability of light-induced anchor-

d,o; On exposure at different intensitie?gh are shown in ing on the tested su.rface. Th_e cells with the Iig.ht-induced
ref . L — c : : twist structures obtained at different exposure times, were
Fig. 2. At intensitiesl;,.>1 Wicn?, ¢ in the irradiated

C . . laced into the hot stage @t=100°C and left for time =
areas was always positive, i.e., the director turned towarqy min. Then the cells were slowly cooled to room tempera-
ture while in the hot stage, and the light-induced twist struc-
tures were compared with the initial ones. This procedure
was repeated several times, and the dependence of the twist
—O=1, =8 W/em® angleg on the overall time of keeping the cell at the elevated
—O—1, = 6 Wjen® temperaturé; was obtainedFig. 3. The thermal treatment
led to the decrease of the twist angle We found a gain in
thermal stability of the anchoring with the increase of light
exposure. The thermal treatment of the short-exposed cells
(texp=5 min) resulted in the complete disappearing of the
twist structures after 20 min when keeping the cellTat
=100 °C. At the longer light exposureé.(,=60 min) keep-
ing the cell atT=100°C during the first 10 min caused a
small decrease of the valye then the twist structure did not

77— change up tar=40 min of the thermal treatment.
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FIG. 2. Twist anglep vs exposure time,,, at different inten- Comparison of the results obtained from irradiation of
sities. cells in the mesophase and in the isotropic phase clearly
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‘; FIG. 5. Experimental setup for measuring of the dependence of
the twist angle appeared after rotation of the tested surface on cell
20 - age:(A) holder,(B) substrate with the reference surfa@@) spacer,
and (D) substrate with the test surface being under mechanical
pressure.
1sLa v .o .1 ) o o . .
10 20 30 40 50 60 70 80 90 light-induced anchoring in the mesophase is a task for addi-
L (um) tional studies. Below, we consider the main factors that act
Hm to produce light-induced easy axis on irradiation in the nem-

FIG. 4. Twist anglep vs cell thicknesd. at different exposure  atic phase. , _
times T-..=5 W/cn? The order parameter of MR molecules in 5CB is rather
rhinc .

high (Syr~0.35) and MR molecules are predominantly ori-

demonstrates that orientational order strongly effects th&nted parallel tal.s near the tested surface. Therefore, the
characteristics of light-induced anchoring. In the isotropic ‘dark” adsorption of MR molecules on the tested surface

phase, the easy axf,q is either parallel toE;. at high after the cell filling should result in the formation of an an-
' est Inc

intensities or perpendicular ;.. at low intensitied9]. In |Asotr0p|c adsorbed layer and produce "dark” easy axis,

: JORLEL N gk A . ) :
contrast, we found a broad variety of easy axis orientationtest - Parallel todyer. To prove this suggestion, we experi-
in the mesophase at low intensitieg (<1 W/cn?). At mented with a combined cell, in which the tested surface

; :

high intensities, the irradiation never resulted in the orienta—co.UId be rotated in the pllane of the cell around zhaX|§
ion d | (Fig. 5. The substrate with the test surface coated with a
tion drest aloNG Ejnc - N PVCN-F layer was mechanically pressured with spring in
There can be two reasons whl; andE;,. are not par-  order to keep the cell thickness constant. The nominal cell
allel. First, the easy axig,s; coincides withE;,., bute.s;  thickness given by spacers glued to the reference surface was
anddyes do not coincide due to the balance of finite anchor-80 «m. The cell was filled with the mixture of 5CB and MR
ing energy on the tested surfat® and the elastic torque N the isotropic state and cooled down to room temperature.
~K,,/L. Second, the easy aXEﬁest may not be parallel to After resting for periods ranging from 5 to 300 min, the test

Einc. TO check which situation is realized in our case, weSubstrate was rotated gh=90° to the directiond,.;; the
measured the dependence of the twist anglg,€15 min) ~ value L varied in the range 80-94m during rotation.
on the cell thicknesé&Fig. 4). This dependence is determined Analysis of the resulting textures in the polarizing micro-

by the torque balance on the tested substrate, which in thecOPe shows that the turning of the test substrates resulted in

sults in angle ¢ was not equal to 90° and depended on cell age
before rotationt 4. With increasing,4e, the valuee also
increased and saturated to the valpg,,~70° in tens of

(1)  minutes (Fig. 6). This value cannot be explained by the
memory effect12] because in the cell with pure 5CB, the

R R saturated twist angle is much lower,,.,~25°. Thus, dark

where ¢ is the twist angle betweeg. andd,s, andK,,  adsorption of MR results in producing the easy axis on the

=3.6 pN is the twist elastic constant. Fitting experimentaligsted surface parallel the;. We estimated the value of the
data with Eq.(1) allowed us to determine both the anchoring anchoring energy of the “dark” easy axisSWgax

energy value W=0.2+0.1 pJ/n? and ¢o=36.4+3.5° ~0.16 wJ/n? by solving Eq.(1) at ¢eau~70°, ¢o= o

Sin2(¢o—¢) _ 2K,
@ WL’

<45°. Moreover, for the exposure tinig,,=40 min corre-  _gge andL=80 wm. This value, however, is the upper
sponding to the maximum valugnay, (Fig. 4 we also could  |imjt of the anchoring induced by dye adsorption, because of
not reach the value 45°. A the possible memory effect.

Thus, opposite the case of isotropic phase wiegrg be- Thus, light-induced easy axis is produced on the back-

ing either parallel(high-intensity regimg or perpendicular ground of an anisotropic aligning layer with the easy axis
(low-intensity regjm& to Ej,., the irradiation in the me- e’ parallel tod,.; and possessing the anchoring energy
sophase produces.s;, which has intermediate positive po- Wy,,,. To describe both dark and light-induced contribu-
sition ¢q<45°. We believe that the peculiarities of light- tions to the anchoring, we use the phenomenological ap-
induced anchoring in the mesophase are caused by angularoach, where the dark and light-induced processes are con-
ordering of MR and LC molecules. The kinetic theory of sidered as two consecutive aligning treatments. A tensor
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FIG. 6. Twist anglep, induced by rotation of the tested surface, FIG. 8. Twist angle ¢ vs cell aging time, t,q.: I_inc
vs cell agefqge. 9

=5 W/cn?, tey,=15 min.

description for the anchoring of LC on the surface exposed

to consecutive aligning treatments was recently proposed ifight-induced easy axisll., is parallel to Ei,e and @p,
[13]. Within this description, the resulting surface energy per_ 45°. Then, with knowledge of the valu&/=0.2 wJ/n?

unit area s and ¢o=36.4° we can estimate the light-induced contribu-
tion W, =W sin(2p)=0.195 wnJ/n? and the dark contribu-
tion Wy,k=W cos(2p,)=0.06 wJ/n? to the total anchoring.
The last value is consistent with the upper linW,,
<0.16 wJ/n? estimated from the experiment in the cell
where W,z is the traceless symmetrical anchoring tensoryith the rotating substrate.

which is a sum of tensors, that correspond to the different Both experiments and estimations demonstrate that the
treatments. For planar alignment of LC, the tensor approacfinal orientation of the director on the tested surface depends
describes an azimuthal anchoring in terms of the complexn the properties of the “dark’-adsorbed layer. Below we
azimuthal anchoringV=Wexp(d¢), whereW is a tradi- present the additional experiments where variability of the
tional azimuthal anchoring and determines the easy axis. “dark”-adsorbed layer is manifested in the photoalignment.
The complex description preserves the additivity of different The irradiation in experiments described above was car-
treatments. In our case, the resulting complex anchdfing fied out after the dark-adsorption/desorption processes had
on the tested surface is determined by the sum of the initigleached equilibrium. If the cell agg,e time between filling

“dark” anchoring W ..=W.... exp(d and the light- and irradiation is less than the equilib_rium time,_the effect of
induced anchcl)ri?1g~vdarkw d;‘)’("p()z(p( )(Pda”‘) '9 the dark layer should decrease. This conclusion was con-
hv= Why $hy,

firmed by the dependence @font,qe, shown in Fig. 8.

It is reasonable to suggest that the increase of MR con-
centrationc in a bulk should result in a stronger “dark”
anchoring, because the amount of adsorbed MR molecules

To estimate the contribution of the dark anchoring to thejncreases on the surface. Therefore, the valushould de-
total anchoring, we use a graphical representation of thgrease with the increase of Actually, we found that the

complex anchoringFig. 7). The “dark” easy axise! is  equilibrium value decreases with growing concentration:
¢(c=0.1%)~=32°, ¢(c=0.5%)~26°, and ¢(c=1.5%)

formed along the reference rubbing directigrg,=0. The
~22°.

W,, It is evident that molecular structure and morphology of
v W the adsorbing surface should also strongly affect the charac-
teristics of the dark-adsorbed layer. Voloshcheekal. [7]
found that the angle could reach 43°, indicating in oppo-

1
fs: - E aEB Wa,BdtO:ss fBest* v

W:Wdark+\7vhv- ©)

sition to our result that the dark-adsorbed layer did not play
20, an essential role in the final anchoring[if]. This discrep-

5 ancy may stem from the difference in the aligning materials

\‘ %o and their treatments. We used the UV-irradiated para-

Wt PVCN-F aligning layer, while a not-irradiated mixture of

para- and ortho-PVCN-F was used[if]. Despite the struc-

FIG. 7. Graphical representation of the cumulative anchoringtural similarity of these materials, they possess different

[Eq. (3)]. aligning properties, which are strongly changed with UV
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treatment[14]. Therefore, the interaction and, in turn, ad- several ways. First, the memory effect of LC molecules on
sorbing affinities of these polymer surfaces are different. the tested substrate leads to an overestimation of the dark
anchoring energy in the experiment with the rotating sub-
IV. CONCLUSIONS strate. Second, the Rapini-Papoular approximation might de-

) . viate from the actual anchoring potential at large deviation
Our studies show that adsorption of dye molecules controhngles 20°). Third, the light-induced layer is adsorbed

the effect of light-induced anchoring at the irradiation of the g the dark layer, screening the action of the dark layer on
LC in the nematic phase. Before irradiation, the referencg ¢ ajignment. Quantitative description of the screening ef-
substrate imposes a homogeneous director field in the celect requires the kinetic model of adsorption/desorption
alongd,.¢. Since the dark-adsorbed layer on the tested surflows of orientationally ordered dye molecules. The isotropic
face is formed from dye molecules predominantly alignedversion of the kinetic model has been developts]. If the
along the director, this layer produces the “dark” easy axisirradiation intensity is strong enough, the model should also
parallel tod,.. Irradiation of the cell with polarized light take into account self-consistent interaction between director
produces the additional layer with different orientational or-field and polarization characteristics of propagating light
dering of dye molecules. The final easy axis is determined by10,16,17. Fortunately, in our experiments, the dark layer
the competition of “dark” and light-induced contributions to prevented the sliding of the director on the surface, and the
anchoring and is aligned between the “dark” easy axes and@rientational diffusion of dye molecules diminished the ef-
polarization of the light. fect, of bulk director photoreorientation on the orientation of
The dependencies of light-induced anchoring on exposuradsorbed molecules.
time, concentration of dye, cell age, and temperature confirm
the proposed mechanism. For quantitative interpretation, we
apply the tensor model of anchoring and consider the photo-
alignment in the mesophase as a cumulative effect of the The authors are very thankful to A. lljin, O.D. Lavrentov-
light-induced anchoring on the background of the alreadyich, and S. Slussarenko for useful discussions. The research
existing anisotropic “dark” dye layer. Analysis of experi- was supported by CRDF Grant No. UP1-2121A, NSF
mental thickness dependence of the director alignment on th&LCOM Grant No. DMR 89-20147, INTAS YSF Grant No.
tested surface after irradiation results in the estimate of th80-4178(E. Ouskova, Grant No. B29/13 of the Fund of the
dark anchoring energwy.,~0.06 wJ/nt. Direct measure- Academy of Sciences of Ukraine, and INCO Copernicus
ments in the experiment with the rotating substrate give th&€oncerted Action “Photocom’{EC Contract No. ERB IC15
greater valuaN g, ~0.16 wJ/n?. This can be explained in  CT98 08086.
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