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Manipulation of anchoring strength in an azo-dye side chain polymer by photoisomerization
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The generation of surface anisotropy by photochemical means has been proposed as an attractive method to
align liquid crystals. In this paper, we present an experimental study of the alignment induced on a liquid
crystal by a polymer film containing azo-dye groups in the side chain. Optical measurements were performed
in nematic liquid crystal cells to determine the azimuthal and zenithal anchoring strengths as a function of the
irradiation energy and chromophores concentration. It was observed that the director tends to align perpen-
dicular to the polarization direction of the incident light and the orientation process consists essentially of a
rotation of the director in the plane parallel to the boundary surfaces. However, the concentration of azo-dye
groups in the polymer film must exceed a minimum value to get a macroscopical effect on the liquid crystal
alignment. It is shown that the azimuthal anchoring strength can be varied two orders of magnitude by
controlling the irradiation energy and azo-dye concentration.
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I. INTRODUCTION ability is greater for molecules with the transition moment
parallel to the direction of the polarized light. Thns-cis
Liquid crystals(LC) are materials with anisotropic prop- isomerization reduces the molecular volume as the excited

erties that are very useful in the design of electro-opticafolecule relaxes to a random orientatigh8]. After some
devices such as the liquid crystal displays. The principle ofime of irradiation, there is a depletion of transition moments

operation of such devices combines bulk propertggh as pgrallelfto th(:lwﬁctlo; of po[arltzed Ilghtdduelto trzje. S?Ihec?_\lle
the birefringence, elastic constants, dielectric anisotropf sorption ot figt and an anisotropy 1S developed in the fiim

etc) and surface interactions. The delicate balance betweelﬁadlng to a homogeneous alignment of the liquid crystal in

bulk and surface interactions determines the performance gntact with the film. The threshold for obtaining azo-dye

these devices. Therefore, controlling the alignment of theohotoahgnment depends on the particular molecular struc-

liquid crystal molecules is a subject that has attracted experf—ure of the polymer and also on the architecture of the film

: : If-assembly, Langmuir-Blodgett, etcSome theoretical
mental and fundamental studi€s—3]. Although there is a (se . . . ) .
variety of interactions responsible for the LC alignmpti studies have been dedicated to investigate the photoalign-

two major factors can be identified to influence the anchorin e_nt induced on t_he LC.: n phenomenolpgmal approaches,
of LC molecules on a solid substrate: the anisotropic inter'YINg to get a relationship between experimental parameters

molecular interactions between the substrate and the quui&sutc?. as :ngutcc_-:‘l;j ?lrefn?gince, tWr;St angle,t?]emnd Ithe OI’I]:.l
crystal, and the steric interactions due to the substrat ntational distribution of chromophores in the polymer fiim

9-12.
topography. . .

In fact, many surface treatments have been proposed tohIn th_|s work, we present an expe_rlm_entgil study of the
promote the alignment of LC molecules based on mechanicd] otoal|gr_1ment |n<_jqced on a nematic |IC]UId. crystal_ by a
or chemical processes applied to the subs{réteAn attrac- polymer film containing azo—d_ye QFOUWRTB) n the S'd?
tive alternative to such processes is the generation of surfa gam. The polymer film was |_rrad|ated with polarized light
anisotropy on a polymer film by photochemical megHs7]. rom an argon laser operating in the wavelength of 514.5 nm

In recent years a promising photoalignment process has bea?d the developed anisotropy was probed by a He-Ne laser

proposed, taking advantage of the orientational changes pr eamt.) Thet.excn?t;ﬁn walvelength dV\;as sg_l;cted tto maxn:nze
moted by light in photochromic molecules and the amplifi- . € absorption of the polymer and four différent concentra-
tions of azo-dye groups in the polymer were used. Optical

cation of such effect by the liquid crystal due to its supramo-

lecular order leading to remarkable changes in Orientatiome;asurements were performed in nematic liquid c.rystal cells
direction of the LC moleculegs] using as boundary surfaces glass plates coated with the poly-

Azo-dye molecules undergo reversible structural change@:er f”tng to d?terrpme tfh_e a;.'mtmhal and zenghal ancr:or;_ng
from transto cis configuration upon illumination, the longer strengths as function ot irradiation energy and concentration

the wavelength the greater the proportionti@ins configu- of chromophores in the polymer film.

ration [7]. Thin films of polymer containing azo-dye groups Il. THEORETICAL CONSIDERATIONS

covalently attached to the main chain have been used to ob-

tain photoalignment effects in liquid crystals. When the poly- Let us consider a nematic liquid crystal between two
mer is illuminated with polarized light, the absorption prob- boundary surfaceél and 2 parallel tox-y plane, with azi-
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muthal and zenithal anchoring strengtit,; and Wy, (i
=1,2), respectively. The orientation of the easy axes with
respect to the reference frames are given by the angles;
Cmini» Omini» (1=1,2), whereg,i,i iIs measured with respect

to thex axis, O,y is the tilt angle, measured with respect to where 6, is the tilt angle induced to nematic liquid crystal
the x-y plane and the actual orientation of the director is(NLC) molecules in the photopolymer film. Applying the
given by the angleg and 6. The equilibrium configuration boundary conditions in the above results in a relation be-
of the director can be determined from the minimization oftween the zenithal anchoring strengtfy, and the tilt angle
the distortion energy in the cell, taking into account the suit-g,

able boundary conditions. We will discuss below two par-

ticular cases that will be useful for the determination of the

de

1 :
K =l 5W,,sin(26,) =0, 3)

2

z=d

azimuthal and zenithal anchoring strength at one of the sur- W, = ﬂ (4)
faces. 2 dsin(26,)
A. Azimuthal anchoring strength Experimentally, we can have access to the phase 8hift

éntroduced in the probe beam when crossing the hybrid cell,
of thicknessd. The phase shift can be related to the tilt angle
6,, considering the director distortion in the cell, by the fol-
lowing equation15]:

Assuming a strong planar anchoring at surface 1 th
boundary conditions are theﬂminl=6’1=0, ®min, =0, and

W, — . Such condition can be achieved using a Siate
(obtained under specific evaporation conditior\&/ith sur-

face 2 coated with the photochromic polymer, we consider —
that the photoalignment induces a rotation of the easy axis in oy [1— Kasint 0 )
X o X : ————dé
the polymer film, resulting in a pure twist deformation of the AS 1 0 1— RSk’
LC sample through the cell thickneds(z axis). The orien- rrdn T : 6)
tation of the easy axis at the second surface, with respect to 0 fazx/l—kasinza’de’
0

the reference frame is characterized By];n2=0, cpmm2=<1),
¢2>0, and a finite anchoring strengii,, .

The minimization of the free enerdyt3,14], wherek,=1—(K11/K3g) is the elastic anisotropy,; and
Ks3, are the splay and bend elastic constants, respectively,

Fo1(d [de\? » R=1-(n,/ny)? is the optical anisotropy, witm, and n,
A 2 K22 dz _§chzs' (@2= @), @) equal to the ordinary and the extraordinary refraction in-
dexes, respectively, is the laser wavelength an@},= /2
gives the director configuration in the samplei(z)  — 2. Using a softwaréMATHEMATICA), we can plots as a

=(¢,/d)z, whereK.,, is the twist elastic constant. From the function of ¢;, and for each measured value dfve obtain
balance of the torques in the boundary surface, we get  the corresponding value of tilt anglé,. The simulations
were performed considering two situations: with elastic an-

2K 500, isotropy k,=0.36 and withk,=0. With the values off,,
W¢2=dsi,{2(¢2_¢)]- 2 inserted in Eq.(5), we calculate the zenithal anchoring
strength.

The above equation relates the azimuthal anchoring
strength at the photopolymer surfaoel,(pz, and the twist

angle, which can be experimentally determined as will be

IIl. EXPERIMENTAL METHODS

described in Sec. 111 B. A. Materials
The photopolymer use®PHEMA-DR13 is a random co-
B. Zenithal anchoring strength polymer of methacrylate derivativg¢46] containing a chro-

mophore covalently attached to the main chifig. 1(a)].
%he concentration of the comonomer containing the chro-
mophore was determined by UV-Vis measuremégt. In
this study polymer with four different concentrations of chro-
mophores were used: 6%, 17%, 38%, and 60% by weight. In
the visible region of the spectrum the photopolymer exhibits
characterized byfmini=06;=7/2. For the second surface, a maximum absorption fox~500 nm, as is shown in Fig.
with planar anchoring, the orientation of the easy axis isy(p). The nematic liquid crystal used is the 4-pentyl-
given by, 6in,=0 and the zenithal anchoring stren§th, is  4’_cyanobiphenyl usually known as 5GE15-Merk). Glass
finite. plates for optical microscopgcorning were coated by spin

In the one-constant approximatidd3], K=K;;=Ks3, coating, and baked for=1 h at 90 °C to evaporate the sol-
the minimization of the free energy allows one to get thevent. Such plates were used to build cells where the liquid
equilibrium condition at the boundary surface, expressed byrystal was inserted by capillarity.

For the determination of the zenithal anchoring strength
hybrid cell can be used, where one of the surfagdgdas a
strong homeotropic anchoring and the otf@ra weak pla-
nar anchoring14]. At surface 1, the boundary conditions are
expressed byV, =<0 and the orientation of the easy axis is
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neutra| " oscillogcope
—CHy—¢—|— density fiter T — sample beam stopper

. - 1 -V""--‘%gg—a&oy ¥

Argon laser P (0°) .
) | -
I red filter

| <hy oty FIG. 2. Experimental arrangement for twist angles measure-
ments.

| W surface. The cell thicknes$ was determined by measuring

OH the optical path differenc& of a polarized beam crossing
the sample with a compensatdr=dAn, whereAn=0.1is
the birefringence of the nematic liquid crystal in a planar
cell.

The photoalignment was achieved by irradiating the cell,
with a linearly polarized argon laser as excitation beam, op-
erating in the wavelength=514.5 nm, with incident power
of 1.2 mW, at normal incidence. During the experiments the

a cells’ temperature was checked and no heating was observed.
The transmittance of the sample was monitored by a He-Ne
probe laser crossing the sample at near normal incidence,
which intensity was attenuated by a neutral filter (608/).

The polarization direction of the excitation beam polarization

(a) HNO, was set at an angle of 45° with respect to the probe beam

polarization direction. A red filter was positioned in front of

a photodetector connected to an oscilloscope, to assure that

—nm=

35 . T
& the signal is due only to the probe beam. The experimental
3.0 ;’Z ] setup is schematically represented in Fig. 2. The sample is
5] B 1 initially positioned with the nematic director parallel to the
' probe beam polarization direction, which corresponds to a
201 »° i minimum transmittance. Due to the photorientation of the
§ zg,’g azo-dye groups a reorientation of the director occurs, that
8 159% 5 ] tends to align perpendicular to the polarization direction of
g f% B the excitation beam, resulting in an increasing of the trans-
1'0'& 0.0 6456506550 600 654 mittance of the sample. The rotation of the director, or the
053® Wavelength (nm) twist angle, can be measured by rotating the analyzer until
é;’ the minimum transmittance is recovered. The twist angle is
0of determined as a function of the irradiating time, for a fixed
05 o 60%wt o 38%wt & 17%wt o 6%wt incident power.
250 300 350 400 450 500 550 600 650 700 750
(b) Wavelength (nm) C. Pretilt angle and thickness measurements

To investigate if the photoalignment of the dye groups
_FIG. 1. (& Structure of the photopolymer PHEMA-DR13 j 4 ces a pretilt angle on the NLC molecules in contact with
with the azo dye as lateral grougb) Absorption spectrum for the polymer film[18] a cell (~ 30 wm thick) was mounted in
PHEMA-DRI3. the antiparallel configuration using two identically irradiated
B. Twist angle measurements polymer c_oated_ substrates and mylar spacers. Such antipar-
' allel configuration leads a homogeneous aligned sample,
The determination of azimuthal anchoring strength waseven if any pretilt angle is present.
performed by measuring the twist angle induced by photo- The photoalignment was probed by a linearly polarized
alignment in a planar cell, were one of the surfaces wasle-Ne laser beam and the sample was placed in a rotatory
coated with the photopolymer and the second surface wastage, to allow varying the incidence angte Since the light
evaporated with SiQto induce strong planar anchoring. The is generally elliptically polarized after crossing the sample, a
cell was mounted with the plates parallel to each othequarter wave plate is used to recover the linear polarization.
(~30 um thick), using mylar spacers, hence the initial The phase shiff introduced by the sample can be obtained
orientation of the director in the sample is a planar textureny splitting the probe beam into two beams: one as reference
and it is induced by the flow direction and by the evaporatedand the other crossing the sample. A rotatory analyzer plate

041701-3



THIEGHI et al. PHYSICAL REVIEW E 67, 041701 (2003

stable, specially for the polymer films with lower concentra-
tion of azo-dye group$6% and 17% in weight When the
sample is heated up to 40°C, above the transition to the LC
isotropic phase and kept at such temperature during few min-
utes, the orientation induced by flow is recovered when the
sample is cooled down to the nematic phase. We speculate
that the alignment induced by flow is due to the lateral azo-
dye groups, that have some mobility in the polymeric matrix
FIG. 3. Experimental arrangement for pretilt angles and thick-and could be oriented by flow. Although the number of azo-
ness measurements. dye groups is smaller for low concentrations, the mobility is
larger, and this would be responsible for the higher quality in
allows to modulate the two beams in order to measure théhe orientation induced to the nematic liquid crystal. Another
phase shift, as is shown in Fig. 3. The relative orientation opossibility for this is the molecular anisotropic adsorption of
the polarizers was selected to have initiaflz 0. Assuming  the NLC molecules on the polymer filfi20].
that the pretilt angle of the molecules in contact with the The photoalignment is stable for a long period of time
polymer film ise (measured with respect to the plane of the (several months however a new orientation can be induced
surface and that there is not a distortion along the thicknessto the cell, by irradiating the cell with a different polarization
the phase shift introduced by the sample when the probgjrection. The thermal stability of the photoaligned cell was

He-Ne
laser

beam crosses it at an incidence andllés given by also investigated by heating it above tNel transition tem-
2 perature. By cooling the sample back to the nematic phase,
27ad| (ng—ng) | ) nyn i ; ; S ]
_ ° ¢ ginecosesin® + ——2Jn2—sirtw the initial photoinduced orientation is recovered. Neverthe
A n2 2 less, if the cell is heated up to 90 °C, approaching the glass

transition of the polymer, the NLC alignment is destroyed
and a new irradiation with the previous conditions is not

, (6) © ; . , .
sufficient to induce a new photoalignment: the process is
slower and the orientation is not homogeneous.

wheren?=n2 coge+n2sir’e, and\ is the laser wavelength
(632.8 nm). By measuring the phase shift as a function of B. Azimuthal anchoring strength

the incident angle, and fitting the experimental results using |5 order to determine the azimuthal anchoring strength we
the above equation, one can determine S|multaneouslycbothperformed measurements of the twist angle induced by pho-

— \Jn:—sirfw

ande. toirradiation to the planar cells, as described in Sec. 111 B. No

photoalignment effect was observed for polymer films con-

D. Measurements for determining the zenithal anchoring taining 6% in weight of azo-dye groups, even for an incident
strength power as high as 7.1 mW. In Fig(a} are shown the experi-

The zenithal anchoring strength of the NLC moleculesmental values of the twist angle determined as a function of
at the photopolymer substrate was obtained by usinghe exciting light energy for cells with different dye concen-
a hybrid cell (~23 um thick), where one of the plates trations, for an incident power of 1.2 mW. One can clearly
was coated with DMOAP(n-n8-dimethyl-n-octadecyl-3- observe that the twist angle increases with increasing irradia-
aminopropyltrimethoxysilyl chlorideto obtain a strong ho- tion energy, until a saturation level is reached. The maximum
meotropic anchoring and the second plate was coated wittwist angle obtained for 17% and 38% is almost the same,
the polymer film. The cell was then irradiated, with the argonalthough the concentrations are different by a factor 2. This
laser beam, linearly polarized and the tilt induced to the NLCmay be attributed to the difference in the cell thickness: the
molecules in contact with the polymer film was determinedcell with 17% of azo dye is thicker than the two others.
by measuring the phase shift introduced by the sample when The values of twist angle were inserted in E2) to de-
the probe beam crosses it at normal incidence, using th&rmine the azimuthal anchoring strengths, that are presented

same setup described in Sec. Il C. in Fig. 4(b), as a function of the irradiation energy, for the
above mentioned cells. We observe that the azimuthal an-
IV. RESULTS AND DISCUSSIONS choring strength increases with increasing irradiation energy,

o tending to a limiting value. The energy required to reach the

A. Qualitative aspects limiting value is approximately the same for the polymer

It is known that when the LC is introduced in a cell by with 38% and 60% of azo-dye=80 mJ and it is about 300
capillarity, the flow induces a certain orientation, with the mJ for the less concentrated one. It is interesting to note that
molecules parallel to the flow directiol9]. However, if  the maximum azimuthal anchoring strength is approximately
there is no easy axis in the boundary surfaces, such effect the same~10~" J/n? for azo-dye concentrations of 17%
not stable and after some seconds the orientation disappeaehd 38%, although this condition is reached faster for the
In the hybrid cellgdescribed in Sec. Il ) we observed that more concentrated one. We can also notice that the anchoring
the orientation induced to the NLC by capillary flow is very strength can vary from I¢ J/n? up to ~10°° J/n? de-
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(a) Incident Energy [mJ] Incident Angle ¥ (rad)

' ' : : : : ' ' FIG. 5. Determination of pretilt angle for 60% of azo-dye con-
€ 10°F i centration in the polymer film. The solid curve corresponds to the
5, best fitting of Eq.(6) to the experimental points.

e logfr [

g f T polymer, we performed measurements of the phase shift in-

2 100k 5 4 troduced in the probe beam by the nematic sample, for nor-

3 mal incidence. The tilt angl®, was then determined from

2 . _ Eg. (5). The values obtained for tilt angles are between 4°

E s ¢ L : % . £ and 19° indicating that the molecules in contact with the

g 107 F ’ f f E polymer are tilted with respect to the normal. It is important

T f { to remind that, these results differ from the previous results

n W (60%w) . . : )

=] o W (38%w) for the pretilt angle, because in this case, in the second

§ ook A W:(17%wt) boundary surface the alignment is homeotropic, and even
-6 PR 2(')0 = o0 before irradiating the sample, there is a tilt of the molecules,

B Incident Energy [m] due to the elastic distortion introduced by the different align-

ments imposed in each surface.

FIG. 4. (a) Twist angles induced by linearly polarized light in Insertllng the val'ues 0b anq the thicknesd in Eq. (4),
function of the exposure energy for three different lateral groupWe obtain the zenithal anchorlng strength, for the_ cells
concentrations(b) Azimuthal anchoring strengths as function of befo_re a”?’ after the photoalignment, and the reSE"t'”g vfalues
exposure energy for three different lateral group concentrations. are listed in Table I, fok,=0.36. The values obtained with
k,= 0 differ from the listed values in the second significative

pending on the azo-dye concentration in the photopolymenumeral. Within the uncertainty of our measurements, we

film or on the incident energy. observe that both the tilt angle and the zenithal anchoring
, strength are not significantly affected by the irradiation. The
C. Pretilt angle magnitude of anchoring strength is typically 10J/n?

The influence of the photoalignment on the pretilt of thewhich corresponds to a very weak zenithal anchoring
NLC molecules was investigated using cells built with thestrength[21].
two boundary surfaces coated with the photopolymer previ-
ously irradiated as described i_n Sec. Il C T_he measured val- V. CONCLUSIONS
ues of phase shiff, as a function of the incidence angle of
the probe beam, are presented in Fig. 5 for 60% of azo dye in It was observed that flow of NLC when it is introduced in
the polymer film. The fitting of the experimental curve wasthe cell, induces an alignment of good quality, and in contrast
performed using Eq5) with d and e as fitting parameterjs_ to the usual observed flow alignments it is very stable. We
The pretilt angles obtained from this procedure are very
small, less than 0.01 rador 1°), for all concentrations of ~ TABLE I. Tilt angles (in degrees and zenithal anchoring
azo dye in the polymer film, indicating that the director ro- strengths(in J/n?) as a function of the azo-dye groups concentra-

tates in the plane of the film, practically without any pretilt. tion in the polymer film(in weight %.

D. Zenithal anchoring strength Azo-dye Nonirradiated Irradiated
Using a hybrid cell with a homeotropic alignment in one Concentration 0, 107w, 0, 107w,
of the surface and a initially planar anchoring in the photo-17% 7 3.4 8 35
38% 18 3.3 10 3.2

60% 4 3.2 10 3.3

The fitting was performed using the Origin software.
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believe that the fact that the alignment is better for the lesshere is no linear relationship between the azo-dye concen-
concentrated azo-dye polymer films is probably related to thération and the anchoring strength.

free volume for reorientation of the photochromic side In a previous work[22], we have irradiated a polymer
chains in the polymeric matrix. No photoalignment effectfilm with 60% of chromophores with an inicident power
was observed in the NLC molecules, for the polymer film~ 107 lower than used in the experiments described here and
containing 6% of azo-dye groups which indicates that therave observed that the photoalignment induced to the liquid
must be a minimum concentration of chromophores to get &7ystal cell, reached also a saturation level. The maximum
macroscopical effect. The orientation of the NLC induced byanchoring energy determined then, was 1) Jin¥, which
photoalignment remains for a long perigdt least for 7 'S IN good accordance with the maximum value reported
monthg however, a new orientation can be recorded by irra1€re. for the same chromophores concentration, however, in
diating the cell with a different polarization direction. The the previous experiment the photoalignment was not stable.

photoalignment presents a good thermal stability which is af 0" Pelymeric films containing azo-dye groups it has been
important feature for technological applications. reported a dependence of reorientation on the irradiation in-

) tensity, which is a characteristic of a collective prockx3.
The experiments performed have shown that the photo- In our measurements, the observed reorientation on the

alignment c_ioes not induce a pretilt _angle_ on the NLC_ rnOI'LC molecules is due to the reorientation of the azo-dye
ecule_s, which means that th_e re_onentatlon of the d're‘:tobroups in the polymer film and to the coupling of LC moi-
consists essentially of a rotation in the plane parallel to thgcyles to the polymer film. This indicates that besides the
boundary surface. This is consistent with the fact that nqgjlective reorientation of the azo-dye groups, which de-
significative change in the zenithal anchoring strength is obpends on intensity, there is a complex interaction between the
served when the cell is submitted to the photoalignemt. Nevpolymer film and the LC that depends on the population of
ertheless, the final director orientation depends on the chr@riented chromophores. A theoretical description that allows
mophores concentration and on the incident energy. Thas to get a relation between the chromophores concentration
azimuthal anchoring strength can be varied two orders oin a particular configuration and the induced orientation to
magnitude, 108—1078 J/n?, by choosing properly the con- the NLC molecules is still lacking. A detailed study concern-
centration of chromophores and the incident energy. This i#g the dynamics of the photoalignment process is in course,
an important aspect because it allows the manipulation othat could help for a better understanding of more fundamen-
two parameters to control the anchoring strength in NLCtal aspects related to this process.

cells. The experimental results show that doubling the azo-

dye concentration from 17% to 38%, the corresponding azi- ACKNOWLEDGMENTS
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