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ABSTRACT: The photoinduced orientation in polymethacrylate, which has a hexamethylene spacer group
terminated with a 4-oxycinnamic acid in its side chain (P6CAM), is explored using linearly polarized ultraviolet
(LPUV) light irradiation. Because of the hydrogen- (H-) bonding among the cinnamic acid groups, P6CAM
exhibits a liquid crystalline phase, and the axis-selective photoreaction of the cinnamic acid moiety generates the
optical anisotropy of the film. When the exposed film is annealed or a virgin film is exposed to LPUV light at
elevated temperatures, molecular reorientation both perpendicular and parallel to the polaiatibhRUV

light is achieved, and the generated birefringence is 0.15. The orientation behavior of the film is determined by
polarization UV and FTIR spectroscopies. Furthermore, the molecular orientation is erased by annealing at elevated
temperature, while reexposing to LPUV light reorganizes the orientation. Finally, homogeneous alignment control
of low-molecular liquid crystals on PECAM films is demonstrated both perpendicular and pardléjtadjusting

the exposure energy.

1. Introduction for liquid crystal displays and polarization holographic grat-
ings/16 However, the photoreactivity of PPLCs is relatively
low because the absorption bands of the cinnamate moiety and
the LC mesogenic moiety are close to each other. A polarization-
preserved triplet energy transfer technique, which is achieved

The photoinduced orientation of polymeric films has received
much attention because this phenomenon is applicable to
birefringent optical devices, the photoalignment layer of liquid
crystal displays, optical memories, and holographic data storage X L
devices' 8 Because irradiating with linearly polarized (LP) light by doping a small amount of a photosensitizer into the P':LCS’
causes an anisotropic photoreaction of a photoreactive polymerichas been developed to improve the ph_otoreactlwty of PPLLC.S’
film based on Weigert's effect, an optical anisotropy is created although the_photoser!smzmg groups include sm_all absorpthn
in the film after the photoreactich22 Additionally, a large pands in a.VISIb|e region. Therefore, photoregctlve polymeric
optical anisotropy can be derived when a molecular reorientation filS comprised of a new mesogenic group, which are transpar-
accompanies an axis-selective photoreactibiarious types €Nt in the visible region and accomplish the photoinduced
of photopolymers that contain photoisomerized groups and reorientation with a high photoreactivity, are in needs.
photo-cross-linkable groups have been investigated as materials Aromatic acid derivatives reveal a LC phase due to hydrogen-
to generate a large photoinduced optical anisotropy. Among (H)-bonded dimerd® Acrylate monomers, which have hexam-
them, numerous studies have reported the photoinduced opticakthylene or decamethylene spacer groups terminated with
anisotropy of azobenzene-containing polymeric films based on 4-oxybenzoic acid (BA) in their side chains, exhibit a LC
an axis-selective trarsis—trans photoisomerizatién® where phasé;® and their homopolymers also exhibit a smectic LC
a reversible photoinduced optical anisotropy is obtained by phase to form a H-bonded polymer netwé?kd nematic-like
adjusting the polarization of the writing LP light beams. LC phase between 140 and 136 has been observed for a
However, azobenzene-containing polymeric films are not suit- polyacrylate, which had pentamethylene spacer groups termi-
able for display applications because the azobenzene moiety isnated with BA in its side chaif Kato et al. have conducted
colored in the visible region. pioneering studies that stabilized the mesophase through H-

Alternatively, polymeric films composed of cinnamate de- bonding in mixtures of BA groups and a monomer with
rivatives are transparent in a visible region and axis-selectively stilbazole derivatived:-22This concept has allowed new types
photoreact to generate a small optical anisotropy by irradiating of LC monomers and polymers, which have H-bonded groups
with LP ultraviolet (LPUV) light!®-13 However, self-organiza-  acting as a mesogenic moiety, to exhibit LC characterigtcs.
tion to induce a molecular reorientation does not occur when Similar to BA, monomers of cinnamic acid derivatives display
the material does not exhibit a liquid crystalline (LC) natti& a LC nature due to the H-bonded dimers. Praefcke et al. have
We have investigated photo-cross-linkable polymer LCs (PPLCs) investigated the H-bonded dimer of 2,3,4-trihexyloxy cinnamic
containing mesogenic side groups terminated with cinnamateacid and found that the dimer exhibits a biaxial nematic LC
derivativest®~1® [rradiating these PPLCs with LPUV light phasé? Zin et al. have reported that H-bonded complexes of
generates a photoinduced optical anisotropy, and a subsequerdlkyloxycinnamic acid with stilbazole or bipyridine exhibit
thermal treatment enhances the molecular reorientation due tostable mesophases based on a supramolecular archit&ture.
the LC nature of the material. This reoriented film may be Although these materials show photoreactivity toward UV light,
applicable to passive optical devices such as birefringent films the photoreaction of these H-bonded LC materials was not

explored. Additionally, polymeric materials with a spacer group

*To whom correspondence should be addressed. E-mail: kawatuki@ terminated with a 4-oxycinnamic acid in the side chain and their
eng.u-hyogo.ac.jp. Telephone:81-792-67-4886. Fax*81-792-66-4885. axis-selective photoreactions have yet to be examined.
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Figure 1. (a) Chemical structure of P6BCAM and P6BAM. (b) Changes in-Wié absorption spectrum of a P6CAM film upon irradiating with
UV light. Inset indicates the degree of the photoreaction estimated from the absorption at 314 nm as a function of exposure dose. Thickness: 0.2
um. (c) Changes in FTIR spectrum of P6CAM film on Gafpon irradiating with UV light. Thickness: 02m.

One purpose of this study is to explore the polymer film,

- N : - . . Scheme 1. Synthetic Route of PECAM
which exhibits a photoinduced molecular reorientation with a

high photoreactivity toward UV light and is transparent in the HONASACE + HO—@X\ C/,O
visible region. A new polymethacrylate, which has a hexam-

ethylene spacer group terminated with a 4-oxycinnamic acid KOH

(P6CAM, Figure 1a) in its side chain, is synthesized and the

photoinduced reorientation behavior of a thin film using LPUV

light is investigated. Another purpose is to apply the molecular HOVV\,O-@\C/, 6CA

reorientation of the P6CAM film to the optical memory and

patterned photoalignment layer for low-molecular liquid crystals.
The photoinduced molecular reorientation and the erasure- 7C“Cl
reorganization behaviors are determined by polarization UV and
FTIR spectroscopies. The high in-plane molecular orientation -
of the film and uniform alignment control of low-molecular 70\0’\/\/\'0 \ Cfo 6CAM
liquid crystals on the resultant film are achieved. OH
2. Experimental Section %I{]%N l
2.1. Materials. All starting materials were used as received from
Tokyo Kasei Chemicals. P6CAM was synthesized according to P6CAM
Scheme 1. A detailed synthetic procedure, molecular weight, and
GPC data are described in the Supporting Information. tetrahydrofuran (THF) solution of polymers (6:3% w/w) onto

2.2. Photoreaction. Thin polymer films, which were ap- quartz or Caksubstrates. The photoreactions were performed using
proximately 0.1-0.3 um thick, were prepared by spin-coating a an ultrahigh-pressure Hg lamp equipped with Glan-Taylor polariar&/
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prisms and a cut-filter under 290 nm to obtain LPUV light with an  Additionally, the film is completely transparent in the visible
intensity of 10 mWcm? at 365 nm. The degree of the photoreaction region. When the degree of the photoreaction is 5 mol % or
was estimated by monitoring the decrease in absorbance at 314yreater, the film becomes insoluble in THF after the photore-
nm using UV spectroscopy. action. The photoreaction of P6CAM includes atf2] photo-

mséihgéagc%rl'fgt'(o%l—gﬁ r;'wlc_)lcf:s_csuol%wg:ggt g;;grglvaﬁ]r \'/rvggoh cross-linking reaction and photoisomerization of the cinnamic
TSKgel column: eluent, THF), which was calibrated using poly- acid12 The'photo-cross-link?ng makes the filmlinsoluble. The
styrene standards. The thermal properties were examined using £hotoreaction of a PECAM film was further elucidated by FTIR

polarization optical microscope (POM; Olympus BHA-P) equipped SPectroscopy. Figure 1c shows the changes in the FTIR spectrum
with a Linkam TH600PM heating and cooling stage in addition to 0f a PEBCAM film before and after irradiating with LPUV light.
differential scanning calorimetry (DSC; Seiko-I SSC5200H) analysis The absorption bands at 1724, 1683, 1628, and 1602 cm
at a heating and cooling rate of € min~. The polarization before irradiating are assigned te=O stretching of methacry-
absorption spectra were measured with a Hitachi U-3010 spec-|ate, H-bonded €O stretching of cinnamic acid,=€C stretch-
trometer equipped with Glan-Taylor polarization prisms. The ing, and stretching of €C—Ph, respectively. A detailed
polarization FTIR spectra were recorded through a JASCO FTIR- aqqjgnment is shown in the Supporting Information. After
410 system with a wire-grid polarizer, exposure, the absorption bands at 1683, 1628, and 1602

The thermally enhanced molecular reorientation was conducted Xposure, p ; ’ ey cm

decrease, but the absorption around 1720 cimcreases and

by annealing an exposed film at an elevated temperature for 30 s; : -
to 10 min. The in-plane order was evaluated using the order IS @ccompanied by a new absorption around 1710'cifhese

parameterS, which is expressed as edt8This equation conven- ~ changes are the consequence of a{2] photo-cross-linking

tionally means that the reorientation direction is paralleEtof reaction of the cinnamic acid. Because the absorption between
the LPUV light forS > 0 and perpendicular fo® < 0. 1710 and 1720 cni is due to the &O stretching of the [2+-
2] photo-cross-linked groups (saturated acid with H-bonding)
S= A~ Ag @ and free G=0 stretching around 1760 crhdoes not appear,
A(large)+ 2A(small) H-bonding between the two acid groups is retained after the
photoreaction.

whereA, andAg are the absorbances parallel and perpendicular to . . .
E, respectively, and\arge is the larger value ofy and Ao, and 3.2. Photoinduced Optical Anisotropy and Thermal Am-

Asman is the smaller one. Additionally, this equation expresses the Plification. The photoreaction of the cinnamic acid side groups
orientation order of the mesogenic groups for both directions proceeds axis-selectivelyt 12 Figure 2a plots the photoinduced
appropriately. The birefringence of a reoriented film was measured optical anisotropy AA = A; — Ap) of a P6CAM film at 314

at 633 nm by setting the reoriented film between two crossed nm as a function of exposure dose. It reveals that a negative

polarizers. TheAnd value was calculated using eq 2. dichroism AA < 0) is generated. The absolute value/oA
An increases when the degree of the photoreaction is approximately
I = 1,sin’(26) sinz(”Td) 2 35 mol %, but the absolute value decreases upon a further

photoreaction. This phenomenon is similar to the anisotropic
wherel is the transmittance is the intensity of the prove beam, Photoreaction of a poly(vinyl cinnamate) (PVCi) film in which
6 is the angle between the reoriented axis and the polarizisr, the reorientation of the side groups does not occur during the
the wavelengthd is the film thickness, andn is the birefringence. ~ photoreactior.
2.4.1LC Alignment. A parallel LC cell was fabricated using two Unlike a PVCi film, annealing an exposed P6CAM film at
tgﬁa\cighoﬁfﬁf?ﬁ%ﬁ%ifc"kTS&v g)s?i\lllaelgif/?trfh: nLé:mzltIE:annt elevated temperatures generates a molecular reorientation due
to its LC nature:3-16 Figure 2b shows the changes in the

mixture (ZLI4792 or E7: Merck Japarl; = 102 and 60°C, S . L ; .
respectively) doped with 0.1 wt % of disperse blue 14 (Aldrich polarization UV-vis spectra of a PECAM film irradiated with

Co.) at 110°C and then slowly cooled. The homogeneous LC 10 mJ cni?doses of LPUV light and after subsequent annealing
alignment order was evaluated from a dichroic absorption measure-at 150 °C for 10 min. In this case, the degree of the

ment utilizing the guesthost effect. photoreaction is approximately 3 mol %. Exposure to LPUV
) ) light generates a small negati¥\ and the annealing enhances
3. Results and Discussion the negative optical anisotropy. The enhanced reorientation
3.1. Thermal Property and Photoreaction of Film. For direction of the mesogenic moieties is perpendiculaEtof

P6CAM in this study, the POM observation detected a schlieren LPUV light. The in-plane orientational order parameseat 314
LC texture between 135 and 18T, suggesting the nematic- nm is amplified from—0.008 to—0.62 and the birefringence
like supramolecular architecture of H-bonded dimers generates(An) of the reoriented film is 0.15. This is the first example of
the LC character. In comparison, polymethacrylate that has aa thermally enhanced photoinduced molecular reorientation in
hexamethylene spacer group terminated with BA in its side chain a transparent polymer system with a supramolecular architecture
(P6BAM in Figure 1a) exhibits a similar LC phase between of H-bonded dimers. Because P6CAM forms a network structure
157 and 179C, which is narrower than that of PGCAM. The due to the intermolecular H-bonding at room temperature, the
greater LC temperature range of P6CAM compared to P6BAM annealing process will repeat both the dissociation and recom-
is due to the dimeric units of the cinnamic acid, which are more bination of the H-bonding to reorient the entire network of the
likely than the BA units to exhibit a rodlike LC structure. To film, including the main chain. Furthermore, the shape of the
clarify the LC phase of these polymers, X-ray analysis is absorption spectra after the thermally enhanced reorientation is
required. similar to the initial one, indicating that unlike other LC polymer
Figure 1b shows the changes in the absorption spectrum offilms,53%33the thermal treatment does not induce aggregation
a P6CAM film upon irradiating with LPUV light, while the  of the mesogenic groups. A thermal amplification of the
inset plots the degree of the photoreaction as a function of photoinduced negative optical anisotropy has been observed in
exposure dose where the average absorbanosasfd A are azobenzene-containing LC polymers and LC polymethacrylates
plotted. It reveals that the absorption around 310 nm gradually comprised of photo-cross-linkable mesogenic side groups, which
decreases and the absorption band at 230 nm does not changevere irradiated with LP light*~16:34-36 Because a small amou&tDV
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2(b) annealing (closed points) as a function of the degree of the photore-
L rrrrTrTT action. All films were annealed at 15€ for 10 min.

4 is between 1 and 6 mol %, while a positive anisotropy is induced
; Initial when the degree of the photoreac_tion i_s—]lr_5 mol % The
T AL exposed k thermally enhanced molecular reorientation is negligible when
] A/l exposed 1 the photoreaction proceeds further due to the increased cross-
' ] linking density, which generates the disappearance of the LC
%__A// after annealing | nature of the film. It is noteworthy that the required exposure
\ 1 energy for an efficient molecular orientation (absol8tealues
. P US—— > 0.4) is less than 30 mJ cr®y which is the smallest value
250 300 350 400 450 500 among photoreactive polymeric films that generate photoinduced
Wavelength (nm) orientation and are transparent in the visible region. Because
(c) other type of PPLCs without H-bonding that generate a
R L B B IR IR photoinduced molecular reorientation contain mesogenic moi-
i 1 eties such as biphenyl and phenyl benzoate groups, photoab-
1.50 J sorption of groups other than the photoreactive groups occurs
b A// after annealing when the film is exposed to LPUV light-17 In contrast, only
n \ B the cinnamic acid groups absorb the LPUV light for P6CAM.
: AL exposed 1 Thus, the photoreactivity of the film to the LPUV light is larger
All exposed 1 than that of other types of LC polymers.
\~ AL after annealing 3.3. Polarization FTIR Study. The molecular reorientation
/ 1 behaviors of both the mesogenic side groups and the poly-
T methacrylate main chain are elucidated by polarization FTIR
250 300 350 400 450 500 spectroscopy. Parts a and b of Figure 4 show the polarization
Wavelength (nm) FTIR spectra of P6CAM films before irradiating and after the
Figure 2. (a) Photoinduced\A of a P6CAM film at 314 nm as a  thermally amplified reorientation perpendicular and parallel to
function of exposure dose. Initial absorbance is normalized to 1.0. (b g respectively. A new absorption band does not appear after

and c) UV-vis polarization spectrum of P6CAM films before pho- : : : :
toirradiation, after irradiation (thin lines), and after subsequent annealing the reorientation, suggesting that the annealing process does not

—
L TSN L S e B e

Absorbance (arb.units)

T

Absorbance (arb.units)

(thick lines) at 150°C for 10 min.A, is the solid lines, whilé\,is the ~  influence H-bonding among the cinnamic acid groups.
dotted lines. (b) Irradiation with 10 mJ crhdoses. (c) Irradiation with For a film reoriented perpendicular ®, a large negative
65 mJ cm” doses. dichroism @, — Ay < 0) for absorptions at 1683, 1628, and

1602 cnt! are observed as shown in Figure 4a. The broad
of photoproducts parallel t& act as impurities to reduce the  absorption between 3300 and 2500 ¢rfinset of Figure 4a) is
LC naturé’ in the parallel direction, a thermally induced self- assigned to the H-bonded OH groups, which also exhibit large
organization perpendicular © is generated due to the higher negative dichroisms. The orientational ordgryalues of Ph-
LC characteristics in the perpendicular directidriLikewise, C=C, H-bonded &0, and OH at 2600 cnt are—0.63,—0.11,
the small amount of photoproducts of the cinnamic acid for and—0.62, respectively. These values support that the orienta-
P6CAM disturbs the LC nature in the parallel direction to induce tion of the H-bonded cinnamic acid groups are perpendicular
the thermally enhanced reorientation. to E. Furthermore, the absorption at 1724 @nexhibits a

In contrast, when the degree of the photoreaction is 13 mol positive dichroism$= 0.12), indicating that the polymethacry-
%, the photoinduced optical anisotropy is reversed as shown inlate main chain reorients perpendicular to the oriented side
Figure 2c. The in-plane orientational order paramedeaf 314 groups. On the other hand, the opposite trend for dichroism is
nm is reversely enhanced fro0.037 to+0.12 andAn of the observed for a film reoriented parallel &g as shown in Figure
reoriented film is 0.05. In this case, the large amount of photo- 4b. These results suggest that the thermally enhanced reorienta-
cross-linked side groups fixed in parallelEcacts as the photo-  tion of the H-bonded cinnamic acid side groups is accompanied
cross-linked anchors to thermally reorient other mesogenic by the reorientation of the polymer main chain in the perpen-
groups along thenk*1° dicular direction to the side groups during the thermally
Figure 3 plots the photoinduced and thermally enhanced in- amplified reorientation.

plane order parameter as a function of the degree of the 3.4.Influence of the Annealing Temperature Because the
photoreaction. A large thermal amplification of the negative photo-cross-linking reaction should change the thermal property
optical anisotropy occurs when the degree of the photoreactionof a P6CAM film, the thermally enhanced reorientation behag?)rv
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Figure 4. FT-IR spectra of PECAM films on Cafsubstrates before photoirradiation (thin line), after irradiation and subsequent annealing at 165
°C for 10 min (thick lines) A, is the solid lines, whiled; is the dotted lines. (a) Irradiation with 10 mJ chuoses. (b) Irradiation with 65 mJ cth
doses.

0 o s B R B L A the film is annealed abovd;. When the degree of the
| i photoreaction is between 2 and 4 mol %, larger maxintim
o values around-0.6 are obtained. In this case, thigax values
- = . are 16-35 °C lower thanT; of P6CAM, and the starting
- ] temperature for the amplification also decreases as the degree
E-M_ %) n of the photoreaction increases because the photoreaction de-
3 | —— ] creases the LC characteristics of the material. Namely, a higher
g - . 7 LC nature perpendicular t& induces a thermal self-organiza-
'EIL'O'4__ — 4 B tion.
s 0 Y i The starting temperature afigha for the thermal amplifica-
06— . 5 : > o tion decrease as the photoreaction proceeds. A negative thermal
= . 12 . LC(virgin film) - amplification & = —0.25) for a film with 12 mol % of
-0‘8_' I S IS BT photoreaction is obtained when the annealing temperature is 130
50 100 150 200 250 °C. However, as plotted in Figure 5, the negatSevalues
Annealing temperature (°C) annealed at a lower temperature become positive values as the
Figure 5. Thermally enhanced in-plane order parametgrof a annealing temperature increases. Additionally, annealing the

P6CAM film with various degrees of the photoreaction as a function exposed film with a 13 mol % of photoreaction at 150
ggr?ené}g?'the;imgﬁﬁéirfatume same exposed film was repeatedlyyayersely enhances the photoinduced negative optical anisotropy
‘ to a positive value$ = +0.12) as described in section 3.2.
depends on the annealing temperature. Figure 5 plots theThese results indicate that the reorientation direction can be
thermally amplifiedS values when exposed films with varying ~ controlled by adjusting the annealing temperature even though
degrees of the photoreaction are annealed at various temperathe degree of the photoreaction is same. The mobility and
tures for 30 s. Each film is repeatedly annealed at each difference in the LC nature between the perpendicular and
temperature to evaluate tiSvalues. parallel directions at each temperature will play important roles
Both the starting temperature for the thermal amplification in the thermally enhanced reorientation. In other words, the role
of the photoinduced negative optical anisotropy and the an- Of the photoproducts varies when the annealing temperature is
nealing temperature for the maximum negaiS/ealues Tmay) different. Similar to the case for a lower degree of the
become lower as the degree of the photoreaction increases. Fophotoreaction, a negative thermal amplification at lower tem-
a film with 1 mol % of photoreaction, the photoinduced negative peratures is attributed to the decreased LC temperature in the
dichroism is enhanced when the annealing temperature is inparallel direction. In contrast, annealing at a higher temperature
the LC temperature range of virgin P6CAM. The maxim@m  drives a higher mobility in all the mesogenic groups in the film,
value (-0.51) is obtained when the film is annealed close to while the photo-cross-linked photoproducts that maintain their
Ti, but the amplified optical anisotropy becomes disordered when direction parallel t&e work as photo-cross-linked anchors, aeBV
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Figure 6. Photoinduced in-plane order parame&of a PECAM film heannealing (oriented film), after annealing at 2Z@for 30 s, and after

irradiated at various temperatures as a function of exposure dose. T

films were kept at elevated temperatures for 30 s after irradiating with
the LPUV light and subsequently cooled to room temperature.

not as impurities, to reorient the H-bonded mesogenic cinnamic

reexposing to LPUV light for 1.5 mJ cmi dose at 165C. A, is the
solid lines, whileAq is the dotted lines.

-0.6

/Erasure at 200°C
‘/

Re-exposure
| po

/

acid groups along then?.

3.5. Photoinduced Orientation at Elevated Temperatures.
When a P6CAM film is exposed to LPUV light at elevated
temperatures, a high in-plane molecular reorientation is gener-
ated without molecular aggregation. Figure 6 plots the photo-
induced in-plane order parameter of P6CAM films exposed at
various temperatures as a function of exposure dose where each
film was maintained at an elevated temperature for 30 s after
irradiating with the LPUV light and subsequently cooled to room
temperature. In all cases, a large negative optical anisotropy is S
induced when the exposure doses are appropriately performed, Cycles
whereas the reorientation order decreases for larger exposuré-igure 8. In plane order parameteg, of an oriented P6CAM film at
doses. These observations indicate that the axis-selective pho314 nm when it was repeatedly annealed at 2@0for 30 s and

toreaction and the thermal enhancement do not simuItaneousI)fvs:é(%‘;Zggrtgdfﬂr/rg%gtﬁ’r?g%irﬁgog?ncfgggfﬂgf\}rﬁgﬁé ;rt"tl'gg'lm

occur, but the thermall amplific.ation occurs after a small °cReexposure condition was 1.5mJ-@udose at 165C. Squares:
photoinduced optical anisotropy is generated at elevated tem-initial film was prepared by irradiating with 7.5 mJ céof LPUV
peratures. light at 165°C. Reexposure condition was 7.5 mJ €ndose at 165

. o . . °C. Triangles: initial film was same to the square. Reexposure condition
Irradiating at 165°C achieves r_naX|murS values around was 7.5 mJ e dose at 15GC.
—0.55 when the exposure energy is between 5 and 15 m3 cm

whereas the required exposure energy for the large photoinducegeexposure to LPUV light under the same condition recovers
S values when irradiating at 120C is 30-70 mJ cm?. the negative optical anisotropy te0.20. Furthermore, the
Although virgin P6CAM does not exhibit a LC phase at 120 reorganization direction can be controlled by adjusting the
°C, a large amount of the photoreaction decredseéthe film polarization of LPUV light. This erasure-reorganization process
as described in section 3.4. Thus, a thermally amplified repeatedly occurs three times, but wealue greatly decreases
photoinduced reorientation can occur. However, molecular when more than four repetitions are performed, as plotted in
orientation is not observed when irradiating at 2@because Figure 8. Because the photoreaction of P6CAM includes the [2
virgin PECAM is in the isotropic phase. In contrast, the required + 2] photo-cross-linked products, which will remain with
energy for the efficient photoinduced orientation is ontyZ2  random orientation after the erasure, the repetition of the
mJ cnT? when irradiating at 186C, since the small amount of  jrradiating with UV light decreases the LC nature of the film
photoproducts can control the molecular reorientation as de-due to the increase of cross-linked residue. Therefore, disap-
scribed in section 3.4. Thus, the exposure energy for an efficient pearance of the photoinduced reorientation is observed.
in-plane orientation decreases as the irradiating temperature |n contrast, for a reoriented film fabricated by exposing to
increases. 7.5 mJ cm2 dose of LPUV light at 165C (initial Svalue of

3.6. Erasure and Reorganization of the Molecular Ori- —0.51), the reorganizefivalue is very small$= —0.04), as
entation. The generated optical anisotropy of the PECAM films plotted in Figure 8. In this case, the degree of the photoreaction
almost disappears when they are annealed at°®0Because  for the initially reoriented film is approximately-34 mol %.
of the dissociation of oriented H-bonded LC structure. Figure The second exposure to LPUV light increases the degree of
7 shows the changes in the absorption-tks spectra of an the photoreaction not to exhibit a LC phase at i65However,
oriented P6CAM film before annealing, after annealing at 200 the partial reorganization is attaine® € —0.21) when the
°C for 30 s, and after reexposing to LPUV light. The initial second exposure to LPUV light is carried out at 280 at which
film was prepared by irradiating with 1.5 mJ cédose of the film may exhibits LC phase. These results indicate that the
LPUV light at 165°C. The order paramete§ of the initial degree of the photoreaction, and irradiating and erasing tem-
filmis —0.17. The annealing process induces the disappearanceerature influence the erasureeorganization behavior. The
of the optical anisotropy of the film, suggesting that the amount of photoisomerization and {2 2] photo-cross-linking
H-bonded cinnamic acid side groups are randomly oriented. Thereactiod2° will play an important role in the repetition chara&-DV
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Figure 9. Order parameters of a dichroic dye of the LC cell and the
photoalignment P6CAM layer as a function of exposure dose. The
P6CAM films were annealed at 16% for 30 s after irradiation.
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Figure 10. Photograph of a patterned LC cell with twisted-nematic
(TN) and parallel orientation under crossed-polarizers (left) and parallel
polarizers (right). ZL14792 was used.

teristics. The further investigation on this behavior is in progress.

3.7. Alignment Behavior of Liquid Crystals on P6CAM
Films. An oriented P6CAM film is useful as the alignment layer
of low-molecular LCs. The LC alignment behavior was evalu-
ated using a parallel LC cell with two P6CAM films. Figure 9
plots the order parameter of the LC cell and the photoalignment
layer as functions of exposure dose. It reveals that the LCs align
perpendicular t&e when exposure dose is between 1 and 10
mJ cn1?2, but align parallel tdE when the exposure dose is 15
mJ cnT?2 and greater.

In general, LC molecules align along the reoriented mesogenic
groups in the photoalignment layer when the LC polymeric film
is used as the photoalignment lay&The perpendicular LC
alignment is attributed to the interaction between the LC
molecules and the P6CAM film reoriented perpendiculaE to

However, when the exposure energy is between 15 and 35 mJ

cm2, the LC molecules align parallel t&, although the
reorientation direction of the P6CAM film is perpendicular to
E. In this case, the azimuthal anchoring of the photo-cross-
linked groups parallel tcE is lager than that of partially
reoriented mesogenic groups perpendiculdE tavhich results

in the parallel LC alignment. The interaction between the low-

Photoinduced Orientation9363

for 30 s. Figure 10 shows both the twisted nematic area and
parallel-aligned area. Additionally, this photoalignment layer

is insoluble in chloroform, toluene, diethyl ether, and ethanol,

and it is thermally stable up to 17&. This film will be useful

for the LC alignment layer for LC display devices.

4. Conclusion

Polymethacrylate, which has a hexamethylene spacer group
terminated with a 4-oxycinnamic acid (P6CAM) in the side
chain, was synthesized. Irradiating a thin film with LPUV light
induced a photoinduced reorientation and its behavior was
investigated using polarization UV and FT-IR spectroscopies.
On the basis of the axis-selective photoreaction of the H-bonded
dimers, which exhibit LC characteristics, the photoinduced
molecular reorientation both perpendicular and parallé tof
LPUV light was achieved with a high photoreactivity. The
generated birefringence of a thin film was 0.15 when the
exposure energy was 10 mJ tmThe oriented film should be
useful for birefringent devices in LC display applications.
Additionally, the optical anisotropy is stable up to 1% and
is erased at 208C, while reexposure to LPUV light reorganizes
the molecular orientation when adjusting the irradiating condi-
tion. Furthermore, a uniform low-molecular LC alignment on
the oriented P6CAM film was achieved by adjusting the
exposure energy to control the LC alignment direction. Because
4-oxycinnamic acid can combine with other kind of molecules
to form H-bonds to construct a new photoreactive mesogenic
moiety, a study on the photoinduced orientation of new types
of H-bonded supramolecular LC mesogenic groups with cin-
namic acids is underway.

Acknowledgment. This work was partly supported by Grant-
in-Aid for Scientific Research (S, N0.16105004 and B, No.
17350111) by Japan Society for the Promotion of Science, and
Hayashi Telempu Co. Ltd.

Supporting Information Available: Text giving experimental
details and figures showing GPC data and IR assignment informa-
tion. This material is available free of charge via the Internet at
http://pubs.acs.org.

References and Notes

(1) (a) Shibaev, V. P.; Kostromin, S. G.; lvanov, S. A.Rolymers as
Electroactve and Photooptical Medig&Shibaev. V. P., Ed.; Springer:
Berlin, 1996; pp 37110. (b) MacArdle, C. B. IrApplied Photochro-
mic Polymer System&/acArdle, C. B., Ed.; Blackie: New York,
1991; pp +30. (c) Krongauz, V. IMpplied Photochromic Polymer
SystemsMacArdle, C. B., Ed.; Blackie: New York, 1991; pp 121
173.

(2) (a) Ichimura, K.Chem. Re. 200Q 100, 1847-1873. (b) Natansohn,
A.; Rochon, PChem. Re. 2002 102, 4139-4176. (c) lkeda, TJ.
Mater. Chem2003 13, 2037-2057.

(3) ONeill, M.; Kelly, S. M. J. Phys. D: Appl. Phys200Q 33, R67—
R84.

(4) Anderle, K.; Birenheide, R.; Eich, M.; Wendrorff, J. Makromol.
Chem. Rapid. Commui989 10, 477-483.

(5) Shi, Y.; Steier, W. H.; Yu, L.; Chen, M.; Dalton, L. Rppl. Phys.
Lett. 1991, 59, 2935-2937.

(6) Hagen, R.; Bieringer, TAdv. Mater. 2001, 13, 1805-1810.

molecular LC and photo-cross-linked anchors is large, whereas (7) (a) Kawatsuki, N.; Kawakami, T.; Yamamoto, Adv. Mater. 2001,

the ability to reorient the H-bonded mesogenic groups in the
P6CAM film is small. Using this alignment controllability, a
patterned LC cell was fabricated by adjusting the exposure

13, 1337-1339. (b) Kawatsuki, N.; Sakai, T.; An, M. X.; Hasegawa,
T.; Yamamoto, TProc. SPIE2001 4463 109-116. (c) Kawatsuki,
N.; An, M. X.; Hasegawa, T.; Yamamoto, T.; Sakai,Jpn. J. Appl.
Phys.2002 41, L198-L200.

energy as shown in Figure 10, where the patterned alignment (8) Wu, Y.; Natansohn, A.; Rochon, Rlacromolecule2004 37, 6801

layer and uniform alignment layer were used. The patterned
alignment layer was prepared by exposing a P6CAM film to
LPUV light for 10 mJ cnt2 and subsequently exposing to a
photomask for 55 mJ cmi followed by annealing at 163C

6805.
(9) Barachevsky, V. AProc. SPIE1991 1559 184-193.
(10) Schadt, M.; Seiberle, H.; Schuster, Mature 1994 381, 212-215.
(11) Schadt, M.; Schmitt, K.; Kozinkov, V.; Chigrinov, \Jpn. J. Appl.

Phys.1992 31, 2155-2164.
ys.1992 cDV



9364 Uchida and Kawatsuki

(12) (a) Akita, Y.; Akiyama, H.; Kudo, K.; Hayashi, Y.; Ichimura, K.
Photopolym. Sci. Techndl995 8, 75-78. (b) Ichimura, K.; Akita,
Y.; Akiyama, H.; Kudo, K.; Hayashi, YMacromolecules 997, 30,
903-911. (c) Obi, M.; Morino, S.; Ichimura, Kpn. J. Appl. Phys.
1999 38, L145-L147.

(13) (a) Kawatsuki, N.; Ono, H.; Takatsuka, H.; Yamamoto, T.; Sangen,
O. Macromoleculedl997 30, 6680-6682. (b) Kawatsuki, N.; Mat-
suyoshi, K.; Hayashi, M.; Takatsuka, H.; YamamotoChem. Mater.
200Q 12, 1549-1555.

(14) (a) Kawatsuki, N.; Takatsuka, H.; Yamamoto, T.; Sanged, Golym.
Sci., Part A: Polym. Cheml998 36, 1521-1526. (b) Kawatsuki,
N.; Suehiro, C.; Yamamoto, Macromolecule4998 31, 5984-5990.

(15) Kawatsuki, N.; Goto, K.; Kawakami, T.; Yamamoto, Macromol-
ecules2002 35, 706-713.

(16) Kawatsuki, N.; Hasegawa, T.; Ono, H.; TamotoAd@lv. Mater.2003
15, 991-994.

(17) (a) Kawatsuki, N.; An, M. X.; Matsuura, Y.; Sakai, T.; Takatsuka, T.
Lig. Cryst.2004 31, 55-60. (b) Kawatsuki, N.; Tachibana, T.; An,
M. X.; Kato, K. Macromolecule®005 38, 3903-3908. (c) Kawatsuki,
N.; Kato, K.; Shiraku, T.; Ono, HMacromolecule2006 39, 3245
3251.

(18) Gray, G. W.; Jones, Bl. Chem. Socl1953 4179-4180.

(19) Lin, H.-C.; Hendrianto, JPolymer2005 12146-12157.

(20) Shandryuk, G. A.; Kuotsov, S. A.; Shatalova, A. M.; Plate, N. A;
Talroze, R. V.Macromolecule2003 36, 3417-3423.

(21) Kato, T.; Ffehet, J. M. JMacromoleculesl989 22, 3818-3819.

(22) (a) Kato, T.; Frehet, J. M. JJ. Am. Chem. S0d.989 111, 8533~
8534. (b) Kumar, U.; Kato, T.; Fohet, J. M. JJ. Am. Chem. Soc.
1992 114, 6630-6639. (c) Kato, T.; Kihara, H.; Uryu, T.; Fujishima,
A.; Frechet, J. M. IMacromolecule4992 25, 6836-6841. (d) Kato,
T.; Fukumasa, M.; Frehet, J. M. JChem Mater.1995 7, 368-372.
(e) Kato, T.; Mizoshita, N.; Kanie, KMacromol. Rapid Commun.
2001, 22, 797-814.

(23) (a) Kawakami, T.; Kato, TMacromoleculesl995 28, 4475-4479.
Kato, T.; Matsuoka, T.; Nishi, M.; Kamikawa, Y.; Kanie, K.
Nishimura, T.; Yashima, E.; Ujiie, SAngew, Chem. Int. EQ2004
43, 1969-1972.

Macromolecules, Vol. 39, No. 26, 2006

(24) Medvedev, A. V.; Barmatov, E. B.; Medvedev, A. S.; Shibaev, V. P.;
Ivanov, S. A.; Kozlovsky, M.; Stumpe, 8acromolecule005 38,
2223-2229.

(25) Osuji, C. O.; Chao, C.-Y.; Bita, I.; Ober, C. K.; Thomas, E. L.
Macromolecule®006 39, 3114-3117.

(26) Osuiji, C. O.; Chao, C.-Y.; Ober, C. K.; Thomas, E.Adv. Funct.
Mater. 2002 12, 753-758.

(27) Barmatov, E.; Filippov, A.; Andreeva, L.; Barmatova, M.; Kremer,
F.; Shivaev, V.Macromol. Rapid Commuri999 20, 521—-525.

(28) (@) Lin, H.-C.; Sheu, H.-Y.; Chang, C.-L.; Tsai, C.-8.Mater. Chem.
2001, 11, 2958-2965. (b) Lin, H.-C.; Tsai, C.-M.; Huang, G.-H.; Tao,
Y.-T. Macromolecule006 39, 557—-568.

(29) Praefcke, K.; Kohne, B.; Gulogan, B.; Demua, D.; Diele, S.; Pelzl,
G. Mol. Cryst. Lig. Cryst.199Q 7, 27—-32.

(30) (a) Kang, Y.-S.; Kim, H.; Zin, W.-CLiq. Cryst.2001, 28, 709-715.
(b) Kang, Y.-S.; Zin, W.-CLig. Cryst.2002 29, 369-375.

(31) Singh, S.; Creed, D.; Hoyle, C. Broc. SPIE1992 1774 2—11.

(32) Kawatsuki, N.; Sakashita, S.; Takatani, K.; Yamamoto, T.; Sangen,
O. Macromol. Chem. Phy4.996 197, 1919-1935.

(33) Date, R. W.; Fawcett, A. H.; Geue, T. Haferkorn, J.; Malcolm, R. K.;
Stumpe, JMacromolecules998 31, 4935-4949.

(34) (a) Fischer, T.; Lsker, L.; Czapla, S.; Raner, J.; Stumpe, Mol.
Cryst. Lig. Cryst.1997 298 213-220. (b) Rutloh, M.; Stumpe, J.;
Stachanov, L.; Kostromin, S.; Shibaev,Mol. Cryst. Lig. Cryst200Q
352, 149-157.

(35) (a) Han. M.; Ichimura, KMacromolecle®001, 34, 90-98. (b) Han,
M.; Morino, S.; Ichimura, K.Macromolecle200Q 33, 6360-6370.
(c) Kidowaki, M.; Fujiwara, T.; Ichimura, KChem. Lett1999 28,
641-642.

(36) (a) Uchida, E.; Shiraku, T.; Ono, H.; Kawatsuki, Macromolecules
2004 37, 5282-5291. (b) Uchida, E.; Kawatsuki, Nbolymer2006
47, 2322-2329.

(37) Ikeda, T.; Tsutsumi, OSciencel995 268 1873-1875.

MAQ061381P

Ccbv



