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Abstract: Without the conventional polymer-based liquid
crystal (LC) alignment process, a newly synthesized dual
photo-functionalized amphiphile (abbreviated as ADMA,)
was successfully applied as a robust photo-reversible LC
alignment layer by self-assembly and photo-polymeri-
zation. The LC alignment layer constructed by directly
adding dual photo-functionalized amphiphiles into LC
media significantly cuts the manufacturing cost as well as
opens new doors for the fabrication of novel electro-opti-
cal devices.
/

The control of liquid crystal (LC) alignment has attracted con-
siderable interest in the fundamental scientific aspects of par-
tially ordered soft materials as well as from the engineering ap-
plication point-of-view of LC
electro-optical  devices." LC
alignment strongly depends on
the surface environments and LC
properties” For the LC align-
ment layer, mechanical rubbing
on the polymer-coated surface
has been most widely used.
However, polymer-based rub-
bing alignment has some limita-
tions, such as long processing
times, low yield, and high cost HO
due to the direct contact pro-

cess.”! Recently, photo-alignment

has become a technologically

important and attractive method

for controlling LC orientation be- o
cause of its contact-free and
photo-patternable  characteris-
tics.” There are several reports
for the modification of LC-an-
choring conditions on the surface of substrates by introducing
photochromic materials exhibiting photo-isomerization, photo-
polymerization, photo-dimerization and photo-decomposi-

irradiation with 254 nm UV light.
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tion.”! In this context, our objective is to obtain reversible ho-
meotropic (LC director is parallel to the surface normal) and
homogeneous (LC director is perpendicular to the surface
normal) LC orientation by transforming azobenzene chromo-
phores by tuning the wavelength of light. However, since
there is no covalent bonding or cross-linking, conventional
azobenzene-based compounds for the photo-alignment layer
lack thermal and long-term stability." To overcome this barrier,
as shown in Figure 1, we newly designed and synthesized the
dual photo-functionalized amphiphilic supramolecule contain-
ing both azobenzene and diacetylene groups (abbreviated as
ADMA,). Here, the carboxylic acid function is specifically placed
at the end of ADMA, to induce automatic two-dimensional
ADMA, monolayer formation on substrates by the sequential
processes of phase-separation from the LC medium, diffusion
to the substrate and self-assembly on the surface.

Hoi/\/\/\#\/\/\/\ﬁ%, ONNO 0TS

ADMA,

1. Molecular self-assembly
2. UV light (254 nm) irradiation

photo-polymerized ADMA,

Figure 1. Schematic presentation of ADMA, and its photo-polymerization of self-assembled diacetylenes by

The detailed synthetic procedures of ADMA, are illustrated
in Figure S1 in the Supporting Information. Chemical structures
and purities of ADMA, and its intermediates were confirmed
by 'HNMR spectroscopy (Figures S2-S5 in the Supporting In-
formation), '*C NMR spectroscopy (Figure S6 in the Supporting
Information), MALDI-ToF (Figure S7 in the Supporting Informa-
tion), and elemental analysis (Figure S8 in the Supporting Infor-
mation). The flexible alkyl chains chemically attached to the
azobenzene mesogen and diacetylene moiety not only in-
crease the solubility but also induce favorable LC alignment. It
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is well known that azobenzene and its derivatives are photo-
isomerizable and undergo a reversible transformation between
trans and cis isomers in the presence of light.” Therefore, the
cooperative conformational changes of azobenzene depending
on the wavelength of light is a most effective method for ap-
plication in photo-modulated LC devices. Furthermore, since
the cross-linked structure of polydiacetylene is simply formed
by irradiating 254 nm ultraviolet (UV) light to the diacetylene
moiety without chemical initiator and catalysts, the stability of
LC alignment can be significantly increased by introducing a di-
acetylene moiety. Therefore, the diacetylene photo-polymeriz-
able function is selectively chosen for programming the target-
ed smart amphiphile molecule.®

The dual photochemical behavior of ADMA, was first investi-
gated by ultraviolet-visible (UV/Vis) spectroscopy. As shown in
Figure 24, by irradiating UV light with a maximum intensity at
365 nm, the thermodynamically stable trans conformer of azo-
benzene transforms to its metastable cis conformer and reach-
es a new photostationary state in 60 s. The absorption band
between 300 and 410 nm resulting in the m-to-mt* transition
originates from the trans conformer of azobenzene, whereas
the ground state (n) of the cis conformer of azobenzene is ex-
cited to the m* state by absorbing UV light in the range 410-
530 nm. The transition between the two photostationary equi-
librium states is a fully reversible process by alternating UV-
and Vis-light irradiation (Figure S9 in the Supporting Informa-
tion). It is worth mentioning that not only the cycle is reversi-
ble, but also the amplitude of the change remained without
deterioration. When 254 nm UV is irradiated, the absorption
band at 630 nm gradually increases with irradiation time, as
shown in Figure 2b. This result clearly reflects the formation of
polydiacetylenes as the consequence of photo-polymerization
of the diyne groups in the self-assembled diacetylenes. The
30 min irradiation was sufficient for the saturated polymeri-
zation state. This peculiar dual photochemical property of
ADMA, can be very useful for stabilizing the photo-alignment
layer and allowed us to fabricate a reversible photo-modulat-
ing device.

The homeotropic alignment of nematic LC (NLC) was exam-
ined by both orthoscopic and conoscopic polarized optical mi-
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Figure 2. UV/Vis absorption spectra of ADMA;: a) after irradiation with

365 nm UV light for trans—cis photo-isomerization of the azobenzene moiety,
and b) after irradiation with 254 nm UV light for photo-polymerization of
diacetylene groups.
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croscopy (POM). As shown in Figure S10 in the Supporting In-
formation, four different LC cells with 10 um cell gap were pre-
pared by varying the ADMA,/NLC weight ratio from 0.4:99.6,
0.3:99.7, 0.2:99.8 to 0.1:99.9. Here, the ADMA,/NLC mixtures
were filled into the LC cells on a 100°C hot plate utilizing the
one drop filling (ODF) process and slowly cooled to room tem-
perature; this method can prevent the flow effect.” When the
content of ADMA, in the LC mixture was reduced from 0.4 to
0.1 wt%, the dark-state area in the magnified POM image was
significantly increased and the Maltese cross in the conoscopic
image became obvious (Figure S10). Note that the orientation
of homeotropic LC should exhibit a dark state under the cross-
polarized POM because the molecular orientations of LC are
aligned normal to the surface of test LC cells and do not exhib-
it any birefringence (zero birefringence effect).'”

Since the alignment of LC is closely related, not only opti-
mizing the concentration of ADMA, in the LC mixture but also
controlling the rates of phase separation from the NLC
medium and diffusion of ADMA, onto the substrates, the com-
patibility and interaction of ADMA, with NLC should be finely
tuned by attaching the hydrophilic carboxylic acid and hydro-
phobic alkyl chains (Figure 3a). To confirm this proposal, the
alignment behaviors of 0.1 wt% ADMA, LC cell were investi-
gated by a specifically designed experiment. When the LC cell
with 0.1 wt% ADMA, was fabricated by a rapid cooling rate
(40.0°Cmin™") from 100 to 25°C, a homogeneously orientated
LC was obtained (Figure S11 in the Supporting Information).
This means that, due to the insufficient times of the phase-sep-
aration from the NLC medium and diffusion to the substrate,
the ADMA, amphiphiles dimerize in the NLC medium by inter-
molecular hydrogen boding between carboxylic acid groups
and do not form the monolayer on the substrate. On the other
hand, when the LC cell is slowly cooled at 1.0°Cmin~", a perfect
dark state without any light leakage is obtained. This result
shows that the initially dissolved ADMA, in the NLC gradually
phase-separated from the NLC medium and diffused onto the
substrate for the construction of self-assembled ADMA,; mono-
layer which is an ideal surface structure for the homeotropic
LC alignment layer (Figure 3b). Since the interaction of the
polar heads with the substrate is much higher than that of hy-
drophobic tails, ADMA, amphiphile can diffuse and be deposit-
ed on the surface with molecular orientation perpendicular to
the surface.

For enhancing the stability of LC cell, photo-polymerization
of the self-assembled ADMA, monolayer was conducted by ir-
radiating with 254 nm UV light (Figure 3c). Polymer-stabilized
ADMA, LC cell securely maintains the homeotropic state. This
result indicates that the photo-polymerization of the self-as-
sembled ADMA,; monolayer does not disturb the LC orienta-
tion. By switching the wavelength of light from 365 nm (trans
isomer) to 450 nm (cis isomer), the NLC alignment can be re-
versibly controlled from homeotropic to homogenous states,
as demonstrated in Figure 3¢ and d, respectively.

To investigate the surface morphological changes of the
ADMA, layer according to light irradiation, the self-assembled
ADMA, monolayer was analyzed by atomic force microscopy
(AFM). The surface of bare ITO glass substrate is relatively
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Figure 3. a) Geometric dimensions of ADMA,. Schematic illustration of

0.1 wt% ADMA, monolayer with NLC and their corresponding POM images
of test LC cell: b) before, and ¢) after photo-polymerization by irradiating
with 254 nm UV light. d) POM image of the LC cell with photo-polymerized
alignment layer after irradiating with 365 nm UV light. The inset images of
orthoscopic POM are their corresponding conoscopic POM images.

smooth and shows 76.0° water contact angles (Figure S12 in
the Supporting Information). However, as shown in Figure 4a,
the 0.1 wt% ADMA,-coated surface exhibits many protrusions.
Its water contact angle is 107.6° (Figure 4b, inset). As present-
ed in Figure 4b, the average height of protrusions of the
ADMA, layers is in the range of 4.63 nm. Note that the calculat-
ed geometric length of ADMA, along the long axis is about
4.8 nm (Figure 3a). Therefore, it can be concluded that the
monolayered ADMA, protrusions are formed by the lateral self-
assembly of ADMA,; amphiphiles on the ITO glass substrate. It
is believed that the tethered trans-azobenzene with alkyl
chains make the physical interactions with NLC molecules near
to the substrate and provide enough empty spaces for NLC
molecules to partially crawl into the empty zones, which re-
sults in the creation of homeotropic LC alignment. Figure 4c
shows the AFM images of the photo-polymerized ADMA,
monolayer film after 254 nm UV irradiation. The height profile
and hydrophobicity of the polymerized surface (Figure 4d) are
almost identical with those of the unpolymerized ADMA,
monolayer (Figure 4b). The homeotropic LC alignment is also
maintained, as shown in Figure 3 c. This result shows that there
is no significant surface topographical change during the
photo-polymerization of the self-assembled ADMA; monolayer.
When the photo-polymerized ADMA, is isomerized from the
trans to cis conformer upon irradiation with 365 nm UV light
(Figure 3d), the average height profile and hydrophobicity de-
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creases. The photo-polymerized ADMA, monolayer apparently
becomes smooth (Figure 4e), with 3.84 nm average height
(Figure 4 f) when irradiated with 365 nm UV light. This behav-
ior can be directly correlated with the homogeneous LC orien-
tation (Figure 3d). Subsequent irradiation with visible light re-
versibly switches azobenzene back to the trans stable state
(Figure S13 in the Supporting Information).
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Figure 4. 3D topographic AFM images and their corresponding height pro-
files with inset contact angle images of the 0.1 wt% ADMA, monolayer film
on ITO glass substrate: a, b) before, and ¢, d) after photo-polymerization by
irradiating with 254 nm UV light, and e, f) trans-to-cis photo-isomerized film
after irradiation with 365 nm UV light.

To confirm the long-term and thermal stability of the photo-
polymerized ADMA, alignment layer, the temperature of the
homeotropic LC cell was increased above 85°C (the Ty, transi-
tion temperature of NLC medium) and maintained for 12 h,
and then decreased to 30°C. Without the photo-polymeri-
zation of diacetylene groups, the homeotropic alignment is
only achieved again by a slow cooling rate (1.0°Cmin~"), as
demonstrated in Figure S11 in the Supporting Information.
However, the formation of homeotropic alignment layer in the
photo-polymerized ADMA, LC cell is independent of the cool-
ing rate (Figure S14 in the Supporting Information). As shown
in Figure 5, the photo-polymerized ADMA, alignment layer is
robustly retained without any destruction of LC orientation.
The combined results indicate that the once-formed cross-
linked structure of photo-polymerized ADMA, film is stable
enough to overcome strong thermal fluctuations.

In summary, a dual photo-functionalized amphiphilic supra-
molecule (ADMA,) containing both azobenzene and diacety-
lene moieties was specifically designed and synthesized for
a reversible liquid crystal (LC) alignment layer without the use

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. POM images of the 0.1 wt% ADMA, homeotropic LC cell at various
temperatures from 30 to 90 °C during both heating and cooling cycles. The
inset images of orthoscopic POM are their corresponding conoscopic POM
images.

of the conventional polymer-based LC alignment process. In
the LC cell with 0.1 wt% ADMA,, ADMA, gradually diffused
onto the substrate of LC cell and formed monolayered ADMA,
protrusions by lateral self-assembly. The subsequent photo-
polymerization of the self-assembled ADMA, monolayer al-
lowed us to fabricate a robust photo-reversible LC alignment
layer.

Acknowledgements

This work was mainly supported by Basic Science Research
(2013R1A1A2007238) and BK21 Plus program, Korea. D.-Y.K. ap-
preciates the support from the Global Ph.D. Fellowship Pro-
gram.

Keywords: amphiphiles - azobenzene -
crystal alignment - photochemistry

diacetylene - liquid

CHEMISTRY

A European Journal

[1] a) H. K. Bisoyi, S. Kumar, Chem. Soc. Rev. 2011, 40, 306-319; b) T. Kato,

N. Mizoshita, K. Kishimoto, Angew. Chem. Int. Ed. 2006, 45, 38-68;

Angew. Chem. 2006, 118, 44-74; c) J. W. Goodby, I. M. Saez, S.J. Cowl-

ing, V. Gortz, M. Draper, A.W. Hall, S. Sia, G. Cosquer, S.-E. Lee, E.P.

Raynes, Angew. Chem. Int. Ed. 2008, 47, 2754-2787; Angew. Chem.

2008, 720, 2794-2828; d) K. M. Lee, V. P. Tandiglia, M. E. McConney, L. V.

Natarajan, T.J. Bunning, T.J. White, ACS Photonics 2014, 1, 1033-1041.

a) D.-Y. Kim, S. Kim, S.-A. Lee, Y.-E. Choi, W.-J. Yoon, S.-W. Kuo, C.-H. Hsu,

M. Huang, S.H. Lee, K-U. Jeong, J. Phys. Chem. C 2014, 118, 6300-

6306; b) G. Hegde, R. A. Alla, A. Matharu, L. Komitov, J. Mater. Chem. C

2013, 1, 3600-3605; c) M. Rumi, V.P. Tondiglia, L.V. Natarajan, T.J.

White, T.J. Bunning, ChemPhysChem 2014, 15 1311-1322; d)R.

Thomas, Y. Yoshida, T. Akasaka, N. Tamaoki, Chem. Eur. J. 2012, 18,

12337 -12348.

a)S. H. Lee, S.S. Bhattacharyya, H.S. Jin, K-U. Jeong, J. Mater. Chem.

2012, 22, 11893; b) K. Takatoh, M. Hasegawa, M. Koden, N. Itoh, R. Hase-

gawa, M. Sakamoto, Alignment Technologies and Applications of Liquid

Crystal Device, Taylor & Francis, New York, 2005.

[4] a)T. Ikeda, J. Mater. Chem. 2003, 13, 2037-2057; b) M. Sato, S. Nagano,
T. Seki, Chem. Commun. 2009, 3792-3794; c) H. Yu, T. Ikeda, Adv. Mater.
2011, 23, 2149-2180; d) N. Kawatsuki, H. Takatsuka, Y. Kawakami, T. Ya-
mamoto, Polym. Adv. Technol. 1999, 10, 429-433.

[5] a) P.J. Shannon, W. M. Gibbons, S.-T. Sun, Nature 1994, 368, 532-533;
b) S. Furumi, K. Ichimura, J. Phys. Chem. B 2007, 111, 1277-1287; c) M.
Obi, S. Morino, K. Ichimura, Chem. Mater. 1999, 11, 1293.

[6] a)D. Zhao, W. Huang, H. Cao, Y. Zheng, G. Wang, Z. Yang, H. Yang, J.
Phys. Chem. B 2009, 113, 2961-2965; b) A. E. A. Contoret, S.R. Farrar,
P. O. Jackson, S. M. Khan, L. May, M. O'Neill, J. E. Nicholls, S. M. Kelly, G. J.
Richards, Adv. Mater. 2000, 12, 971-974.

[7]1 a) F. Ercole, T. P. Davis, R. A. Evans, Polym. Chem. 2010, 1, 37-54; b) D.-Y.

Kim, S.-A. Lee, Y-J. Choi, S.-H. Hwang, S.-W. Kuo, C. Nah, M.-H. Lee, K.-U.

Jeong, Chem. Eur. J. 2014, 20, 5689-5695; c) D.-Y. Kim, S.-A. Lee, H. J.

Choi, L-C. Chien, M.-H. Lee, K.-U. Jeong, J. Mater. Chem. C 2013, 1,

1375-1382; d) J. J. Wie, K. M. Lee, M. L. Smith, R. A. Vaia, T. J. White, Soft

Matter 2013, 9, 9303-9310.

a) M. Rosenthal, L. Lei, J. ). Hernandez, X. Zhu, D. A. Ivanov, M. Mdller,

Chem. Eur. J. 2013, 19, 4300-4307; b) E. Jahnke, J. Weiss, S. Neuhaus,

T. N. Hoheisel, H. Frauenrath, Chem. Eur. J. 2009, 15, 388-404; c) Q. Yan,

Z. Luo, K. Cai, Y. Ma, D. Zhao, Chem. Soc. Rev. 2014, 43, 4199-4221.

Y.-E. Choi, S. H. Oh, M. H. Jo, I. W. Jang, S.-E. Kim, K.-U. Jeong, S. H. Lee,

SID Symp. Dig. Tech. Pap. 2012, 43, 1415-1417.

[10] I. Dierking, Textures of Liquid Crystals, Wiley-VCH, Weinheim, 2003.

S

[3

[8

[9

Received: September 29, 2014
Published online on A 11, 0000

Chem. Eur. J. 2014, 20, 1-5 www.chemeurj.org

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

KK These are not the final page numbers!


http://dx.doi.org/10.1039/b901793n
http://dx.doi.org/10.1039/b901793n
http://dx.doi.org/10.1039/b901793n
http://dx.doi.org/10.1002/anie.200501384
http://dx.doi.org/10.1002/anie.200501384
http://dx.doi.org/10.1002/anie.200501384
http://dx.doi.org/10.1002/ange.200501384
http://dx.doi.org/10.1002/ange.200501384
http://dx.doi.org/10.1002/ange.200501384
http://dx.doi.org/10.1002/anie.200701111
http://dx.doi.org/10.1002/anie.200701111
http://dx.doi.org/10.1002/anie.200701111
http://dx.doi.org/10.1002/ange.200701111
http://dx.doi.org/10.1002/ange.200701111
http://dx.doi.org/10.1002/ange.200701111
http://dx.doi.org/10.1002/ange.200701111
http://dx.doi.org/10.1021/ph500259h
http://dx.doi.org/10.1021/ph500259h
http://dx.doi.org/10.1021/ph500259h
http://dx.doi.org/10.1021/jp4126396
http://dx.doi.org/10.1021/jp4126396
http://dx.doi.org/10.1021/jp4126396
http://dx.doi.org/10.1039/c3tc00921a
http://dx.doi.org/10.1039/c3tc00921a
http://dx.doi.org/10.1039/c3tc00921a
http://dx.doi.org/10.1039/c3tc00921a
http://dx.doi.org/10.1002/cphc.201300995
http://dx.doi.org/10.1002/cphc.201300995
http://dx.doi.org/10.1002/cphc.201300995
http://dx.doi.org/10.1002/chem.201200836
http://dx.doi.org/10.1002/chem.201200836
http://dx.doi.org/10.1002/chem.201200836
http://dx.doi.org/10.1002/chem.201200836
http://dx.doi.org/10.1039/c2jm30635b
http://dx.doi.org/10.1039/c2jm30635b
http://dx.doi.org/10.1039/b306216n
http://dx.doi.org/10.1039/b306216n
http://dx.doi.org/10.1039/b306216n
http://dx.doi.org/10.1039/b906716g
http://dx.doi.org/10.1039/b906716g
http://dx.doi.org/10.1039/b906716g
http://dx.doi.org/10.1002/adma.201100131
http://dx.doi.org/10.1002/adma.201100131
http://dx.doi.org/10.1002/adma.201100131
http://dx.doi.org/10.1002/adma.201100131
http://dx.doi.org/10.1002/(SICI)1099-1581(199907)10:7%3C429::AID-PAT888%3E3.0.CO;2-Y
http://dx.doi.org/10.1002/(SICI)1099-1581(199907)10:7%3C429::AID-PAT888%3E3.0.CO;2-Y
http://dx.doi.org/10.1002/(SICI)1099-1581(199907)10:7%3C429::AID-PAT888%3E3.0.CO;2-Y
http://dx.doi.org/10.1038/368532a0
http://dx.doi.org/10.1038/368532a0
http://dx.doi.org/10.1038/368532a0
http://dx.doi.org/10.1021/jp065686h
http://dx.doi.org/10.1021/jp065686h
http://dx.doi.org/10.1021/jp065686h
http://dx.doi.org/10.1021/cm981075t
http://dx.doi.org/10.1021/jp8101089
http://dx.doi.org/10.1021/jp8101089
http://dx.doi.org/10.1021/jp8101089
http://dx.doi.org/10.1021/jp8101089
http://dx.doi.org/10.1002/1521-4095(200006)12:13%3C971::AID-ADMA971%3E3.0.CO;2-J
http://dx.doi.org/10.1002/1521-4095(200006)12:13%3C971::AID-ADMA971%3E3.0.CO;2-J
http://dx.doi.org/10.1002/1521-4095(200006)12:13%3C971::AID-ADMA971%3E3.0.CO;2-J
http://dx.doi.org/10.1039/b9py00300b
http://dx.doi.org/10.1039/b9py00300b
http://dx.doi.org/10.1039/b9py00300b
http://dx.doi.org/10.1002/chem.201303924
http://dx.doi.org/10.1002/chem.201303924
http://dx.doi.org/10.1002/chem.201303924
http://dx.doi.org/10.1039/c2tc00506a
http://dx.doi.org/10.1039/c2tc00506a
http://dx.doi.org/10.1039/c2tc00506a
http://dx.doi.org/10.1039/c2tc00506a
http://dx.doi.org/10.1039/c3sm51574e
http://dx.doi.org/10.1039/c3sm51574e
http://dx.doi.org/10.1039/c3sm51574e
http://dx.doi.org/10.1039/c3sm51574e
http://dx.doi.org/10.1002/chem.200801668
http://dx.doi.org/10.1002/chem.200801668
http://dx.doi.org/10.1002/chem.200801668
http://dx.doi.org/10.1039/c3cs60375j
http://dx.doi.org/10.1039/c3cs60375j
http://dx.doi.org/10.1039/c3cs60375j
http://dx.doi.org/10.1002/j.2168-0159.2012.tb06072.x
http://dx.doi.org/10.1002/j.2168-0159.2012.tb06072.x
http://dx.doi.org/10.1002/j.2168-0159.2012.tb06072.x
http://www.chemeurj.org

CHEMISTRY

:'(V;'* ChemPubSoc A European Journal
R Europe Communication

COMMUNICATION

Photo-opportunity: Without the con-
ventional polymer-based liquid crystal
(LC) alignment process, a newly synthe-
sized dual photo-functionalized amphi-
phile was successfully applied as

a robust photo-reversible LC alignment
layer by self-assembly and photo-poly-
merization (see figure).
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