This article was downloaded by: [University of California, San Diego]

On: 11 August 2012, At: 10:36

Publisher: Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954
Registered office: Mortimer House, 37-41 Mortimer Street, London W1T 3JH,
UK

Molecular Crystals and Liquid
Crystals

Publication details, including instructions for
authors and subscription information:
http://www.tandfonline.com/loi/gmcl20

Photochemical Manipulation of
Glycerol Droplets in Nematic
Liquid Crystals

T. Yamamoto 2 , J. Yamamoto %, B. I. Lev ? & H.
Yokoyama ©

# Yokoyama Nano-Structured Liquid Crystal Project,
JST, Tsukuba, Japan

b Yokoyama Nano-Structured Liquid Crystal Project,
JST, Institute of Physics, National Academy of
Science of Ukraine, Japan, Kyiv, Tsukuba

¢ Yokoyama Nano-Structured Liquid Crystal Project,
JST, Nanotechnology Research Institute, National
Institute of Advanced Industrial Science and
Technology, Tsukuba, Japan

Version of record first published: 18 Oct 2010

To cite this article: T. Yamamoto, J. Yamamoto, B. I. Lev & H. Yokoyama (2004):
Photochemical Manipulation of Glycerol Droplets in Nematic Liquid Crystals, Molecular
Crystals and Liquid Crystals, 409:1, 111-117

To link to this article: http://dx.doi.org/10.1080/15421400490435846

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://www.tandfonline.com/page/terms-
and-conditions

This article may be used for research, teaching, and private study purposes.
Any substantial or systematic reproduction, redistribution, reselling, loan,



http://www.tandfonline.com/loi/gmcl20
http://dx.doi.org/10.1080/15421400490435846
http://www.tandfonline.com/page/terms-and-conditions
http://www.tandfonline.com/page/terms-and-conditions

Downloaded by [University of California, San Diego] at 10:36 11 August 2012

sub-licensing, systematic supply, or distribution in any form to anyone is
expressly forbidden.

The publisher does not give any warranty express or implied or make any
representation that the contents will be complete or accurate or up to

date. The accuracy of any instructions, formulae, and drug doses should be
independently verified with primary sources. The publisher shall not be liable
for any loss, actions, claims, proceedings, demand, or costs or damages
whatsoever or howsoever caused arising directly or indirectly in connection
with or arising out of the use of this material.




Downloaded by [University of California, San Diego] at 10:36 11 August 2012

Copyright © Taylor & Francis Inc. Taylar & Francis Group
ISSN: 1542-1406 print/1563-5287 online
DOI: 10.1080/15421400490435846

Mol. Cryst. Liq. Cryst., Vol. 409, pp. 111-117, 2004 .
O% DTYSL T TS, 10 0 PP ’ Taylor & Francis

PHOTOCHEMICAL MANIPULATION OF GLYCEROL
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Dynamic manipulation of glycerol droplets could be achieved by light in azo-
benzenedoped nematic liquid crystals. On irradiation of UV light, the trans-
cis photoisomerization drives a directional motion of the droplets towards
the cis-rich region and assembled close-packed two-dimensional hexagonal
colloidal crystals. This behavior is mainly attributable to reduction of the drop-
let-LC interfacial tension, associated with the enhanced surface-activity of cis
wsomers. We also performed photochemical assembly of tailored droplet arrays
by projection of computer-generated images on the samples. The photoinduced
manipulation of droplets will provide a versatile approach to micro-structur-
ing of LC devices.

Keywords: interfacial tension; liquid-crystal emulsions; photoisomerization; tailored droplet
arrays
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INTRODUCTION

Assemblies of micro- and nano-particles or droplets have a wide range of
applications in photonic materials, and bio-sensors and assay devices [1].
Sedimentation is a well known pathway to spontaneous formation of
colloidal crystal structures, and is already widely employed to prepare
self-oranized photonic crystals. By an additional external assist of electric
fields, for example, patterned arrays of particles can also be fabricated
[2]. Recently, one of the present authors (B.I.L) discovered a spontaneous
formation of hexagonal crystals of micron-sized glycerol droplets sus-
pended in a nematic LC [3]. The crystal stucture is stabilized by liquid-
crystalline orientational elastic forces, and hence we can expect that by
modulating the LC Properties by external stimuli, the colloidal crystal
structure can also be manipulated. Here we demonstrate a photochemical
assembly and disassembly of the glycerol droplets by doping the nematic
emulsion with photoresponsive azobenzene derivatives.

EXPERIMENTAL

Chemical structures of compounds used in this work were shown in
Figure 1. As a L.C host, we employed 5CB, and doped it with an azobenzene
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FIGURE 1 Compounds used in this work.
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derivative (8AB3COOH, Ay.x = 350nm, 1 mol%). A drop of the host LC
was first placed on a purified glycerol layer to form a lens of 2 mm-thick-
ness and 6mm-diameter. It was then heated to 60°C, well above its
nematic-isotropic phase transition temperature (37°C), and kept there
for 60 min. Substantial amount of glycerol could diffuse into the LC host
at this elevated temperature. Then, the system was cooled to 30°C well
inside the nematic phase at the rate of about 0.5°C/min.

Photochemical manipulation was investigated with a fluorescent/
polarizing microscope (Eclipse E-800, Nikon, Japan). Schematic illustra-
tion of the experimental system was shown in Figure 2. Photochemical
assembly of tailored droplet arrays was performed with “Maskless Projec-
tion System” (NewCreation Co. Ltd., Japan). Sample temperature was
maintained with a hot stage (Themoplate MATS-2002ST, Tokai Hit, Japan).

RESULTS AND DISCUSSION

Uniformly dispersed glycerol droplets with the typical diameter of 3 um
appeared after the preparation was kept in the nematic phase overnight

CCD camera

Dichroic mirror
Am s e ———— Hg lamp

Pump light

i
I
Objective lens : (365 or 435 nm]

Probe light
(> 600 nm)

FIGURE 2 Schematic illustration of the experimental setup. The host LC was
floating in the glycerol layer with lens shape. Glycerol droplets were suspended
right beneath the air-LC interface.
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10 um

FIGURE 3 Polarizing photographs of the LC emulsion (a) before and (b) after
irradiation of circular-shaped beam at 30°C (365 nm, 50 m,W/ cm?, 300s).

(Fig. 3(a)). Although the glycerol has a higher density than the LC, the Van
der Waals forces keep the glycerol droplets trapped right beneath the LC-
air interface [3]. For the photochemical manipulation of droplets, we irra-
diated the nematic emulsion at 30°C with a 160 um-diameter circular beam
of UV light (365nm, 50mW/ cm®) that preferentially induces the
trans—cis isomerization. Right after the irradiation, the droplets near
the periphery of the light beam started to move toward inside the beam.
The droplets far from the beam were also gradually attracted to make
the irradiated region more condensed with the droplets. Typical velocity
of the droplet motion was roughly estimated as = 0.5 pm/s. It took about
300 s for this process to virtually come to an end with closely packed dro-
plets (Fig. 3(b)). When the irradiation was terminated, the droplets began
to slowly diffuse back to the initial state with a relaxation time of the order
of hours, presumably associated with the thermal conversion of cis-
isomers. However, by shining the close-packed colloidal crystal with a vis-
ible light (435nm) that causes the rapid cis—trans conversion, we could
induce a dramatically swift backward dispersion of the droplets out of
the irradiated region. In contrast to the condensation process driven by
UV light, the backward motion is not preferentially initiated at the edge
of the light beam, but takes place uniformly even from inside the close-
packed droplet crystal like an explosion. These wavelength-dependent
behaviors prove that the directional motion of droplets is photochemical
rather than photothermal in nature. We also confirmed by monitoring the
motion of floating fine solid particles that no macroscopic convective flow
was involved at least up to ten times of the light intensity used.

In general, tailored assemblies of micro-particles have potential applica-
bility to photonic crystal circuits and array-based bio-assay devices [1].
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FIGURE 4 Photo-addressed droplet arrays in the LC emulsion: (a) grating and (b)
2-D square array.

Based on the photokinetic effect, we attempted a photo-addressed pattern-
ing of droplet arays as shown in Figure 4. Here, patterns of a grating
structure (Fig. 4(a)) and a two-dimensional square array (Fig. 4(b)) were
computer-generated, and their PC projector images were optically reduced
and projected onto the LC emulsion with the Maskless Projection System.
Since the PC projector used had no emission in the near UV region, a dis-
tinct azobenzene derivative that is sensitive to violet light (80OABNO,
shown in Figure 1, An.x ~ 380nm, 1 mol%) was synthesized for this pur-
pose and doped into the nematic LC. As clearly shown in Figure 4, the
photo-patterning of droplets could be achieved quite neatly within a few
minutes of irradiation. Once such a patterning is complete, it is easy to
fix the structure by polymerizing or gelating the LC host for use in two-
dimensional photonic devices, etc.

Finally, we discussed the mechanism of the photo-induced assembly of
the droplets. Among Possible consequences of trans—cis isomerization,
we point out here its effect on the interfacial tensions between the LC, gly-
cerol and air. We experimentally confirmed that the azo-doped LC under-
goes a drastic flattening of its lens shape on glycerol layer, when the
whole droplet region was irradiated with the UV light at 30°C. This obser-
vation clearly indicates the relative reduction of the LC glycerol and/or the
LC -air interfacial tensions. Such a decrease in interfacial tension can occur
as a result of preferential adsorption of the generated cis isomers due to its
enhanced polarity relative to the trans form [4].

As soon as the azobenzene-doped LC is locally illuminated with UV
light, virtually all azobenzene molecules are almost instantaneously con-
verted to the cis isomer, resulting in the formation of concentration
gradient of cis isomer toward the edge of the lens (see Fig. 5). In the
absence of macroscopic convective or Marangoni flows, as presently
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FIGURE 5 Schematic illustration for the cross-section of the system during
irradiation of 365-nm light. Open circles are the droplets. Curved line indicates

the concentration gradient of the cis isomer. Dashed arrows denote the direction
of the droplet motion.

confirmed experimentally, the gradient can relax only through the dif-
fusion and the thermal back conversion of the cis isomer. Let D and t
be the diffusion coefficient and the time constant of thermal back con-
version of cis isomer, respectively, then the stationary decay length of
the cis isomer concentration is given by vDt and the characteristic time
necessary for the initial abrupt gradient to relax into the stationary one
is given by t. If we put glycerol droplets in such a transient cis isomer
gradient, the droplets tend to move along the gradient toward the higher
cts concentration in such a way that the LC-glycerol interfacial tension
be more reduced [5,6]. Although it is difficult to evaluate the interfacial
tension as a function of the c¢s concentration with both orientationally
isotropic and anisotropic contributions, a rough estimate of the droplet
speed can still be obtained by simply equating the viscous drag on the
droplet (in negligence of orientational correction [7] and the thermodyn-
amic force due to the decreasing interfacial tension [6]:

3uy + 2:“LC>

4nR*V Y, = 2R U v(
o Lo ,ug + Hie

where F and v are the radius and the traveling speed of the droplet, y.4
is the effective interfacial tension between glycerol and the LC including
both the isotropic and anisotropic contributions, and u;c and u, are the
viscosities of the LC host and glycerol. Noting p, > 100mPa-s,
o ~mPa-s and R~ 1.5um we find v~10um/s even for a very mod-
est assumption of Vy,, ~10 mN/m?, corresponding to a minute change
in surface tension as 10 ~?mN/m over 1mm-distance. This estimate is
sufficiently large to account for the observed motion of the droplets
(~0.5um/s). Along with the ordinary isotropic contribution, 7.4 contains
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an anisotropic contribution from the orientational strain around the
droplet. In terms of the surface anchoring energy W and the Frank elas-
tic constant K of the LC, the anisotropic part of y.¢ may be approxi-
mately written as K/(KW~! +R). Since the anchoring energy is likely
to be a decreasing function of the cis-isomer concentration, the aniso-
tropic contribution also drives the particles toward the illuminated re-
gion along the anchoring energy gradient. Even assuming a rather
weak anchoring energy of W ~~107mN/m in dark that satisfies
KW-'>>R for K~10""' N, we still find that the droplet speed
by this anisotropic effect amounts to & 1 um/s, indicating the potentially
significant role of the LC anchoring in the photokinetic effect.

CONCLUSION

We have demonstrated photo-manipulation of colloidal crystal structure in
nematic emulsions on the basis of the photoisomerization of azobenzene
derivatives. The wavelength-sensitive directional motion of the droplets
clearly indicates that the observed phenomena are a photochemical event,
and may be mainly attributable to the decrease of the interfacial tension at
the droplet-LC interface in the presence of cis isomer. Given the estab-
lished utility of LCs in various applications, we believe that the photoche-
mical droplet assembly in LC hosts should serve as an efficient and versatile
approach to micro-structuring of LC devices.
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