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This paper describes a novel strategy for the non-mechanical motion of a liquid droplet by photoisomerization

of surface-immobilized azobenzenes. When a liquid droplet is placed on a substrate surface that has been

modified with a monolayer of azobenzene-terminated calix[4]resorcinarenes, alternating irradiation with UV

and blue light causes in situ changes in the contact angle of the droplet. The spreading/retraction motion of a

liquid droplet is based on the reversible change in surface free energy of the photoresponsive surface due to the

trans–cis isomerization of the azobenzene molecules. By measuring the hysteresis in contact angles of various

liquids, we determined the principal requirement for the motion of a liquid droplet to occur: a receding contact

angle on a trans-rich surface should be larger than an advancing contact angle on a cis-rich surface. Localized

illumination of a liquid droplet of several millimeters in diameter causes it to move vectorially across the

photoresponsive surface. The direction and velocity of the motion are tailored by manipulating both the

direction and steepness of an applied light intensity gradient. Detailed profiles of a moving droplet support the

assumption that the surface-assisted motion is ascribed to an imbalance in contact angles. The potential

applicability of light-driven motion to lab-on-a-chip technology was presented by delivery of reactants for a

chemical reaction on a photoresponsive surface by illumination.

Introduction

Interest in microfluidic devices has increased dramatically in
the light of their high performance in biological and chemical
analyses and combinatorial chemical synthesis.1–6 For their
operation, microfluidic devices must contain a number of
miniaturized elements for pretreatment, reaction, separation
and detection depending on the application. In addition, these
elements need some means to position bulk fluid through
microchannels. An efficient method useful for microscale
devices involves non-mechanical electroosmotic flow.7–9 The
technology has rapidly expanded because of several advantages
over pressure-driven flow using mechanical pumps, including
(i) the technology is amenable to miniaturization and (ii) no
moving parts are needed because the pumping of fluids is
achieved simply by applying electric fields along the micro-
channels.10 However, because a microfluidic system consists of
many elements, the high voltages used for electroosmotic
pumping may limit the ability to integrate sensitive electronic
components in the same device.4 In this paper we describe an
alternative approach to the development of non-mechanical
methods for liquid motion that is driven entirely by light. The
method is based on the reversible photoisomerization of
surface-immobilized azobenzenes.
When a liquid droplet is placed in contact with a solid

surface, capillary forces drive the interface toward an equili-
brium.11 In the case of partial wetting, the droplet spreads
symmetrically to give an equilibrium contact angle of h w 0u.
The dynamics of the spontaneous spreading are usually
described at the macroscopic level by an energy balance
between the capillary driving force and the hydrodynamic
resistance to spreading.12–15 On the other hand, if a liquid

droplet is put in contact with a substrate with a spatial
inhomogeneity in surface tension, an imbalance in the capillary
forces is generated at the edges of the droplet.16 This force
imbalance causes the droplet to move so as to compensate the
imbalanced force. The experimental observation of such a
liquid motion has been reported by Chaudhury and White-
sides.17 They demonstrated a water droplet running uphill by
using a silanized silica surface with a hydrophobicity gradient.
Liquid motion based on either temperature or concentration
gradients has also been observed.18–20 This type of liquid
motion is referred to as Marangoni flow.21 A classical example
of liquid motion is the well-known ‘‘tears of wine’’, which
results from the local increase in surface tension in wine
caused by the evaporation of alcohol. Another example of
the Marangoni flow is preferential solubilization of volatile
components into one side of a liquid droplet, which causes
motion of the droplet.22,23 Electrochemically induced-gradients
in surface tension maintained by the generation of surface-
active species at one electrode and the consumption of them at
another electrode have also been used to drive fluid motion.24,25

Recently, the movement of liquids caused by non-covalent
adsorption of alkylamines on a CO2H-terminated surface was
reported by Lee and Laibinis.26

Because the surface free energies of flat solid substrates are
determined by the constitution at the atomic level of their
outermost surfaces,27 the alteration of the chemical structures
of the outermost monomolecular layers by light (or some other
external stimulus) can be used to trigger and manipulate
various interfacial phenomena including wettability,28,29 liquid
crystal alignment,30 dispersibility31 and biomaterial affinity.32

Thus, if a gradient in surface energy is generated photo-
chemically as a result of spatially controlled changes of chemi-
cal structures at the outermost surface of a solid substrate, the
motion of a liquid can be guided by spatially controlled
photoirradiation of the photoresponsive substrate surface on
which the liquid is placed. A solid surface modified with
photochromic azobenzenes is a promising material to control
surface free energy with light, because trans–cis photoisome-
rization of azobenzenes is accompanied by reversible changes
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in the physicochemical properties of the chromophores such
as dipole moment and geometrical molecular structure.33

This paper describes the light-driven motion of a liquid
droplet on a chemisorbed azobenzene monolayer, thereby
providing new principles for the design and operation of
microfluidic devices. In this study, we use an O-octacarboxy-
methylated calix[4]resorcinarene (H-CRA-CM) with pendent
p-octylazobenzene units as a photoresponsive adsorbate. The
motion of liquid droplets was examined by placing them on
the photoresponsive surface, and then photoirradiating them
with UV and blue light to trigger the isomerization of the
azobenzene moieties assembled on the surface. In a previous
communication we described the vectorial motion across an
H-CRA-CM-modified surface caused by spatially controlled
illumination.34

Experimental

Materials

H-CRA-CM was synthesized through the Williamson coupling
of 2,8,14,20-tetrakis(3-iodopropyl)-4,6,10,12,16,18,22,24-octa-
kis(ethoxycarbonylmethoxy)calix[4]arene with the correspond-
ing 4-phenylazophenol according to our previous report.35

All organic reagents used as probe liquids for contact angle
measurements were obtained from commercial sources.
Diiodomethane, 1-bromonaphthalene and 1-methylnaphtha-
lene were passed through an equal volume of alumina prior to
use. Water was used after deionization and filtration through a
Millipore Q system. Nematic liquid crystals (LCs) of NPC-02
(TNI ~ 35.0 uC), a binary mixture of alkoxyphenylcyclohexane
derivatives, and 5CB (TNI ~ 35.4 uC), 4-cyano-4’-pentylbi-
phenyl, were donated by Rodic Co., Ltd. Fluorescamine and
dodecylamine were obtained from Aldrich.

Monolayer preparation

A fused silica substrate (10 6 30 6 1 mm) was ultrasonically
cleaned in a solution of piranha (CAUTION: piranha solution
should be handled with great care; it has detonated unexpect-
edly) for 1 h, washed with copious amounts of deionized water
and subsequently with acetone, and dried under vacuum. After
cleaning, the substrate was immersed immediately in a solution
of freshly distilled (3-aminopropyl)diethoxymethylsilane (0.25 g)
in dry toluene (25 g) for 1 h at 25 uC. The substrate was washed
with dry toluene, baked for 30 min at 120 uC, sonicated in
toluene and methanol for 2 min each and finally dried in a
vacuum. The silanized substrate was then immersed in a 1 6
1024 mol dm23 THF solution of H-CRA-CM for 30 min at
40 uC. A chemisorbed H-CRA-CM monolayer tethered to the
aminated silica substrate was obtained after rinsing thoroughly
with THF and then dried for 30 min at 80 uC.

Photoirradiation

Light sources of UV light (365 nm) and visible light (436 nm)
were obtained from a 200 W Hg–Xe lamp (San-ei Electric,
Supercure-203S) using suitable combinations of Toshiba glass
filters, UV-35 1 UV-D36A and Y-43 1 V-44 for 365 nm and
436 nm light, respectively. Light intensity was measured with
an optical power meter (Advantest TQ8210).

Physical measurements

UV-vis spectra of monolayers were recorded on a weak
absorption spectrophotometer (JASCO, MAC-1). Advancing
and receding contact angles were measured with a contact
angle meter (Kyowa Interface Science, SA-11) in air at 23 uC.
Advancing contact angles were taken as the maximum contact

angle observed during the enlargement of a drop size. Receding
contact angles were measured by reducing the size of the drops.
Each contact angle reported here represents an average of 5–10
measurements made on different areas of a sample surface with
errors of ¡ 2u. Contact angles for the cis-state correspond
to those of the surface azobenzenes in a photostationary
state after UV light irradiation. To evaluate the temperature
dependence of the wetting properties of liquids (NPC-02 and
1-bromonaphthalene) on H-CRA-CM monolayers, sessile
contact angles on H-CRA-CM-modified substrates were
measured by placing them on a copper plate equipped with a
heating circulator. Temperatures of the plate were calibrated
with a digital surface thermometer. Thus temperatures des-
cribed here indicate interface temperatures between a liquid
droplet and the H-CRA-CM substrate. Drops placed on the
substrates were equilibrated for 1 min at each temperature
before reading contact angles. The reproducibility of readings
was ¡ 1u.

Results and discussion

H-CRA-CM monolayers as a photoresponsive surface

The photoresponsive monolayers of H-CRA-CMs with four
p-octylazobenzene residues were prepared simply by immersing
aminosilylated silica plates in a dilute solution of H-CRA-CM.
The resulting monolayer exhibited high desorption-resistance
even toward polar solvents, such as water, because of the
electrostatic interactions between the CO2H groups of the
H-CRA-CMs and the aminosilanized surface.36 As discussed
in our previous papers,37 H-CRA-CM was designed to ensure
sufficient free volume for trans–cis photoisomerization of
the azobenzene moieties, even if the cyclic skeletons of
H-CRA-CM are closely packed. This is because the molecular
packing in this kind of SAM is determined specifically by the
base area of the rigid cylindrical macrocycle. Consequently,
a free volume exists in the kind of monomolecular film in
which azobenzene residues are attached to the lower rim
of the cyclic skeletons, thus leading to efficient trans–cis
photoisomerizability.
We first confirmed that the photoirradiation of an

H-CRA-CM monolayer with UV (365 nm) light results in
the formation of the cis-isomer from the UV-vis spectra.
Fig. 1(a) shows that the level of trans–cis photoisomerization is
as large as y90% even in a closely packed monolayer. The
existence of isosbestic points in the spectra leads us to conclude

Fig. 1 UV-vis spectral changes of H-CRA-CM absorbed on a
monolayer upon irradiation with 365 nm light (a) and with 436 nm
light (b).
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that only two species (trans and cis isomers) are involved in the
photoreaction without any concomitant side reaction. Because
the isomerization of azobenzene molecules is always accom-
panied by certain changes in dipole moment as well as
geometrical shape,33 the outermost surface of a UV-exposed
H-CRA-CMmonolayer is likely terminated by cis-azobenzenes
with a higher dipole moment, leading to an increase in surface
free energy.28 Experimental results obtained by Zisman
plots11,38 revealed that the critical surface tension of the
UV-exposed monolayer is 3.5 mJ m22 higher than that of the
monolayer before illumination. Photoirradiation of the cis-rich
surface with blue (436 nm) light causes the cis-isomer to reverse
into the trans-isomer (Fig. 1(b)).

In situ spreading/retraction motion of liquid droplets

Experiments investigating the light-driven motion of liquids
were performed using chemisorbed monolayers of H-CRA-
CM. Fig. 2 shows the in situ and reversible spreading/retraction
motion of a droplet of the liquid crystal NPC-02 on substrates
modified with H-CRA-CMs upon alternating irradiation with
homogeneous UV and blue light. Illumination of the trans-rich
surface with UV light led to a lateral spreading of the droplet
on the surface because of the generation of the cis-isomers as
discussed above. The sessile contact angle of the droplet was
changed from 24u to 11u after UV irradiation. The droplet
could be subsequently retracted by illumination with blue light,
and all the changes were completely reversible. The durability
of the photoresponsive surface was investigated by monitoring
the in situ expanding/retraction motion of an NPC-02 droplet
upon alternating irradiation with UV and blue light. Reversible
changes of sessile contact angles (24u on trans-surface and 11u
on cis-surface) were maintained within experimental error even
after 100 cycles of alternating photoirradiation.
Surface-induced motion was also viable for the other

nematic liquid crystals including 5CB and even for olive oil,
1-methylnaphthalene and 1,1,2,2-tetrachloroethane. However,
some liquid droplets such as water, formamide and ethylene
glycol could not be moved using the same illumination. This
result is not surprising and can be attributed to the dynamic
properties of the liquid/solid interfaces. Changes in equilibrium
thermodynamic properties upon illumination provide an
essential driving force for motion to occur. Liquid motion
on a solid substrate, however, is primarily governed by dyna-
mic factors such as the hysteresis of contact angles.39 Hysteresis
is a common occurrence for almost all types of practical
interfacial phenomena and arises from molecular rearrange-
ments occurring at the solid/liquid interfaces after they have
come into contact with each other.40–42 To address the effect of
hysteresis on the light-guided movement of droplets, contact
angle hysteresis, defined as the difference between advancing
(hadv) and receding (hrec) contact angles, for these liquids on

H-CRA-CM-modified substrates was measured before and
after UV light irradiation (Table 1). As expected, liquids that
show no in situmotion exhibited large contact angle hystereses.
In contrast, liquids displaying in situ and reversible changes

in contact angles exhibited hystereses that were smaller than the
extent of the light-induced changes in contact angles. Based
on these results, we conclude that the motion of a droplet can
be caused by light if the liquid droplet fulfills the following
condition: hrec for the trans-isomer (htrrec) must be larger than
hadv for the cis-isomer (hcisadv). Because this condition includes
both equilibrium thermodynamic and dynamic factors, it
should be applicable to other approaches to move liquids due
to driving forces arising from changes in the contact angle.17

Note that NPC-02, relative to common organic liquids, exhibits
both smaller hysteresis and larger photoinduced changes in
contact angles upon photoisomerization (Table 1), hence it is
quite suitable for quantitative interpretation of light-driven
motion.

Displacement of liquid droplets

Because a gradient in surface tension induces a net mass
transport of liquids,16 we hypothesized that spatially controlled
photoirradiation of a liquid droplet on H-CRA-CM-modified
substrates could give the droplet directional motion. Fig. 3
shows the directional motion of an olive oil droplet on a cis-
rich surface upon asymmetrical illumination with blue light.
Olive oil is a liquid that fulfills the necessary condition to move
(Table 1). Light with asymmetrical intensity was easily
obtained from the edge of a focused light beam. Fig. 4 shows
a typical intensity gradient of a light beam from a Xe–Hg lamp.
For continuous motion we used gradient of blue light of region
A in Fig. 4 . The gradient in light intensity between the advanc-
ing and receding edges of the moving droplet was constantly
maintained by moving the light beam, which continued to
move the droplet. Therefore, our photochemical method has
no theoretical limitation on the distance that a droplet can be
moved. To stop the movement of the droplet, the photo-
responsive surface was irradiated with a homogeneous blue
light (Fig. 3(c)).
The direction of movement of the droplet was controlled by

varying the direction of the light intensity gradient (Fig. 3(d)).
The velocity of the droplet intrinsically relies on both the
steepness and intensity of the light gradient. A typical speed of
35 mm s21 was observed for the motion of a y2 ml droplet of
olive oil. When a droplet on a trans-rich surface was subjected
to asymmetrical irradiation with UV light having a less steep
gradient in light intensity (Fig. 4, region B), the droplet
displayed asymmetrical spreading rather than continuous
movement. This type of spreading behavior can be used to
cause the stepwise motion of a liquid droplet upon alternating

Fig. 2 Lateral (a) and top (b) views of in situ spreading/retraction
motion of NPC-02 droplets on H-CRA-CM-modified plates upon
homogeneous irradiation with UV and blue light. The sessile contact
angles before and after UV irradiation were 24u and 11u, respectively.

Table 1 Contact angles (u) of H-CRA-CM monolayer for various
liquidsa

trans-Rich cis-Rich

hadv hrec hadv hrec

No motion
Water 94 40 86 51
Formamide 68 17 62 19
Ethylene glycol 61 36 56 39
Poly(ethylene glycol)b 42 37 38 31
Motion
1-Methylnaphthalene 26 24 20 18
1,1,2,2-Tetrachloroethane 18 16 12 11
5CB 43 37 22 19
NPC-02 28 24 11 10
Olive oil 29 25 17 13
aThe values were within an experimental error of ¡ 2u. bAverage
molecular weight was 400.
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irradiation with UV and blue light as demonstrated in Fig. 5.
The force caused by the capillary imbalance due to the
asymmetrical spreading is also sufficient to transport even a
solid particle of mm scale. Fig. 6 shows the light-driven
displacement of a glass bead by the action of the alternating
spreading and dewetting of an NPC-02 droplet. Because the
asymmetrical spreading and dewetting of NPC-02 causes
deformation of the equilibrium meniscus between the liquid
and the glass bead, a spatial inhomogeneity in the capillary
force occurs in the coalesced liquid. This imbalanced capillary
force is responsible for displacement of the glass bead. The
usefulness of the photochemical method reported here is
supported by the motion of liquid set in a glass tube. Fig. 7
shows the movement of NPC-02 placed in a glass tube, the
inside wall of which was modified with the H-CRA-CM in
advance. When light irradiation is carried out in the manner
shown in Fig. 3, fluid motion in the glass tube can be controlled
on demand.

Mechanism of light-driven motion of liquids

This section presents a brief description of the kinetics of the
in situ spreading of a liquid droplet and the driving mechanism
of its directional motion.

When a small liquid droplet is put in contact with a flat solid
surface, the liquid droplet has a finite contact angle in a partial
wetting situation.43 If the radius of the drop is smaller than the
Laplace length, gravity effects are negligible and the droplet
forms a spherical cap. At equilibrium, the corresponding
contact angle he is given by the Young relation.11 This equation
expresses the balance of horizontal forces. If a liquid droplet is
placed on a photoresponsive H-CRA-CM monolayer, illumi-
nation of the surface instantly alters the surface energy as
discussed above. In this situation the contact angle h differs
from its equilibrium value he This leads to an imbalance in
the horizontal capillary forces, so that there is a total pulling
force, Fh, responsible for the spreading (or retraction) of the

Fig. 4 A typical intensity gradient of a focused light beam from a Hg–
Xe lamp. Irradiation of H-CRA-CMmonolayers with light of region A
causes continuous motion, while stepwise motion is induced by
irradiation with light of region B .

Fig. 5 Light-driven motion of an NPC-02 droplet on a H-CRA-CM-
modified plate to capture a glass bead (diameter y0.5 mm). A droplet
was placed on a H-CRA-CM-modified plate (a), followed by UV light
irradiation at the right edge of the droplet to cause an asymmetrical
spreading (b). Subsequent irradiation with blue light at the left edge
resulted in dewetting, leading to the displacement of the droplet (c). The
repetition of this stepwise photoirradiation resulted in the approach of
the droplet to the bead, which was finally captured by the liquid (e).

Fig. 6 Light-driven motion of a glass bead by the action of the
alternating spreading and dewetting of an NPC-02 droplet on a
H-CRA-CM-modified plate. Photoirradiation of the plate was carried
out by the same procedure as shown in Fig. 5. Each photograph is a
result of 4-cycles of the alternating spreading and dewetting processes
of the preceding frame and shows the droplet on a trans-rich surface.

Fig. 3 Lateral photographs of light-driven motion of an olive oil
droplet on a silica substrate modified with H-CRA-CM. The olive oil
droplet on a cis-rich surface moved in a direction of higher surface
energy by asymmetrical irradiation with 436 nm light perpendicular to
the surface. (a, b and c) The sessile contact angles were changed from
18u to 25u. (d) The direction of movement of the droplet was
controllable by varying the direction of the photoirradiation.
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droplet,16,17,44

Fh~cL( cos he{ cos h) (1)

where cL is the surface tension of the liquid. The dynamics of
spreading of the droplet is controlled by conversion of capillary
potential energy into viscous dissipation inside the droplet. The
resulting spreading velocity is given by44

V~
hcL( cos he{ cos h)

3gLl
(2)

where V is the spreading velocity, gL is the viscosity of the
liquid, and l is a logarithmic factor involving cut-off distances
to the dissipative zone of the droplet.
Eqn. (2) shows that the spreading velocity is governed by

the degree of change in the contact angle and both the visco-
sity and surface tension of the liquid. However, if the contact
angle hysteresis of the liquid is not zero, the kinetics of
spreading is modified significantly and depends on the bulk
viscoelastic properties of the solid surface.45 Thus a detailed
calculation of the spreading speed of a liquid droplet on an
H-CRA-CM-modified substrate requires knowledge of the
dynamic properties of the solid surface.
Fig. 8 shows a schematic of the motion of a liquid droplet

lying on a photochemically induced inhomogeneous surface.
Suppose that cAS , the surface tension of the solid at A (cis-rich
surface), is larger than the value of cBS at B (trans-rich surface).
The net spreading tensions at A and B are given by46

tA~cAS{cASL{cAL cos hA(to the left) and

tB~cBS{cBSL{cBL cos hB(to the right)
(3)

Accordingly the tension to the left is described by

t~tA{tB~(cAS{cBS ){(cASL{cBSL){(cAL cos hA{cBL cos hB)

~DcS{DcSL{(cAL cos hA{cBL cos hB)
(4)

where hA and hB are not necessarily equilibrium contact angles.
On the gradient surface, cAL and cBL may be equal, and because
cSL is in general lower than cS, DcS would be larger than DcSL.
In this case, t is zero only if cos hA w cos hB (Fig. 8(a)). Thus if
the liquid droplet has asymmetrical contact angles that lead to
t being zero, the droplet does not move. However, such a
situation is ideal and cannot be obtained in actual cases. The
asymmetrical drop shape causes a Laplace pressure gradient
inside the droplet.16 The pressure inside the droplet is rapidly
equilibrated (t becomes greater than zero). Consequently, the
Laplace pressure prevents the difference in the two contact
angles from becoming large enough to reduce t to zero
(Fig. 8(b)). This situation leads to uncompensated Young
forces (imbalance in contact angles) and can lead to a direc-
tional motion of the droplet to the left with a dynamic contact
angle between hA and hB.
Our experimental observations clearly support the driving

mechanism stated above. Fig. 9 plots the time evolution of the
directional motion of an NPC-02 droplet on a cis-rich surface
by asymmetrical irradiation with blue light. As shown in Fig. 9,
the advancing front of the droplet did not move at all fory20 s
in the early stages of irradiation, although the diameter of
the droplet decreased. This dewetting phenomenon caused an
increase in contact angles of both the advancing and receding
edges of the droplet, because the pressure inside the droplet
equilibrates rapidly.16 The dewetting process continues until
the droplet reaches a state in which the imbalanced Young’s
force is sufficient to move itself. After the initial induction
period, the droplet started to move at a dynamic contact angle
ofy20u,47 which is an intermediate value between hcisadv and htrrec.
This leads to an imbalance in the contact angles; the advancing
(y20u) and receding (y20u) edges of the moving droplet are
on cis-rich (hcisadv ~ 11u) and trans-rich (htrrec ~ 24u) surfaces,
respectively.

Liquid motion driven by changes in interfacial temperature

Surface tension generally decreases with increasing tempera-
ture because thermal motion disrupts the intermolecular
interactions and tends to make the environment of the
molecules in the bulk similar to those at the surface.11 A
contact angle in equilibrium, however, is a function of three

Fig. 7 Light-driven motion of an NPC-02 droplet within a capillary
tube. The inside of the tube 2.3 mm in diameter was modified with
H-CRA-CM in advance. (a) A droplet of NPC-02 was placed in the
tube and exposed to UV light. (b, c and d) Subsequent irradiation with
blue light at the right edge pushed the droplet to the left. (e) The droplet
moved y7 mm in 120 s.

Fig. 8 Cross-section of a liquid droplet on a surface having a surface
energy gradient. (a) The droplet may not move because the net
spreading tension is zero (an idealized diagram). (b) The droplet moves
in the direction of higher surface energy with a dynamic contact angle
hd being smaller than hB and larger than hA.
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parameters as described by the Young equation. The equation
indicates that wetting is favored by low interfacial free energy
and high solid surface free energy as well as low liquid surface
free energy. Generally the temperature effect on contact angles
is not very large.48 On the other hand, a sudden transition of
a liquid such as the nematic/isotropic phase transition of LCs
should give rise to distinctive changes in contact angle as a
function of temperature. Indeed, Gannon and Faber found a
valuable phenomenon with nematic LCs; (dc/dT) is positive in
sign both for the isotropic phase just above TNI and for the
nematic phase just below it.49 The authors explained the results
assuming that there is an excess level of molecular order at the
surface layers, i.e. the surface of the liquid forms a smectic-like
structure even when the bulk is nematic or isotropic.
Fig. 10 shows the contact angles as a function of tempera-

ture for 1-bromonaphthalene and NPC-02 (TNI ~ 35.0 uC)
on an H-CRA-CM-modified substrate. 1-Bromonaphthalene
(mp ~ 22 uC, bp ~ 279–281 uC) was chosen for comparison

with the nematic LC, NPC-02. The contact angles of
1-bromonaphthalene on both the trans- and cis-H-CRA-CM
monolayers are insensitive to temperature within the limit of
experimental error when the temperature was raised from
20 uC to 60 uC (Fig. 10(a)). The value of (dc/dT) for the
trans-H-CRA-CM monolayer was 20.02, which is similar to
the value of common liquids on a solid substrate.11 A similar
trend in the contact angle changes of NPC-02 on the
trans-H-CRA-CM monolayer was observed (Fig. 10(b)). Any
discontinuity due to the phase transition of NPC-02 was not
observed. In contrast, contact angles on the cis-H-CRA-CM
monolayer significantly decreased when the sample tempera-
ture was raised from 15 uC to 35 uC, followed by leveling off
above 35 uC. The reason for this feature is not fully understood.
However, because the contact angle values obtained for the
trans-H-CRA-CM monolayer are not altered in the same
temperature range, it is unlikely that the decrease in contact
angles on the cis-H-CRA-CM monolayer can be attributed to
a decrease in cL or the nematic/isotropic phase transition
of NPC-02. We believe that the phenomenon is caused by
a decrease in the surface free energy of the LC/monolayer
interface, suggesting a higher affinity between LC and surface
molecules at a higher temperature.
A temperature gradient of a solid surface can cause liquids

on the surface to move.18–20 Results showing that contact
angles of NPC-02 on the cis-H-CRA-CM monolayer are signi-
ficantly modified by temperature changes (Fig. 10(b)) lead us
to examine in situ and reversible motions of an NPC droplet
based on changes in temperature. As shown in Fig. 11(a), the
spreading/retraction motion can be driven by changes in the
surface temperature. Thus, if one creates a spatial temperature
gradient in the area of a liquid droplet, the droplet should
move in the direction of the higher temperature. Fig. 5–11(b)
demonstrates that the reversible change in sessile contact angles
upon alternating irradiation with UV and blue light at 40 uC is
as large as 22u .

Applications to on-chip chemical reactions

Light-driven liquid motion provides an alternative pumping
method that is simple, inexpensive and efficient for small
capillary systems, as demonstrated in Fig. 7. Compared to the
conventional electroosmotic method, one of the major advan-
tages of the light-driven method stems from a lack of necessity
of an electrolyte dissolved in a fluid. This suggests that the
photochemical method is applicable to operate on-chip organic
synthesis by illumination. Fig. 12 shows a fluorescence labeling
reaction of fluorescamine and dodecylamine dissolved sepa-
rately in two NPC-02 droplets placed on an H-CRA-CM-
modified silica plate. The reaction was chosen because it is
very fast and generates a fluorescent product, which is
easily detected by UV light irradiation. An NPC-02 droplet

Fig. 10 Temperature dependence of contact angles for 1-bromo-
naphthalene (a) and NPC-02 (b) on H-CRA-CM monolayers before
(filled) and after (open) irradiation with UV light.

Fig. 9 Changes in position (x, closed circles) and diameter (d, open
circles) of the moving NPC-02 droplet on an H-CRA-CM-modified
plate as a function of time. Photoirradiation of the plate was carried out
by the same procedure as shown in Fig. 3. A speed of 50 mm s21 was
observed for the motion of y2 ml droplet.

Fig. 11 (a) Lateral photographs of in situ spreading/retraction motion
of an NPC-02 droplet on an H-CRA-CM-modified plate driven by
temperature changes between 15 uC and 40 uC. The sessile contact
angles are 12u and 4u, respectively. (b) The spreading/retraction motion
upon alternating irradiation with UV and blue light at 40 uC. The
sessile contact angles are 26u and 4u, respectively.
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containing the fluorescence reagent was asymmetrically
illuminated so that it moved towards an NPC-02 droplet
containing dodecylamine (Fig. 12 (b) and (c)). Both droplets
finally coalesced (Fig. 12 (d) and (e)). Irradiation of the mixed
fluid with UV light allows detection of the reaction product,
which fluoresces strongly (Fig. 12(f)).

Conclusions

The present work demonstrates the use of light to move liquids
on a photoresponsive monolayer, thereby providing new
principles for the operation of micro-scale chemical process
systems. The light-driven motion of liquids was achieved by an
appropriate choice of photoresponsive molecules tethered to
a solid surface and fluid substances. The motion of liquid
droplets was examined by placing them on an H-CRA-CM-
modified substrate, followed by photoirradiation with UV
and blue light to trigger the isomerization of the azobenzene
moieties assembled on the surface. Gradients in surface
free energy were created by asymmetrical illumination of the
surface. The resulting spatially controlled changes in the

photoisomerization of surface-immobilized azobenzenes
allowed the directional motion of the droplet. Contact angle
measurements for various liquids revealed that hysteresis
effects are critical to realize liquid motion. The direction of
liquid motion was tailored by manipulating the direction of the
gradient of light intensity. Detailed profiles for the moving
droplet support the hypothesis that the light-driven motion is
ascribed to an imbalance in contact angles. The potential
applicability of light-driven liquid motion was demonstrated
by the delivery of reactants for a chemical reaction on a
photoresponsive surface.
Performance improvements in light-operated fluidic systems

on the basis of the present method may require a photochromic
molecular system that shows larger changes in surface free
energy upon illumination. This approach will enable us to
achieve rapid manipulation of the motion of liquids, including
aqueous solutions and to find applications in a broad range of
areas from on-chip synthesis to microfluidic devices.
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