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Light-Driven Motion of Liquids 
on a Photoresponsive Surface 

Kunihiro Ichimura,* Sang-Keun Oh, Masaru Nakagawa 

The macroscopic motion of liquids on a flat solid surface was manipulated 
reversibly by photoirradiation of a photoisomerizable monolayer covering the 
surface. When a liquid droplet several millimeters in diameter was placed on 
a substrate surface modified with a calix[4]resorcinarene derivative having 
photochromic azobenzene units, asymmetrical photoirradiation caused a gra- 
dient in surface free energy due to the photoisomerization of surface azoben- 
zenes, leading to the directional motion of the droplet. The direction and 
velocity of the motion were tunable by varying the direction and steepness of 
the gradient in Light intensity. The light-driven motion of a fluid substance in 
a surface-modified glass tube suggests potential applicability to microscale 
chemical process systems. 

A gradient in surface tension can induce a net skeletons of CRA-CM form a densely packed 
mass transport of liquids, which affords a driv- monolayer (16). This situation arises because 
ing force for the operation of microfluidic de- the molecular packing is determined specifi- 
vices (1) and for biological cell motility in vitro cally by the rigid cylindrical macrocycle. The 
(2, 3). Such nonmechanical flow arising from photoresponsive self-assembled monolayer 
the action of a surface tension gradient can be was prepared simply by immersing an amin- 

for the motion of a -2-p1 droplet of olive oil. 
To evaluate the effect of liquid-solid inter- 

facial interactions on the light-guded motion, 
we measured advancing (Oad,) and receding 
(O,,) contact angles for various liquids on the 
surface-modified plate before and after UV 
light irradiation (Table 1). No motion of drop- 
lets on the surface-modified plate was generat- 
ed by the photoirradiation for some liquids 
shown in Table 1, even though their O,,, and 
0,, were altered after illumination with W 
light. Changes in equilibrium thermodynamic 
properties such as 0,,, provide an essential 
driving force for the motion to occur. The mo- 
tion of liquid on a solid substrate, however, is 
primarily governed by dynamic factors such as 
the ability of the surface molecules to be reor- 
ganized within the experimental time scale. 
Consequently, the motion of the liquids exhib- 
iting large contact angle hystereses (A8 = O,,, 
- O,,), which are likely to be attributable to the 
reorganization of surface molecules (IY), may 
be restricted. Taking into account these results, 
we suggest that the motion of a droplet requires 
the condition that Or, for the trans isomer (O;,) 

created by several approaches, including ther- osilylated silica plate in a dilute solution of be larger than O,,, (0::,)for the cis isomer (20). 
mal (4), chemical ( 9 ,  and electrochemical (6) 
methods. Because the surface free energies of 
flat solid substrates are determined by atomic- 
level constitutions of their outermost surfaces 
(7, 8), the alteration of chemical structures of 
the outermost monomolecular layers by light 
(or some other external stimulus) can be used to 
trigger and manipulate various interfacial phe- 
nomena, including wettability (9, lo), liquid 
crystal alignment (11, 12), and dispersibility 
(13). Thus, if a gradient in surface energy is 
generated photochemically as a result of spa- 
tially controlled changes of chemical structures 
of an outermost surface, the motion of a liquid 
can be guided by spatially controlled photoirra- 
diation of the photoresponsive substrate surface 
on which the liquid is placed. We now report 
that the motion of liquids can be manipulated 
reversibly by light when a substrate surface is 
modified with a photoisomerizable azobenzene 
monolayer. The light-driven motion of liquids 
(14) is achieved by an appropriate choice of 
hoto ore active molecules tethered to an outer- 
most surface and fluid substances. 

We used here a crown conformer of O-
carboxyrnethylated calix[4]resorcinarene (CRA- 
CM, Fig. 1) bearing four p-octylazobenzene 
residues at one of the rims of the cyclic skeleton 
(15) to assemble a photoresponsive monolayer. 
CRA-CM as a macrocyclic amphiphile was 
designed to ensure a sufficient free volume 
required for trans-to-cis photoisomerization of 
the azobenzene moieties, even if the cyclic 
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CRA-CM, yielding a robust monolayer with 
dense packing (15). As a result of the flat-laid 
adsorption of CRA-CM molecules on a silica 
surface (1 7), we anticipated that the octyla- 
zobenzene units in their trans state would be 
stretched out to be exposed to the air. Ultra- 
violet (W)-visible spectral measurements 
revealed that photoirradiation of the mono- 
layer with UV (365 nm) light results in the 
formation of -90% of cis isomer with a 
higher dipole moment; hence, the outermost 
surface of a UV-exposed CRA-CM monolay- 
er is likely terminated by the polar cis-azo 
groups, leading to an increase in surface free 
energy. Photoirradiation of the cis-rich sur- 
face with blue (436 nm) light causes the cis 
isomer to reverse into the trans isomer. 

To investigate the light-guided movement of 
a droplet of olive oil (It?), we placed the droplet 
on the photoresponsive surface of the CRA- 
CM-modified plate and then used spatially con- 
trolled irradiation to generate a gradient in the 
level of photoisomerization. Figure 2 shows the 
directional motion of a droplet on a cis-rich 
surface upon asymmetrical irradiation with blue 
light. We used the edge of a focused light beam 
from a Xe-Hg lamp to produce irradiation that 
was asymmetrical m its intensity. The surface 
energy gradient between the advancing and re- 
ceding edges of the droplet was constantly 
maintained by moving the light beam, which 
continued moving the droplet. Thus, there is no 
theoretical limitation in moving distance for this 
photochemcal method. To stop the movement 
of the droplet, we irradiated the photorespon- 
sive surface with a homogeneous blue light 
(Fig. 2C). The velocity of the droplet intrinsi- 
tally relied on the intensity and gradient of the 
light.A typical speed of 35 p d s  was observed 

The surface-assisted motion was workable for 
1 -methylnaphthalene and 1,1,2,2-tetrachloro-
ethane, and even for nematic liquid crystals 
including NPC-02 (a binary mixture of 4-pro- 
pyl-4'-ethoxy- and 4-propyl-4'-butoxyphenyl-
cyclohexanes) and 5CB (4-pentyl-4'-cyanobi- 
phenyl), because they all fulfill the requirement 
O", >OZv(Table 1). Note that NPC-02, relative 
to common organic liquids, exhibits both small- 
er hysteresis and larger photoinduced changes 
in contact angles (21) upon photoisomerization, 
so that NPC-02 is quite suitable for quantitative 
interpretation of the light-driven motion. 

Alternating irradiation of a CRA-CM mono- 
layer with homogeneous UV and blue light (1.0 
mW cm-*, 100 s) led to reversible in situ sym- 
metical spreading and dewetting of droplets of 
the liquids exhibiting O:, > OZv. Figure 3 illus-
trates the correlation between the level of cis 
isomer and the diameter of an NPC-02 droplet 
on the plate during the alternating irradiation. 

X = -CH,COOH  
R = -(CH2),CH3  

Fig. 1. Macrocyclic amphiphile tethering pho- 
tochromic azobenzene units (CRA-CM). 
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Same procedure with a reverse Fig. 2 (Left). Lateral photographs of light-driven motion of an olive oil 
direction shown above dro~let on a silica date modified with CRA-CM. The olive oil droplet 

on cis-rich surface moved in a direction of higher surface energy by 
asymmetrical irradiation with 436-nm light perpendicular to thcsui- 
face. fA to C)7he sessile contact angles were changed from 18" (A) to 
25" (t). (D) ?he moving direction oVf the droplet Gas controllabli by 

varying the direction of the photoirradiation. Fig. 3 (right). Correlation between the level of cis isomer (solid circles) and the diameter (open circles) of 
an NPC-02 droplet placed on a silica plate modified with CRA-CM upon homogeneous irradiation with UV and blue light (1.0 mW cm-*). The level of 
photoisomerization was estimated by monitoring the UV-visible absorption spectrum of the plate. The viscosity of NPC-02 is 9.8 mPa s at 23OC. The sessile 
contact angles before and after UV irradiation were 24O and 1 lo, respectively. 

Note that the spreading is delayed markedly 
when compared with the photoisomerization 
processes; the droplet starts to spread after the 
trans-tocis conversion is almost accomplished 
under UV irradiation. The delay in the deforma- 
tion of the droplet shape likely arises from dy- 
namic processes involving the reorientation of 
photoisomerized azobenzenes so as to minimize 
an interfacial energy (22,23). This effect should 
be one of the factors affecting the velocity of a 
light-driven motion of a liquid droplet (Fig. 2) in 
addition to the steepness of the gradient in sur- 
face energy, the droplet volume, and the surface 
tension and viscosity of the droplet (5). 

The time evolution of the directional motion 
of an NPC-02 droplet on a cis-rich surface by 
asymmetrical irradiation with blue light was 

Table 1. Contact angles of CRA-CM monolayer for 
various liquids. The values were within experimen- 
tal error of 22". 

Angle (") 

Probe liquid Trans Cis 
isomer isomer -- 

'ad" ' r e ~  'ad" 're~ 

No motion 
Water 94 40 
Formamide 68 17 
Ethylene glycol 61 36 
Poly(ethylene glycol)* 42 37 

Motion 
I-Methylnaphthalene 26 24 
1,1,2,2- 18 16 

Tetrachloroethane 
5CB 43 37 
NPC-02 28 24 
Olive oil 29 25 

'Average molecular weight was 400. 

investigated. As shown in Fig. 4, the advancing 
front of the droplet did not move at all in the 
early stage of the irradiation for about 20 s, 
although the diameter of the droplet decreased 
markedly. This dewetting caused an increase in 
contact angles of both advancing and receding 
edges of the droplet, because the pressure inside 
the droplet equilibrates rapidly (24). After the 
initial induction time, the droplet started to 
move at a dynamic contact angle of about 20°, 
which was retained during the motion. The 
observation clearly supports the idea that the 
driving force for the light-driven liquid motion 
is an imbalance in contact angles generated on 
both edges of a droplet, because the dynamic 
contact angle exhibits an intermediate value 
between 0::" and 0k (5, 25). 

Moving direction 

a: distance (x) 
0 

b 2b do 60 80 
Time (s) 

Fig. 4. Changes in position and diameter of the 
moving NPC-02 droplet on a CRA-CM-modified 
plate as a function of time. Photoirradiation 
of the plate was carried out by the same 
procedure shown in Fig. 2. A speed of 50 
kmls was observed for the motion of a -2-4 
droplet. 

No deterioration was observed even after 
more than 100 cycles of the light-driven mo- 
tions. We conducted two additional experi- 
ments that reveal distinctive features of this 
photochemical method to position liquids. First, 
when an NPC-02 droplet was exposed to alter- 
nating irradiation with asymmetrical UV and 
blue light, the droplet migrated stepwise to 
capture a glass bead 0.5 mm in diameter (Fig. 
5). It was possible to convey the bead by the 
spatially controlled alternating irradiation. Sec- 
ond, the migration of NPC-02 placed in a glass 
tube, the inside wall of which was modified 
with the CRA-CM in advance, was controllable 
by the asymmetrical irradiation (Fig. 6). 

Because photochemical events can be con- 
trolled precisely in time and space, the surface- 
assisted, light-driven motion of liquids should 
lead to improved understanding of interface 
phenomena, including the spreading kinetics 
and the role of surface tension gradients. 
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Fig. 5 (left). Light-driven motion of an NPC-02 droplet on a CRA-CM- 
1 i m  modified plate to capture a glass bead (diameter -0.5 mm). A droplet was 

placed on a 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 (D), which was 
finally captured by the liquid (E). Fig. 6 (right). Light-driven displacement of an NPC-02 droplet in a glass tube. A droplet of NPC-02 was placed in the 
tube (A), and one edge of the droplet was exposed to  UV light, leading to  the slight advancement of the droplet (B). Subsequent irradiation with blue light 
at the opposite edge pushed the droplet to  the left (C). 
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152 Gigapascals: Implications 

for Earth's Inner Core 
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Raman spectra of hexagonal close-packed iron (E-Fe) have been measured from 
15 to 152 gigapascals by using diamond-anvil cells with ultrapure synthetic 
diamond anvils. The results give a Griineisen parameter yo = 1.68 (k0.20) and 
q = 0.7 (k0.5). Phenomenological modeling shows that the Raman-active mode 
can be approximately correlated with an acoustic phonon and thus provides 
direct information about the high-pressure elastic properties of iron, which have 
been controversial. In particular, the C, elastic modulus is found to be lower 
than previous determinations. This leads to changes of about 35% at core 
pressures for shear wave anisotropies. 

Understanding recent geophysical observa- thermodynamic and elastic properties of core- 
tions of elastic anisotropy, possible superro- forming materials under appropriate condi- 
tation, and magnetism of Earth's inner core tions. High-pressure properties of iron are 
(I) requires detailed information about the crucial in this respect because the core is 
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composed primarily of this element. Iron 
transforms from the body-centered cubic 
(bcc) phase (a-Fe) at ambient conditions to a 
face-centered cubic (fcc) phase (y-Fe) at 
moderate pressures and temperatures and to 
a higher-pressure hexagonal close-packed 
(hcp) phase (E-Fe) (>I3 GPa) (2). The hcp 
phase has a wide stability field to more than 
300 GPa and high temperatures (3-5). Tech- 
niques to measure lattice strains at megabar 
pressures (6) have determined the .elastic 
properties of E-Fe to 210 GPa (7). These 
results show discrepancies with calculations 
in which first-principles methods were used 
(8-lo), in particular for shear moduli and 
anisotropy. Measurements and estimates of 
the Griineisen parameter, an important ther- 
modynaniic property of iron that relates the 
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