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Liquid Õliquid dynamic phase separation induced by a focused laser
Sada-Atsu Mukai,a) Nobuyuki Magome, Hiroyuki Kitahata, and Kenichi Yoshikawab)

Department of Physics, Graduate School of Science, Kyoto University and CREST, Kyoto 606-8502, Japan

~Received 12 May 2003; accepted 28 July 2003!

We found that a focused laser can generate microscopic phase separation in an oil/water system. An
oil droplet emerges and grows at the focus of the laser in a water-rich homogeneous medium. In
contrast, in an oil-rich homogeneous phase, water droplets spring out in a successive manner from
the focus of the laser, move away, and disappear in the surroundings, forming a flower-like pattern.
The mechanism of this dynamic phase separation is discussed under the framework of the mean field
theory. © 2003 American Institute of Physics.@DOI: 10.1063/1.1613795#
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Liquid/liquid phase segregation in an oil/water system
a typical first-order phase transition. A homogeneous ph
separates into two different phases with a change in a con
parameter such as temperature. After passing through
binodal line from the homogeneous phase, the interface
in phase separation tends to decrease toward a minimu
reduce the penalty due to interfacial energy. This means
phase separation on a microscopic scale is usually uns
and coarsening is unavoidable. The most popular method
generating microscopic phase separation is to add surf
active agents to the oil/water system. Depending on the r
tive sizes of the head and tail of the surfactant molecules,
also their lateral interaction, a characteristic length scale
be introduced to the system, i.e., microscopic segregatio
generated.1 In the present report, we show that a focus
laser can generate microscopic phase separation in the
sence of any surface-active agents. It has been well es
lished that a focused laser can act as optical tweezers,
erating attractive potential due to dielectric interaction.2–5 It
has been shown that, at room temperature, the optical at
tive force can overcome thermal fluctuation for a macrom
lecular system. Successful experiments on the optical t
ping of an aggregate of synthetic polymer and a single D
molecule with a compact folded conformation have be
reported.6,7 There has been no report on optical trapping
small molecules below a molecular weight of several h
dred Daltons in solution at room temperature, around 300

We have adapted a system with water and triethylam
as an oil/water system. This system exhibits the phase
gram shown in Fig. 1; phase segregation is generated wit
increase in temperature at a fixed composition. Sample s
tions were prepared by mixing pure water and triethylam
in a volume ratio of 1:1, and the mixture was allowed
stand for more than 1 h until equilibrium was reached. From
the phase-separated solutions, the water-rich phase or oil
phase was transferred to a thin chamber (10 mm310 mm
3200mm). We used two different laser sources: a Ti:sa
phire laser ~Millennia 3900S, Spectra Physics! and a
yttrium–aluminum–garnet~YAG! laser~Millennia IR, Spec-
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tra Physics!. A converged laser was passed through an
immersed objective lens (1003, numerical aperture51.3)
with an inverted microscope~TE-300, Nikon!. Experiments
were carried out at room temperature (29763 K).

Figure 2~a! shows a spatiotemporal image of th
emergence/nucleation and successive growth of an oil d
let at the focus of the laser (l51064 nm) in homogeneou
medium rich in water at a laser power ofP51.5 W, where
the actual shapes of the droplets are given at the bottom.
after the start of irradiation at a certain place in the homo
neous solution, a small droplet appeared, and after;80 s,
the droplet reached a constant diameter of'49mm. We
found that such stable trapping is observed aboveP
'1.4 W @Fig. 2~b!#. When 1.2 W,P,1.4 W, small oil
droplets (d;5 mm) were generated, floated outward fro
the focus, and then disappeared into the homogeneous p
in a successive manner. WhenP,1.1 W, no droplets were
formed. We performed a similar experiment in which H2O
was replaced by D2O. It is known that the absorption of th
length (l51064 nm) in D2O is less than 1/10 of that in
H2O.8 We have confirmed that there is no essential diff
ence in the experimental trends between H2O and D2O, sug-
gesting that the heating effect of the laser has little or
effect on the induction of microscopic phase separation.

Figure 3 shows spatiotemporal images of when the
rich phase is irradiated with a laser (l5800 nm). Soon after

nol-

il:

FIG. 1. Schematic phase diagram of the chosen water/oil system. The
zontal axis is the fraction of oil and the vertical axis is temperature. At ro
temperature, this system is separated into two phases, a water-rich phas
an oil-rich phase.
7 © 2003 American Institute of Physics
 license or copyright; see http://apl.aip.org/apl/copyright.jsp
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the start of irradiation, small water droplets were genera
and these droplets moved away from the focus. During i
diation, small water droplets emerged continuously. T
emerged droplets moved away from the focus and dis
peared in the surroundings. We confirmed that essentially
same dynamical pattern of the droplets was observed
either H2O or D2O, or with a laser wavelength of betwee
800 and 1064 nm.

Based on the results given in Figs. 2 and 3, it is clear t
a focused laser can induce microscopic phase separation

FIG. 2. ~a! Spatiotemporal image of the nucleation and growth of an
droplet at the focus of a YAG laser (l51064 nm) in water-rich medium a
a laser power ofP51.5 W, reconstructed from time-successive vid
frames. Actual pictures of the droplets are shown at the bottom.~b! Depen-
dence of the size of a stationary oil droplet on laser power. When the l
power is above 1.2 W, small oil droplets were generated. Above 1.4
small oil droplets were trapped by the attractive laser force and grew
stable size.

FIG. 3. Spatiotemporal image of the dynamical pattern of water drople
the focus of a Ti:sapphire laser (l5800 nm: variable! in oil-rich medium at
a laser power ofP52 W, reconstructed from time-successive video fram
Actual pictures of the droplets are shown at the bottom. The droplets w
repelled from the laser focus, reached the region beyond the optical p
tial, and then disappeared. This generation and annihilation of water dro
continued during irradiation with the laser.
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homogeneous medium. Depending on the composition of
solution, the generated droplet is stably trapped or is esca
from the focus. It has been well established that mater
with high refractivity and polarizability are attracted to th
focus. When the generated droplet is oil rich, it is trapp
due to the attractive potential~Fig. 2!. In contrast, when the
generated droplet is water rich, it is repelled from the foc
~Fig. 3!.9,10 The repelled droplets reach a region away fro
the optical potential, and disappear into the medium due
the loss of stability of the phase-separated state. Such
eration and annihilation of the water droplet continue dur
constant irradiation with the continuous-wave laser.

We will now discuss the attractive potential of a laser
comparison with its thermal energy. In general, the opti
force can be described in terms of the contribution of t
components: the Rayleigh and Mie regimes. Since the in
appearance, or nucleation, of a droplet is the essential
cess to cause the microscopic phase separation, we will fo
our discussion on the Rayleigh regime, where the attrac
potential is given as

DU52
k21

k12

3

N
•«0

E2

2
52

3M ~k21!

NAd~k12!
•«0

E2

2
, ~1!

from Clausius–Mosotti’s relation.11 N: number of molecules
per volume,NA : Avogadro number,k: relative dielectric
constant,M : molecular weight,d: density,E2: intensity of
electro magnetic field. Usingk52.4, M5101.2, d
50.73 g/cm3 for triethylamine and«0E2/253.33103 J/m3

~In our experiments, the laser power,P, is ;1 W, and the
characteristic scale of the focus,d, is ;1 mm. Thus, the
energy density of the electromagnetic field is estimated
«0 E2/25 P/cd253.33103 J/m3.), we can estimateuDUu
;7310225 J;1024 kBT, where T5300 K. It is obvious
that the attractive optical potential on a single oil molecule
much smaller than the thermal energy. This estimation of
attractive potential is consistent with previous studies on
tical trapping,2–5 since only giant molecules can be trapp
in solutions around room temperature. For example, a p
mer chain with a degree of polymerization of 104 from
monomers of 102 Daltons receives an attractive energy
the order ofkBT. In the present study, we have shown t
stable optical trapping of a microscopic oil droplet wi
small molecules, by adopting an experimental condition n
the binodal line~see Fig. 1!.

We will now briefly discuss the generation and growth
an oil droplet, as in Fig. 2, under the framework of the me
field theory.1 We introduce an order parameter,h ~r ! depend-
ing on the positionr , as a normalized parameter for the fra
tion of oil: h(r )51 in the oil-rich phase,h(r )50 in the
water-rich phase.f @h(r )# is a local free energy that depend
only on the composition, with two local minima ath50 and
1. We assume that the free energy under laser irradiation
be described by the product of the order parameter andU(r ),
whereU(r ) is a function providing attractive effect on the o
phase toward the laser focus owing to the difference of
permittivity. The total free energyF@h(r )# is given as
follows:1

F@h~r !#5E dr$ f @h~r !#1h~r !U~r !1cu“h~r !u2%, ~2!

l

er
,
a

at

.
re
n-
ts
 license or copyright; see http://apl.aip.org/apl/copyright.jsp



o
m

em
e

h
th
io

e
i-

sta-
-

the
ill

ept
let

ate
of

cal
and
ost

rva-
lets
der-
the

id
re
ent

m.

nd

o,

ra,

ra,

A.

e

2559Appl. Phys. Lett., Vol. 83, No. 13, 29 September 2003 Mukai et al.
wherec is a constant related to the interfacial energy. F
simplicity, the laser profile is assumed to be spherically sy
metrical with a Gaussian distribution

U~r !52bP expS 2
r 2

v2D[U~r !, ~3!

whereP is the laser power,b is a coupling constant,v is the
characteristic width of the laser potential,r is the distance
from the origin, or the center of the laser focus. The syst
exhibits excess energy in proportion to the interfacial ar
This proportional constant is the interfacial tensions @The
surface tensions is proportional toc3/2 ~see Ref. 1!.#. We
assume thath~r ! has spherical symmetry, and thath51 and
0 at the focus and in the surroundings, respectively. T
corresponds to a droplet of the oil-rich phase formed at
focus. We can write down the total energy only as a funct
of R, the radius of the droplet

F~R!5E
0

R

4pr 2U~r !dr14psR2

54psF2
bP

s E
0

R

r 2 expS 2
r 2

v2Ddr1R2G . ~4!

FIG. 4. ~a! Theoretical free energy profile as a function of the laser pow
bP/s. WhenbP/s.10.6, a global minimum appears at a certain size,R,
of the droplet.~b! Droplet size as a function of laser power.
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Changing the value of the parameterbP/s, we can ob-
tain various free energy profiles forF(R) @Fig. 4~a!#. When
bP/s.9.4, this model has a local minimum value. Abov
bP/s'10.6, this local minimum becomes a global min
mum value. This free energy minimum corresponds to a
tionary state@Fig. 4~b!#. Figure 4~b! suggests a discrete tran
sition in the generation of a droplet, in accordance with
experimental trend seen in Fig. 2. A similar argument w
hold for the generation of a dynamical flower pattern, exc
for the inversion of the optical force that attracts the drop
generated around the focus.

In summary, it is clear that a laser field can gener
microscopic phase separation. Since the potential profile
the laser is determined by the spatial distribution of opti
power, it may be possible to use a laser field to generate
control phase transition at a microscopic scale. The m
interesting finding in the present study may be the obse
tion of the successive generation and annihilation of drop
in a homogeneous environment. Further theoretical consi
ation is necessary to interpret this dynamical behavior of
transition.
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