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Formation of a core-shell droplet in a thermo-responsive ionic 
liquid/water mixture by optical tweezers
Maho Tanaka,a Yasuyuki Tsuboi a and Ken-ichi Yuyama *a 

Many chemical and biological processes involve phase separation; 
however, controlling this is challenging. Here, we demonstrate local 
phase separation using optical tweezers in a thermo-responsive 
ionic liquid/water solution. Upon the near-infrared laser 
irradiation, a single droplet is formed at the focal spot. The droplet 
has a core consisting of highly concentrated ionic liquid. The 
mechanism of the core-shell droplet formation is discussed in view 
of the spatial distribution of optical and thermal potentials.

Phase separation in molecular solutions is associated to various 
chemical and biological phenomena. Solid-liquid phase 
separation (crystallization) is a key process for the purification 
and separation of solutes from a solution as well as for the 
preparation of crystals in X-ray crystallographic analysis.1,2 
Liquid-liquid phase separation is known to play a critical role in 
a variety of cellular processes, including the formation of 
classical membraneless organelles and other supramolecular 
assemblies.3,4 Phase separation occurs spontaneously in a 
metastable solution through fluctuations in concentration. 
Chemical or physical stimuli, such as heating or cooling the 
solution, the application of pressure, or mixing with additives, 
are used to prepare metastable conditions, triggering phase 
separation.5,6,7 In addition to these ways, recent advances in 
microfluidic devices enable selection of nucleation-growth 
pathways, and precise control the formation of metastable 
crystals is realized.8,9,10 However, with these approaches, the 
separation proceeds at random in the solution, and it is difficult 
to predict when and where it will start.

Optical tweezers provide us with a powerful technique to 
control phase separation in a spatial and temporal manner. A 
laser beam exerts an optical force in the solute.11 If the 
polarizability (αpol) of the solute is larger than that of the 
surrounding medium (solvent molecules), a gradient force acts 

as an attractive force toward the focal spot. The magnitude of 
the force is proportional to gradient of the light intensity, so 
that the force weakens with distance from the focal spot. That 
is, the laser generates an optical potential well, Uopt (equation 
1);

     (1),𝑈opt = ―
1
2𝛼pol𝑬2

where E is the electric field vector of the incident light.12 This 
optical potential plays a role in increasing the local 
concentration by confining the solute or in decreasing the 
energy barrier toward another stable state.13,14,15,16 As a result, 
phase separation is triggered at the focal spot.

Wynne et al. demonstrated laser-induced phase separation 
and nucleation of droplets in a nitrobenzene/decane mixture.17 
They explained the mechanism by showing theoretical results 
on the change in the free-energy landscape under laser 
irradiation. Sugiyama and Masuhara et al. succeeded in 
inducing the crystallization of amino acids by confining their 
pre-nucleation clusters in the optical potential well of a 
continuous-wave laser beam.18,19 Crystallization is generated 
even in an unsaturated solution where no spontaneous 
crystallization occurs.20,21 Alexander et al. controlled the 
crystallization of potassium chloride by applying the optical 
potential well of nanosecond laser pulses.22

Another interesting system is a solution that shows LCST 
(lower critical solution temperature)-type phase separation, 
such as aqueous solutions of thermo-responsive polymers or 
alcohol/water mixtures.23,24,25,26,27 Optical tweezers with a 1064 
nm-laser beam lead to the generation of an optical potential 
well and a photothermal effect. The latter initiates phase 
separation around the focus, and the resultant condensates are 
attracted to Uopt and merge. As a result, a single liquid droplet 
is formed and trapped. So far, the formation of a homogeneous 
droplet and a coacervate droplet has been reported.23,24,25,26,27

In the present study, the formation of a core-shell type 
droplet is demonstrated by applying optical tweezers to an ionic 
liquid (IL)/water mixture that exhibits LCST-type phase 
separation (Fig. 1a). The inner core is highly concentrated IL, 
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while the shell is an IL-rich aqueous solution. The droplet 
formation dynamics are discussed from the viewpoints of the 
optical and thermal potentials and their spatial distributions.

The ionic liquid used is tetrabutylphosphonium 2,4-
dimethylbenzenesulfonate ([P4444]+[2,4-MeSO3]−) (Fig. 1b).28,29 
The phase diagram of the IL/water mixture is shown in Figure 
1c. The experiments using optical tweezers were carried out on 
a mixture in which the mass fraction of the IL was 0.094. This 
solution separates into two phases above 49°C, and 
micrometer-size IL rich droplets are formed (Fig. 1d). The details 
of the experimental procedure are summarized in ESI (S1 & S2).

Fig. 1 (a) Schematic illustration of a core-shell type droplet 
formed by optical tweezers. (b) Molecular structure of the IL. (c) 
Phase diagram of the IL/water mixture. (d) An optical 
transmission image of the sample solution captured at the 
phase separation temperature.

Single droplet formation was clearly observed by optical 
transmission imaging during irradiation of a 1064 nm-laser 
beam, while an inner core was found after switching off the 
laser. The solution was uniformly heated to 36°C with a thermal 
plate, and the power of the laser after passing through the 
objective lens was tuned at 630 mW. Figure 2a shows the time 
evolution of micrographs around the focal spot. The solution 
was initially homogeneous, and nothing was seen in the 
micrograph [Fig. 2a (i)]. At 60 sec, a small liquid droplet with a 
diameter of 2.3 µm was formed [Fig. 2a (ii)]. The droplet 
increased in volume while being stably trapped [Fig. 2a (iii)], and 
the diameter of the droplet reached 8.3 µm at 420 sec [Fig. 2a 
(iv)]. Incidentally, the droplet keeps growing under the laser 
irradiation at 630 mW. The grown large droplet is released to 
the surrounding solution, and a new droplet starts to grow at 
the focal spot (S3). When the laser power is decreased, the 
growth is stopped. The droplet shrinks until equilibrium is 
reached. The size of the final microdroplet depends on the input 
laser power (S4).

The resultant liquid droplet started dissolving after 
switching off the laser (Fig. 2b). The droplet migrated randomly 
in the solution as it decreased in size [Fig. 2b (ii)]. Sometimes 
the droplet locates below or above the focal plane, causing the 
droplet to appear very bright [Fig. 2b (iii)]. What is important 
here is that the droplet did not dissolve completely (video 1). A 

small droplet remained and showed random motion [Fig. 2b 
(iv)]. This result indicates that the droplet of Fig. 2b (i) has a 
core-shell structure. The core-shell droplet formation can be 
induced with good reproducibility. Always the core remains 
after switching off the laser. However, the time when the 
droplet formation starts varies among the experiments. This is 
due to stochastic nature of the nucleation process.

Fig. 2 Optical transmission micrographs around the focal spot 
(a) during laser irradiation, (b) after switching off the laser, and 
(c) in the process of decreasing the laser power.

It was possible to trap only the core at very low laser power 
intensity. Figure 2c shows optical transmission micrographs 
with decreasing laser power down to 20 mW. In the initial stage 
of decreasing the power, the droplet has a diameter of 8.0 µm 
[Fig. 2c (i)]. Subsequently, it shrank to a smaller size [Fig. 2c (ii)], 
and only the core remains at the focus at 20 mW [Fig. 2c (iii)]. 
The core can clearly be observed even after 30 min, although it 
has shrunk slightly [Fig. 2c (iv)]. Thus, the core has high stability 
with long lifetime exceeding 30 min (S5).

The IL concentration of the shell and core parts of the 
droplet was estimated by confocal Raman microspectroscopy. 
A calibration curve was prepared by measuring Raman spectra 
of IL/water mixtures with different concentrations of IL in the 
steady state. Figure 3a shows examples of measured spectra. 
Two distinct Raman bands can be observed in the C-H (2800–
3000 cm−1) and O-H (3000–3800 cm−1) stretching regions, which 
are ascribed to the IL and water, respectively. The calibration 
curve was obtained by plotting the Raman band area ratio 
(A2800–3000 cm−1/A3000–3800 cm−1) against the mass fraction of the IL 
(the inset in Fig. 3a).

In the case of the shell, we prepared a droplet with a 
diameter of 8 µm and measured a spatially resolved spectrum 
at a point 4 µm away from the focus of the 1064 nm-laser. On 
the other hand, the core was trapped by decreasing the laser 
power in a similar way to that for the approach shown in Fig. 2c. 
Then, the spectrum at the laser focus was measured. The shell 
showed an increased signal in the C-H stretching region (Fig. 
3b). In the core, the scattering intensity in the same region was 
a bit higher than that of the shell (Fig. 3b). The mass fraction of 
the shell and the core were estimated to be 0.45 and 0.48, 
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respectively. These values might be underestimated because 
the detection area of the Raman spectroscopy is 1.5 µm in 
diameter. In both measurements, the signal from the 
surrounding solution might be involved.

Fig. 3 (a) Raman spectra of IL/mixtures with different 
concentrations. The inset is the Raman band area ratio against 
the mass fraction of the IL. (b) Raman spectra of the shell, and 
the core, and the initial solution. The spectra are normalized at 
the respective peaks in the O-H stretching region.

For further characterization, we used a fluorescence probe: 
we added a solvatochromic fluorescent dye (coumarin 153) of 
1.3 µM to observe the droplet by fluorescence imaging. 
Coumarin 153 is known to exhibit an intramolecular charge-
transfer band whose peak position is sensitive to the polarity of 
the surrounding medium.30 With a decrease in the polarity of 
the surrounding medium, the emission maximum shifts toward 
a shorter wavelength. Figures 4a and 4b show fluorescence 
images and spectra of the shell and core, respectively. The shell 
showed yellow fluorescence, while the core was green. The 
respective peaks of the fluorescence spectra were observed at 
543.0 and 534.7 nm.

Fig. 4 Fluorescence (a) images and (b) spectra of the shell and 
the core.

We estimated the IL concentration on the basis of the 
fluorescence spectra of IL/water mixtures with different 

concentrations. The inset in Fig. 4b shows the peak wavelength 
against the mass fraction of the IL. Based on this calibration 
curve, the mass fraction of the shell was estimated to be 0.45, 
which matches well with the result from Raman spectroscopy. 
On the other hand, the core was calculated to have a mass 
fraction of almost 1.0. Due to the high IL concentration, the core 
is highly hydrophobic and has strong electrostatic interactions, 
due to which the core is stable for a long time.

Let us discuss the formation mechanism of the core-shell 
droplet described above. The solution used exhibits LCST-type 
phase separation, so that the solution temperature is crucial to 
consider the mechanism. The incident 1064-nm laser light is 
absorbed by the solution, and the temperature is elevated 
around the focal spot. It has been reported that the local 
temperature elevation when using optical tweezers can be 
calculated as a function of the absorption coefficient (αabs), the 
thermal conductivity (k), and the input laser power (P).31 The 
elevation (ΔT) is expressed by the following equation:

     (2).∆𝑇 = 0.75
𝛼abs

𝑘 𝑃

The molar fraction of the IL is approximately 0.004 in the initial 
solution. Due to the low IL concentration, we assumed the initial 
solution to be just water and calculated the local temperature 
elevation using 14.5 m−1 for αabs, 0.59 W/m·K for k, and 0.63 W 
for P. The elevation was estimated to be 12 K. The temperature 
around the focus is expected to be 48°C, which is much closer 
to the phase separation temperature.

The IL plays a role in enhancing the temperature elevation. 
We measured the absorption coefficient of the IL at 1064 nm 
using the reported method.31 The αabs of the IL was estimated 
to be 5.0 m−1, about one third of the value of water. The thermal 
conductivity of the IL was calculated to be 0.19 W/m·K, which is 
based on the equation proposed by Fröba et al.32,33 The value of 
αabs/k of the IL is 1.07 times higher than that of water. Thus, the 
increase in IL concentration leads to higher temperature 
elevation during laser irradiation.

Due to one of the chemical properties of the IL, a droplet has 
a concentration distribution under laser irradiation.28 The 
number of water molecules per ion pair in the IL phase 
decreases as the temperature rises. That is, the higher 
temperature generates condensates with greater IL 
concentration in phase separation. The incident laser has a 
Gaussian intensity profile, so that the solution temperature has 
a similar spatial distribution. Thus, the IL concentration should 
become high toward the center of the focal spot.

Figure 5 shows a schematic illustration of the possible 
dynamics of the formation of the core-shell droplet. In the early 
stage of irradiation, the solution temperature reaches around 
49°C only at the focal spot (Fig. 5a), where the phase separation 
is induced. Resultant condensates gather in Uopt and develop 
into a small single droplet. The IL concentration becomes high 
toward the center of the droplet due to the temperature 
distribution (Fig. 5b). Such a droplet causes the temperature 
distribution to become higher and wider (Fig. 5c). The resultant 
higher temperature makes the droplet denser. Condensation 
accompanies the increase in αpol, which deepens Uopt. In 
addition, further phase separation occurs at the outside of the 
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droplet due to the wider temperature distribution, leading to its 
growth (Fig. 5d). In this way, condensation and the growth of 
the droplet, deepening of Uopt, and a further temperature rise 
are repeated, like a positive feedback loop. As a result, the 
optical tweezers form a core-shell droplet whose core is 
stabilized in a deep Uopt.

Fig. 5 Schematic illustration of the possible dynamics of a core-
shell structure under focused laser irradiation.

A core-shell droplet is usually prepared with the use of two 
immiscible liquids, such as oil and water.34 In such a case, the 
structure of the droplet will be determined by the physical and 
chemical properties of constituent liquids. In this study, the 
spatial difference in the optically and thermally formed 
potentials has a critical role to play in determining the droplet 
structure. These potentials can be modified by scanning a laser 
beam or using topological light waves such as optical vortices. 
The current approach may offer a new opportunity to fabricate 
not only a core-shell structure but also unique hetero-structures 
for various thermo-responsive materials. In addition, the 
mixture with photocurable resins may enable one to fix these 
unique structures permanently, which are possibly applicable to 
the research in fabrication, photonics, and analysis on the 
microscale.
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