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Abstract

Liquid-liquid phase separation, a physical transition in which a homogeneous solution spontaneously 

demixes into two coexisting liquid phases, has been a key topic in the thermodynamics of two-

component systems and may find applications in separation, drug delivery, and protein crystallization. 

Here we applied a microscale temperature gradient using optothermal heating of a gold nanoparticle 

to overcome the experimental difficulties inherent in homogeneous heating: we aimed at highlighting 

precise structural development by avoiding randomly nucleating/growing microdomains. In response 

to laser illumination, a single gold nanoparticle immersed in a binary mixture of aqueous 2,6-

dimethylpiridine (lutidine) and N-isopropylpropionamide (NiPPA) was clearly sensitive to the phase 

transition of the surrounding liquid as demonstrated by light scattering signals, spectral red-shifts and 

bright-spot images. The local phase separation encapsulating the gold nanoparticle resulted in 

immediate formation and growth of an organic-rich droplet which was confirmed by Raman 

spectroscopy. Remarkably, the droplet was stable under a non-equilibrium steady-state heating 

condition because of strong thermal confinement. Microdroplet growth was ascribed to 

thermocapillary flow induced by a newly formed liquid-liquid interface around the hot gold 

nanoparticle. Based upon a tracer experiment and numerical simulation, it is deduced that the 

transport of solute to the high temperature area is driven by this thermocapillary flow. This study 

enhances our understanding of phase separation in binary mixtures induced by microscale 

temperature confinement.
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Introduction

Liquid-liquid phase separation, in which a homogeneous solution spontaneously demixes into two 

coexisting liquid phases, has been key to understanding the thermodynamics of two-component 

systems.1-3 It is also important in applications such as protein crystallization, which is postulated to 

proceed via a two-step process involving the formation of liquid droplets of high protein 

concentration to generate ordered protein clusters within the dense liquid intermediate prior to 

nucleation, leading to protein crystals.4,5 Moreover, droplets formed as a result of the liquid-liquid 

phase separation of proteins play important roles in cell biology, such as the processes of transcription 

and translation, control of signal transduction, responses to environmental stress, and amyloid 

formation, to name only a few.6-8 

Experimental studies of temperature-induced phase separation in binary liquids have been 

limited to bulk solutions heated in large volumes despite the fact that the phenomenon starts at the 

molecular nano-scale level, before propagating to the entire solution. To elucidate the early stage of 

phase separation, transient temperature-jump spectroscopy has been applied under the optical 

microscope with structured illumination, seeking resolution below the limits of diffraction.9 Although 

the instrumentation is still under development, such experimental observation was able to reveal the 

phase separation dynamics from micellar-like aggregates to a periodic structure for a 2-

butoxyethanol/water binary mixture.9 Besides the transient temperature jump in the bulk of the 

solution, application of a temperature gradient is expected to provide a means to clarify the dynamics 

of phase-separating molecules at small scales. Such an investigation has been performed for the 

coarsening of solvent structure around a colloidal particle emerging after temperature quenching of 

the colloidal surface using a mesoscopic numerical simulation.10 It was predicted that, upon phase 

separation, concentric multi-ring structures of binary mixtures develop with time. To observe 

experimentally the effect of a local temperature gradient on liquid-liquid phase separation, optical 
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heating of a single gold nanoparticle (Au NP) is appropriate because such a technique can induce 

highly localized heating at scales from the diffraction limit to microscale. Continuous laser heating 

of an individual Au NP results in a well-defined steady-state temperature profile, T  r−1,11 which 

may induce phase separation in the environment around the particle. 

In the experiments reported here, the liquids chosen to demonstrate phase separation were 

aqueous 2,6-dimethylpyridine (2,6-lutidine, abbrev.: lutidine) and N-isopropylpropionamide 

(abbrev.: NiPPA). The relevant chemical structures and physical constants are provided in Scheme 

1. 

Scheme 1. Chemical structures and relevant physical constants of 2,6-dimethylpyridine (lutidine) and N-
isopropylpropionamide (NiPPA).

                    

2,6-dimethylpyridine
density: 0.9252 g cm3（liquid at 20°C）

mp: −5.8 °C;  bp: 144°C
refractive index: 1.497 (nD (20°C))
LCST: 307K (34℃)  

N-isopropylpropionamide (NiPPA)
density: 0.857 g cm3（liquid at 55°C）

mp: 55 °C;  bp: 192°C
refractive index: 1.433 (nD (25°C))
LCST: 307.5K (34.5℃)

Previously, homogeneous heating-induced liquid-liquid phase separation has been investigated for a 

lutidine/water mixture, and the phase diagram obtained.12-14 At temperatures below the critical 

temperature, referred to as the lower critical solution temperature (LCST: 34°C; 307 K), lutidine 

solution is completely miscible, forming a clear single phase. At temperatures above the LCST, the 

solution turns turbid due to nucleation occurring at binodal and spinodal transitions, depending on 

the composition and rate of variation in temperature, T/t. Spinodal decomposition produces 

bicontinuous wormlike structures, eventually followed by demixing to two phases. For aqueous 

NiPPA, temperature-induced phase separation has been demonstrated to occur at an LCST 
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of 34.5°C (307.5 K).15,16 The LCST properties of this category of binary solutions (aqueous amines) 

are ascribed to hydrogen-bonding between water and the organic amines: strong hydrogen bonds 

promote mixing below the LCST, whereas above the LCST such hydrogen bonds undergo rupture 

because of thermal fluctuation at high temperatures.17

We use the photothermal effect of a single Au NP to trigger and maintain the state of 

nonequilibrium phase separation for binary liquids. Upon photoexcitation of their localized surface 

plasmon resonance (LSPR) bands, Au NPs absorb incident light and turn into efficient nano-heat 

sources which can be managed remotely by manipulating the light. This fundamental scheme of 

photothermal effect has found numerous applications in physics, chemistry and biology at micro and 

nano scales.18-21 In this study, using a protocol of photothermal temperature confinement, we aimed 

at creating a strong temperature gradient in the local environment of a Au NP, allowing the 

temperature to increase above the LCST only in a limited volume. Application of a local temperature 

jump instead of spatially homogeneous heating can generate a temperature field strongly coupled to 

the local composition of a binary mixture and may alter the mechanism of phase separation. 

Methods

Experimental. We used dark-field imaging on an inverted microscope with a dark-field 

condenser equipped with a CMOS camera (Scheme 2). A halogen lamp with a broad (white) spectrum 

was used as a source of illumination for recording the scattering images. Single Au NPs (see 

Supporting Information S1 for a particle image and histogram) adsorbed on the lower surface of an 

upper substrate (ceiling) or the upper surface of a lower substrate (floor) and submerged in solutions 

of lutidine and NiPPA in a closed chamber (11 µL) were heated by illuminating a focused 488-nm 

CW laser beam through the microscope objective lens (see Supporting Information, S2 for the 

physical properties of lutidine/water and NiPPA/water). Single-particle scattering spectra were 

recorded on a dark-field microscopy-spectroscopy setup at a wavelength resolution of 0.5 nm 

(Scheme 2). Raman spectroscopy under laser-heating of a Au NP was also performed with an 
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excitation wavelength of 637 nm. For further details, including the method of sample preparation, see 

Supporting Information S3. 

Numerical simulation. A commercial finite-element mode solver, COMSOL Multiphysics 

Ver. 5.4b (http://www.comsol.com), was used for temperature estimation and convective flow 

analysis under illumination with a laser beam focused on single Au NPs. Details of the procedure are 

provided in Supporting Information S4.

Scheme 2. Setup for optical measurements. For laser illumination, two Au NP configurations were used, 

ceiling (left) or floor (right).
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Results and Discussion

A. Observation of a liquid droplet from light-scattering spectral measurements and dark-field 

imaging.

Dark-field microscopy and spectroscopy were used to investigate the demixing behavior of binary 

mixtures. The demixing transition should cause refractive-index changes that can be monitored by 

dark-field images at the micrometer scale. Moreover, such medium refractive-index changes induce 

shifts in the light-scattering spectra of Au NPs because the plasmonic Au NPs support the LSPR 

which is sensitive to the medium refractive index.22 Thus the spectral measurement can provide 

information relevant to the nanoscale structural changes of binary mixtures initiated by temperature-

induced phase transition in the immediate neighborhood of a Au NP. As a control experiment, we 

measured the single particle light-scattering spectra of a Au NP as a function of lutidine %w/w in 

water. The scattering peak wavelength vs. lutidine %w/w is depicted in Supporting Information, 

Figure S5. Progressive spectral red-shifts, dependent on the increasing refractive index of the 

surrounding medium, were observed. Scattering spectral simulation based on Mie calculation 

suggested that the red-shifts are consistent with the medium-dependent optical properties of a Au 

NP.22 

Figure 1 shows the laser intensity-dependent dark-field images and light-scattering spectra of 

a 100-nm-diameter Au NP exposed to a 20-%w/w (4.0 mol%) lutidine/water mixture upon laser 

excitation at a wavelength of 488 nm. The laser illumination was focused on a single Au NP of interest. 

The measurements were performed before, during, and after laser illumination. Figure 1a shows a 

series of light-scattering images of a Au NP. Before laser illumination, the image of the Au NP was 

a diffraction-limited spot of ~0.7 μm (far left). When the laser is on, the bright light-scattering spot 

clearly expanded from that of the original Au NP, showing an emerging high refractive index body 

surrounding the NP. When the laser is off (Figure 1a, far right), the Au NP image is quite similar to 
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Figure 1. (a-c) Dark-field imaging and spectroscopy of a 100-nm-diameter Au NP exposed to 20 %w/w (4.0 
mol%) lutidine/water mixture on focused laser excitation at 488 nm. (a) Light-scattering images before, 

during, and after laser illumination at 0.24 mW µm2. (b) Diameter vs. exposure time of the light-scattering 
spot at various laser intensities. Errors: within 10%. Laser intensity-dependent light-scattering spectral 
changes (c), and spectral peak shifts (d). (e) Diameter vs. laser intensity curve obtained from both scattering 
spectral shift and imaging. In (d) and (e), solid lines are drawn by eye as a visual guide. Note that 1.0 mW μm−2 
= 105 W cm−2 = 109 W m−2.
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that obtained before illumination. Figure 1b shows the diameter of the light-scattering spot obtained 

from the dark-field images as a function of laser-illumination period at various intensities. On starting 

illumination, the diameter increased instantaneously (within the response time of the camera of 0.25 

s) and then remained constant. Further, the diameter of the scattering spot increased as a function of 

laser intensity. On terminating laser illumination, the light-scattering spot returned to the original Au 

NP size, suggesting that it underwent no permanent size increase. 

Figure 1c shows the light-scattering spectra at various laser intensities. Before irradiation, the 

spectrum is typical of LSPR scattering from a single Au NP.22 The refractive index of a 20-%w/w 

solution is 1.372, which is slightly larger than that of water, 1.332 (Supporting Information, Figure 

S2-1c). As laser intensity was increased, there were gradual increases in both spectral red shift and 

background scattering intensity; the former originating from a Au NP surrounded by a medium with 

an increasing refractive index; the latter is ascribed to the gradually increasing size of light-scattering 

medium adjacent to the Au NP (Figure 1a). Figure 1d shows the spectral peak shift (red shift) as a 

function of laser intensity based on Figure 1c. Importantly, the spectral shifts observed are completely 

reversible: the spectral shifts and intensifications occurred only during laser illumination. Starting at 

0.15 mW µm2, the spectral red-shift increased with increasing laser intensity and saturated at 0.4 ~ 

0.5 mW µm2. 

The observed scattering spectral changes, both the LSPR red-shift and increased base, can be 

interpreted by the encapsulation of a Au NP in a lutidine-rich droplet, the thickness of which increases 

depending on the laser intensity and lutidine concentration. To assess the effect of encapsulation on 

the scattering spectral changes, we performed a spectral simulation applying the Mie formalism for 

spherical particles23 (Supporting Information Figure S6). In the Mie calculation, a concentric 

spherical Au NP core–lutidine-rich shell structure dispersed in water was assumed with various shell 
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thicknesses (see Figure S6a). We assumed the refractive index of the lutidine shell to be 1.45, that is, 

slightly smaller than 1.497 of neat lutidine because the phase-separated lutidine droplet may contain 

some water, the amount of which is not accessible. The amount of red shift was found to saturate at 

greater shell thicknesses, so the droplet diameter estimation is limited to a shell thickness of < 100 

nm. It should be noted that the contribution of substrate to spectral changes is not included here. A 

numerical simulation based on the finite element method (FEM), which includes the contribution of 

a substrate, can be performed using COMSOL MultiPhysics. However, we found that the FEM 

computation requires considerable computational time, far from practical use. For estimation of 

approximate shell thickness, the Mie calculation should suffice. 

To reveal the chemical composition of a droplet, we performed a Raman spectroscopic study 

of the light-scattering spot under Au NP heating (Supporting Information, S7). First, we measured 

the spectra of lutidine/water mixtures at various concentrations of lutidine (Figure S7a). The Raman 

intensity ratio of I2900cm1(lutidine)/I3400cm1(H2O) increased with increasing contribution of lutidine, 

so this ratio can be a good measure of lutidine concentration. With this in mind, we looked at the 

spectral change occurring when a laser is used to illuminate a Au NP in 20 %w/w lutidine in water 

(Figure S7b). Upon illumination with the heating laser (488 nm) colinearly with the Raman probe 

laser (637 nm), the intensity ratio of lutidine to water increased markedly. The concentration of 

lutidine in a droplet estimated from the control experiment was 30-40%. This result clearly supports 

the notion that the light-scattering spot formed on laser illumination is a lutidine-rich droplet resulting 

from phase separation. However, the lutidine concentration estimated is much lower than that 

expected from the phase diagram (Figure S2-1a). This may arise from the interference of Raman 

signal from bulk solution because of the small size of the droplet formed. Although qualitative, the 

Raman spectroscopic study confirmed the occurrence of phase separation giving rise to a lutidine-

rich droplet.

The droplet diameters obtained from spectral red-shifts were plotted as a function of laser 

intensity and diameters determined from imaging (Figure 1e, black and red dots, respectively). The 
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droplet diameters obtained from the spectral shifts are useful for nano sizes at low laser intensities, 

and those obtained from imaging can be used for droplets over diffraction-limited sizes. Strictly 

speaking, the droplet diameters obtained from the two methods at 0.25-0.3 mW µm2 did not 

correspond, which is a limitation of both methods: the imaging method is not good at estimating 

diameters near diffraction-limited sizes; and the spectral-shift method is poor at estimating droplet 

diameters > 200 nm. Overall, the droplet diameter increased with a threshold at 0.15 mW µm2 and 

saturated at laser intensities > 0.6 mW µm2.

Figure 2 shows the laser-intensity-dependent light-scattering spectral changes of a 100-nm-

diameter Au NP exposed to 50-%w/w (14 mol%) aqueous NiPPA, which has a refractive index of 

1.42 before irradiation (Supporting Information, Figure S2-2c). Because of the relatively high 

refractive index of the medium, the light-scattering spectrum of the unirradiated solution was red-

shifted compared to the 20-%w/w lutidine/water mixture in Figure 1. Upon irradiation, the scattering 

spectrum underwent initially red shifts suggesting an increased refractive index of the surrounding 

medium. Besides the shifts, the spectral intensity increased as for the lutidine/water mixture because 

of the increased size of the high-index medium formed around the Au NP, but only small red-shifts 

were observed. Given that the spectral red-shifts are not as marked as those in the lutidine/water 

mixture because the refractive index is already greater than that of the lutidine/water mixture, we used 

laser intensities up to 1.0 mW µm2. However, the light-scattering spectra underwent blue-shifts 

instead of red-shifts at higher intensities. We also observed a spectral blue-shift in pure water, which 

increased with increasing laser intensity. This was caused by temperature-induced refractive-index 

reduction of the medium.24 The temperature-induced blue-shift was found to be greater in 50-%w/w 

aqueous NiPPA than in pure water. Because of this temperature effect, we could only observe small 
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Figure 2. (a, b) Light scattering spectroscopy of a single Au NP in 50-%w/w (14 mol%) NiPPA/water 
mixture upon focused laser illumination at 488 nm: laser intensity-dependent light-scattering spectral 
changes (a), and spectral peak shifts (b). In (b), light scattering spectral peak shifts of a 100-nm Au NP in 
pure water is included for comparison and solid lines are drawn as a visual guide. (c) Dark-field imaging of a 
100-nm-diameter Au NP in 50 %w/w (14 mol%) NiPPA/water mixture upon focused illumination with a 

laser intensity of 0.36 mW µm2 at 488 nm. 
----------------------------------------------------------------------------------------------------------------------

red-shifts for NiPPA at limited laser intensities (0.050.5 mW µm2). However, the basic conclusion 

is not altered for Au NP heating in NiPPA/water, which is similar to that in a lutidine/water mixture: 

phase separation occurred forming a NiPPA-rich droplet encapsulating a Au NP. For a 50-%w/w 

aqueous NiPPA that undergoes phase separation passing through LCST, the refractive index contrast 

was insufficient for imaging. The series of dark-field images shown in Figure 2c depict the droplet 

(a) (b)

(c)
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formation. In this case, a double ring structure was observed, with a much brighter inner ring and less 

bright outer ring. The origin of this double ring structure can be ascribed to the temperature profile 

around a Au NP: higher temperatures nearer the particle than the outer region may facilitate the 

dehydration of NiPPA molecules. We tried to control the thickness of the ring structure by modifying 

the laser intensity but failed. More sophisticated control will be required in future studies. Previously, 

a concentric ring pattern consisting of alternating low and high concentrations was proposed to occur 

based on a simulation study.10 However, such a periodic structure was not observed in our study, 

presumably because of interference by convective flow (see section B).

B. Observation of liquid flow upon heating a supported Au NP 

Here we investigate a potential liquid flow that can be relevant to the observed phase separation when 

a Au NP supported on a wall is laser-heated inside a sample chamber. For this purpose, 600-nm-

diameter polystyrene (PS) particles were suspended as a tracer in lutidine/water mixture and water. 

Without illumination, slow random motions of the PS particles were observed because of thermal 

Brownian motion. When the laser illuminated a supported Au NP in 20-%w/w lutidine/water in the 

ceiling configuration, PS particles floating close to the Au NP were attracted and accelerated toward 

it (Supporting Information, S8). The observed migration velocities were measured by analyzing 

sequential images. The migration velocities of PS particles were found to depend on both the laser 

intensity and the radial distance from the heating center, Au NP. Figure 3 shows the velocities 

dispersed in lutidine/water, in comparison with those dispersed in water as a function of radial 

distance from a Au NP. Figure 3a shows that the migration velocities are nearly constant at 

sufficiently large distances, but a sudden acceleration was observed at distances below 10 m at a 

laser intensity of 0.90 mW µm2. At a higher intensity (1.2 mW µm2), an increased velocity occurred 

at around 20 µm. However, in water (Figure 3b), there was no apparent difference in migration 

velocity with distance from a hot Au NP at a laser intensity of 1.2 mW µm2. Note that PS particles 

in water were found to be strongly pulled to a Au NP when very close to it (approximately the size 
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of the laser beam diameter). However, it was difficult to estimate the migration velocity of PS 

particles close to the Au NP, so points with accelerated velocities could not be added to Figure 3b. 

The striking contrast in motion in response to Au NP heating between PS particles in lutidine/water 

and those in water originates from the liquid-liquid interface formed in binary mixtures, as will be 

explained in section C. Obviously, we can assume that the transport of PS particles is caused by 

phoretic motion with the liquid flow rather than a self-propelled motion. As PS particles are known 

to be thermophobic, they tend to move down a temperature gradient, away from the hot area.25,26 They 

can move to the hot Au NP only while riding a liquid flow. 
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Figure 3. Migration velocity of PS particles (diameter: 600 nm, concentration: 9  107 particles mL1) as a function 

of distance from a heat source (100-nm-diameter Au NP) for a liquid film thickness of 200 μm in 20 %w/w 

lutidine/water mixture (a), and in water (b). Au NPs were supported on the substrate in the ceiling configuration. 

Solid lines are drawn by eye as a visual guide. Errors in measured velocities: within 10%.

Previously, silica particles of 500 nm diameter have been observed to move in the direction of 

a Au NP that was laser-heated in a closed chamber filled with water.27 In that experiment, a nano- or 

micro-sized bubble was formed around the Au NP, and the driving force of microparticle migration 

was ascribed to Marangoni convection along the air-water interface from the hot substrate surface to 

the cold bubble apex. As the silica particles approached the Au NP moving along the substrate surface, 

both the Au NP and silica particles were imaged in focus. However, PS particles in lutidine/water 

(a) (b)
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move differently. In the ceiling configuration, the PS particles staying vertically away from the 

substrate surface approached and were sucked in toward the Au NP. Thus, when we focused the 

objective on the Au NP, the image of PS spheres migrating toward it were out of focus (see Supporting 

Information, Figure S8). This may mean that PS particles approached the Au NP a few micrometers 

below the Au NP, not along the substrate surface. This is discussed further in section C based on flow 

simulation.  

C. Mechanistic Insight into the Au NP heating-induced phase separation

The observed LSPR red-shifts and a bright light-scattering spot surrounding a Au NP, as well as the 

Raman spectral change, strongly suggest that a phase-separated organic droplet is formed 

encapsulating the Au NP when heated photothermally in binary solutions. Previously, homogeneous 

heating-induced phase separation has been shown to occur ubiquitously in lutidine/water and aqueous 

NiPPA, resulting initially in a milky white solution and eventually two separated phases: organic-rich 

and water-rich phases.12-17 In our experiment, phase separation occurred site-specifically only 

adjacent to the hot Au NP, forming an organic-rich microdroplet with a high refractive index. It is 

reasonable to assume that the phase separation sets in at laser intensities just above the threshold that 

brings the temperature of medium immediately neighboring the Au NP to the LCST of 307 K. For 

example, for 20-%w/w lutidine/water, the threshold laser intensity was 0.15 mW µm−2 (Figure 1b). 

We estimated the particle temperature under continuous laser illumination as a function of laser 

intensity (Supporting Information S9) using a numerical simulation because an experimental 

temperature determination has yet to be established.28,29 The temperature increase was expected to 

occur dependent on laser intensity both for a Au NP and the surrounding medium. The calculated 

threshold temperature at which the scattering spectral red-shift occurred (0.15 mW µm−2) was 308 K, 

a value which agrees reasonably well with the known threshold temperature of phase separation, 307 

K. On illumination, we observed that the phase-separated microdroplet grew in size with time: the 

growth rate was fast, within 12 s, close to the time resolution of our camera. The diameter of the 
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microdroplet increased with an increase in laser intensity (Figure 1b). Here we attempt to explain step 

by step the process of phase-separated droplet formation.  

Firstly, the initial process of droplet formation is triggered by laser heating of a Au NP. At the 

very beginning, small-scale phase-transition can occur in solution in contact with the surface of a hot 

Au NP. When the liquid temperature surpasses the LCST, organic aggregates will form resulting from 

the rupture of hydrogen bonds between the organic amines and water molecules,17 followed by 

association through hydrophobic interaction. These aggregates only form in close to the hot Au NP 

and remain because of temperature confinement around the Au NP. This temperature confinement 

originates from the temperature distribution around a hot Au NP, which decreases with distance from 

the particle center following a radial temperature profile, T  r−1, before declining to ambient 

temperature.11 The temperature confinement is also responsible for further aggregation to form a thin 

layer of lutidine-rich or NiPPA-rich phase surrounding the Au NP because of greater instability of 

the amine-rich phase as the medium temperature is higher. Additionally, the initial aggregates can 

possibly attach to the surface of a Au NP through pyridine/alkyl amine nitrogen bonding to the gold 

surface. It has been shown that organic amines such as 4-(dimethylamino) pyridine (DMAP) and 

oleyl amine act as favorite capping agents for aqueous Au NPs.30,31 In this manner, an organic amine-

rich thin layer can cover a Au NP surface, forming a new liquid-liquid interface next to the bulk 

aqueous homogeneous solution, the temperature of which is below the LCST. 

Potential involvement of thermophoresis (thermodiffusion or Soret effect) which is a 

movement of molecules following the temperature gradient, was examined here as a mechanism of 

accumulation. It has been shown that the Soret effect leads to a distinct phase separation during the 

spinodal decomposition of a locally heated UCST (upper critical solution temperature) polymer 

blend32 and that laser heating of a near-critical mixture leads to long-lasting patterns.33,34 Also, the 

formation of a transient concentration cage around laser-heated Au NPs due to the Soret effect has 

been studied35 and the formation of a transient network of a thermoresponsive polymer around a 

heated Au NP has been reported.36 Given the temperature gradient, thermophobic molecules with a 
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positive Soret coefficient (ST > 0) move to the cold area whereas thermophilic molecules with a 

negative Soret coefficient (ST < 0) move to the hot area.37-39 The Soret coefficient, ST, usually has a 

positive sign in water.40 Accordingly, molecules and particles are repelled from the hot regions. 

However, the situation drastically changes when a liquid flow is applied simultaneously with the 

temperature gradient.41 In this situation, there is competition between the thermophoresis and the 

phoretic motion in the direction of the external flow. The direction of particle migration can be 

classified into three scenarios, schematically shown in Scheme 3. 

Scheme 3. Schematic representation: the direction of particle migration under both external flow and 

temperature gradient.

(i) Molecules are strongly thermophobic (ST>>0), so they migrate against the liquid flow; (ii) 

molecules are thermophobic (ST  0) but migrate along the liquid flow because of a weak 

thermophoretic driving force; or (iii) molecules are thermophilic (ST < 0) and migrate at an enhanced 

velocity aided by the two driving forces. Experimentally, we found that lutidine and NiPPA molecules 

migrated to a hot Au NP. At present, we are unaware of any reported Soret coefficients for these 

molecules used in our experiments, so there are no clear data about the thermophilic/thermophobic 

nature of these molecules. Nevertheless, even thermophobic molecules have been found to 
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accumulate around a hot Au NP. For instance, poly(N-isopropylacrylamide) (PNIPAM) molecules 

(well-recognized as a thermophobic polymer in aqueous solution42,43) accumulated and encapsulated 

a supported Au NP that was laser-heated.44,45 The encapsulation occurred only while the Au NP was 

hot and the PNIPAM shell dissolved when laser illumination was terminated. Moreover, permanent 

accumulation encapsulating a Au NP was observed for sodium dodecyl sulfate (SDS) and 

polyethylene glycol (MW 6000) (PEG 6000),46 on heating the Au NP for a few minutes through CW 

laser illumination. Both molecules have been reported to be thermophobic in aqueous solution.47,48 

These results suggest that thermodiffusion is not a prerequisite for the present observation of 

encapsulation of a hot Au NP. As we will describe below, transport of solutes through convective 

flow may surpass thermodiffusion. Such a possibility was demonstrated in section B by the 

observation of thermophobic PS particles being attracted toward a hot Au NP. 

To interpret the droplet size dependency on laser intensity, one may simply assume that phase 

separation occurred in the region with temperatures above the LCST of the binary mixtures. The 1/r 

temperature profiles at various laser intensities near the threshold of droplet formation were calculated 

for 20-%w/w (4.0 mol%) lutidine/water and are shown in Supporting Information, Figure S10a. To 

demonstrate more clearly that diameter size above the LCST is dependent on laser intensity, Figure 

S10b plots the diameter occurring above the LCST vs. laser intensity, showing that the diameter sizes 

above the LCST are more than one order of magnitude greater than the droplet diameters observed 

(Figure 1e). Thus, the phase-separated microdroplet should be much denser than the solution and for 

the droplet to grow with illumination time and laser intensity, the transport of solutes (lutidine or 

NiPPA) must occur from outside the hot region adjacent to a Au NP, simultaneously with the 

expulsion of water molecules from the high-temperature area. 

Our observation of the phoretic migration of PS particles strongly suggests the occurrence of 

liquid flow induced by Au NP heating. To investigate this assumption, we simulated liquid 
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flow inside the chamber (using COMSOL MultiPhysics) when supported Au NP is heated, (Figure 

4). First, we assess a possible contribution of thermal convection, which can occur because particle-

heating in a microfluidic chamber generates thermal convective flow from bottom to top and 

circulation inside the chamber because of buoyancy.49 Figure 4a shows a simulated flow map of 

thermal convection in our microfluidic chamber for both ceiling (left) and floor (right) configurations. 

We found that the velocity of thermal convection for thin water films was much slower than that of 

thermocapillary flow (cf. Figure 4b and 4c). Moreover, we observed microdroplet formation 

encapsulating a Au NP regardless of the configuration of Au NP placed at two opposite sides of the 

chamber, ceiling and floor. The observation is contradictory to the major role of thermal convection 

in transporting lutidine or NiPPA in the direction of a Au NP because the former configuration is 

unfavorable for accumulating solutes in the vicinity of the Au NP.

When a phase separation of aqueous amines occurs adjacent to the Au NP, a liquid-liquid 

interface forms between the organic-rich droplet and the bulk solution. As a result, thermocapillary 

or thermal Marangoni convection can occur driven by the interfacial tension gradient.50,51 The latter 

arises from the temperature gradient along the liquid-liquid interface between the lutidine-rich phase 

and the bulk solution13 because the temperature of the droplet near the ceiling is higher than that of 

the droplet away from the substrate. This notion is supported by COMSOL simulation of 2D 

temperature distribution (Supporting Information S11, see below for further support). The interfacial 

tension increases with an increase in temperature13 (as shown graphically in Supporting Information 

Figure S2-1d). 
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ceiling 
s00000

floor 
s00000

Figure 4. Simulated 2D convective velocity maps for a single water-immersed Au NP (100 nm in diameter) 
supported on a glass substrate for the ceiling (left) and floor (right) configurations (water film thickness: 200 
μm). (a) Velocity distributions of thermal convection (input laser intensity: 1 mW µm−2). (b) Velocity maps of 
thermal convection and Marangoni flow at the liquid/liquid interface of a lutidine-rich droplet (1-μm across) 
and bulk water. (input laser intensity: 1 mW µm−2). (c) Velocity maps assuming both thermal convection in a 
closed chamber and Marangoni convection at the liquid water/vapor bubble (1-μm across) interface (input 
laser intensity: 10 mW µm−2). 
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The temperature gradient from the hot substrate surface (where the Au NP is immobilized) to the cool 

apex of a lutidine-rich droplet generates a liquid flow around the lutidine-rich droplet when the Au 

NP is optothermally heated (Figure 4b). The simulation for the ceiling configuration predicts that a 

flow was generated inside the solution from the area below the Au NP to the droplet, deviating at the 

boundary between the droplet and the top substrate, then circulating, finally redirecting toward the 

droplet. This flow can convey solutes to the hot area, inducing their condensation, resulting in the 

growth of a phase-separated droplet. The calculated velocity of this thermocapillary flow was much 

greater than that of thermal convection (compare Figures 4a and 4b). For the floor configuration of a 

Au NP, the direction of flow is reversed. 

Here we show evidence that the cause of asymmetric temperature distribution around a Au NP 

is the substrate: a droplet only forms in the solution encapsulating a hot Au NP and cannot penetrate 

into the substrate. The portion of a droplet directly attached to the substrate surface should be hotter 

than the apex away from the substrate, according to the simulation (Figure S11). In support of this 

assumption, we acquired a scanning electron microscope (SEM) image of a PNIPAM droplet 

encapsulating a supported Au NP (Supporting Information Figure S12). We depicted the PNIPAM 

droplet because it was difficult to capture the SEM image of a transient lutidine-rich or NiPPA-rich 

liquid droplet. Clearly, the PNIPAM shell grew asymmetrically around the supported Au NP. From 

this image, we can safely state that the PNIPAM droplet encapsulating a Au NP supported on a 

substrate can generate asymmetric temperature distribution leading to phase separation on heating the 

Au NP.

The droplet formation and growth are reminiscent of photothermal-bubble-induced trapping, 

in which colloids and molecules are attracted to the liquid-gas interface of a bubble driven by thermal 

Marangoni convection, as simulated in Figure 4c. Previously, photothermal bubbles have been 

generated by heating a metallic thin film deposited on a substrate.52-56 As a result of optothermal 

trapping, fixation of fluorescent molecules, quantum dots and colloidal particles on the substrate are 

observed.53 Furthermore, liquid-liquid phase-separation-induced crystallization of glycine has been 
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demonstrated.53 For bubble-induced trapping, however, the direction of Marangoni flow given in 

Figure 4c is different from the direction of the flow in the phase separation-induced droplet growth 

shown in Figure 4b. For the ceiling configuration, the direction of flow is along the top wall to the 

droplet, deviating downwards, then circulating; finally being redirected toward the bubble. The 

simulated flow picture is consistent with the experimental phoretic flow of aqueous silica particles in 

a previous study.27 At the interface between air and water of a photothermal bubble, the surface 

tension decreases with increasing temperature.52-56 The thermal Marangoni convection principle 

predicts the flow from the hot Au NP side of the bubble to the cool apex of the photothermal bubble, 

which is consistent with the simulated and observed direction of flow. The simulation suggests that 

the maximum flow velocity calculated at 10 mW µm−2 (Figure 4c) is similar to that in Figure 4b at 

1.0 mW µm−2. The maximum flow velocities in Figures 4b and 4c are two orders of magnitude greater 

than that calculated for thermal convection in Figure 4a. The maximum velocities calculated were not 

affected by the Au NP configuration.

Without heating a Au NP, no microdroplets are observed. For instance, a focused illumination 

on the surface of a glass substrate at 10 mW µm−2, which is at least 50-times greater in intensity than 

the threshold intensity of lutidine/water phase separation, did not result in the observation of 

microdroplets. This may mean that the contribution of optical forces is not so great although optical 

trapping cannot be completely eliminated at much higher laser intensities. Previously, the laser-

induced phase separation of a binary mixture, aqueous triethylamine (TEA), has been demonstrated 

on irradiating with a focused 1064-nm laser light (~1 m spot diameter and ~1.5 W power).57,58 A 

TEA-rich droplet with a diameter of ~10 m was formed at the laser focus and the driving force of 

the droplet formation and growth was ascribed to the optical gradient force that collects dissolved 

TEA molecules to the laser focus owing to a refractive index higher than that of water. Moreover, 

one study has pointed out the necessity of demixing transition at temperatures above the LCST to 

form a TEA-rich droplet.57 In that study, heat generation occurred through absorption of a 1064-nm 

laser light by H2O at the focal spot. In contrast, the transport of more distant molecules has nearly 
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been ignored even for formation of droplets with diameters far surpassing the beam diameter. 

Concerning the optical trapping of macromolecules and colloids it was not until recently that the 

positive role of molecular transport from the outer regions of the laser focus through convective flows 

has become a topic of discussion.59 In other studies, the phase separation of lutidine/water adjacent 

to a Janus particle (gold half-coated silica sphere) under laser illumination was used to stimulate self-

propelled motion of the particle.60,61 The details of such local heating-induced phase separation has 

remained unexplored, however. 

Finally, we summarize the current status of microscale optothermal flow generation applicable 

to separation and sorting of molecules, NPs and colloids. The important mechanism is a 

thermocapillary flow generated by the surface tension gradient. Such a flow is highlighted, in 

particular, at small scales because of the scale effect, although thermal convection can generate only 

a weak drag force in microfluidic systems.62-64 Scheme 4 shows the working principle for generating 

thermocapillary flow to drive particle transport in microfluidic systems. For example, when an IR or 

a near IR laser is focused into a water or glass-water interface (panel A), the laser light absorbed 

either by water or by solutes generated thermocapillary convective flow driven by the surface-tension 

gradient at the liquid water-air interface (i.e. the free surface). The flow drags colloids and molecules 

toward the laser focus. In an extreme case, when the illumination was focused at the liquid-air 

interface, the thermal Marangoni effect caused surface depression in the illuminated area.65,66 In panel 

B, a microbubble was formed at the hot spot generated by laser heating of light-absorbing films or 

solutes. 52-56 As a result, particles were drawn toward the bubble induced by Marangoni flow.

Panels C and D depict working models demonstrated in the present study. When laser 

illumination induces small-scale liquid-liquid phase separation because of temperature increase above 

the critical temperature in the medium surrounding a Au NP (panel C), thermal Marangoni convection 

currents are generated because of a temperature-dependent change in liquid-liquid interfacial tension. 

As a result, transport and accumulation occur at the hot area. More intriguingly, directional control 
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over the Marangoni convection can be performed by reversing the position of the Au NP in the 

chamber as shown in panel D. 

Scheme 4. Working models of thermocapillary flow in microfluidic systems. (A) Water or glass-water 
interface heating-induced generation of thermocapillary convective flow driven by the surface tension gradient 
at the liquid-water interface (free surface). (B) Marangoni convection around a microbubble formed at the hot 
spot generated by laser heating of light-absorbing films or solutes. (C) Thermal Marangoni convection currents 
induced by liquid-liquid interface surrounding the Au NP. (D) Reversed direction of thermocapillary 
convection, when the position of the Au NP in the chamber is reversed from that in C.

(C)

(A) (B)

(D)
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Conclusions

In this study, we have demonstrated single Au NP heating-induced phase separation of binary 

mixtures (exemplified by aqueous lutidine and N-isopropylpropionamide), resulting in transient 

formation of an organic-rich nano- to micro-meter sized droplet encapsulating the heated Au NP. The 

location-specific demixing behavior was characterized by using dark-field microscopy, light-

scattering spectroscopy and Raman spectroscopy. At the beginning, thermal confinement within a 

concentric temperature gradient generated around a hot Au NP enables the spatial confinement of the 

demixing transition, resulting in the aggregation of solutes at temperatures above the LCST and the 

expulsion of water molecules. Then, a liquid-liquid interface surrounding the Au NP forms between 

the organic phase and bulk solution. At the liquid-liquid interface, asymmetric temperature 

distribution occurs and generates a thermocapillary flow driven by the surface-tension gradient. The 

existence of such a flow was demonstrated by observing the phoretic migration of polystyrene 

microparticles. We deduced that thermocapillary flow is responsible for the transport of more distal 

solute molecules to the high-temperature area adjacent to the Au NP surface, resulting in phase-

separated droplet formation. The photothermal microfluidic flow generation demonstrated here is 

applicable to separation and sorting of colloids and macromolecules from solution with much less 

energy than with the use of optical tweezers.  
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