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Supplementary Fig. 1: Optical setup for OTTs with in situ optical microscopy. 

 

 

  



 

 

 

Supplementary Fig. 2: Optical images of many PFP droplets trapped by OTTs in a 

concentrated sample (scale bars: 10 μm).  

  



 

 

Supplementary Fig. 3: Photograph of emulsions prepared in water and EtOH.   

 

  



 

Supplementary Fig. 4: Phase diagram of a ternary liquid system (water + EtOH + PFP). 

  



 

 

Supplementary Fig. 5: Size distributions of PFP droplets prepared in water, 50% EtOH, and 

50% DMSO. 

 

 

 

 

  



 

 

Supplementary Fig. 6: Photographs of emulsions prepared in the different solvents (from left 

to right: water, 50% EtOH, and 50% DMSO) stored at room temperature. The final 

photograph was taken after brief mixing to better show the presence of emulsions in the water 

sample.  

  



 

 

Supplementary Fig. 7: Trajectory of a single PFP droplet measured at each frame (1 frame = 

0.1 s). A trapping velocity was calculated from a linear portion of the trajectory, mostly for the last 

1-2 frames.  
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Supplementary Fig. 8: Temperature distribution maps of a plasmonic substrate around a 

laser beam at varying optical power measured by thermal imaging. 

  



 

 

Supplementary Fig. 9: Dependence of maximum temperature on optical power. A linear 

correlation enables the derivation of working temperature in trapping experiments by extrapolation. 
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Supplementary Fig. 10: Simulated temperature profiles in different solvents.  

 

 

  



Supplementary Table 1: Temperature dependence of heat capacity at constant pressure, Cp, 

and thermal conductivity, κ, of solvents used in the simulation of temperature profiles. 

Representing Cp or κ, polynomial functions f(T) with coefficients AN for the Nth power of 

temperature T were obtained by fitting literature data1–3. 

 

 

 

 

 

 

 

 

 

 

 

  



Supplementary Note 1. Effect of dispersion force in opto-thermophoresis 

The van der Waals interaction between solvents and colloids affects thermophoresis. As the solvent 

expands upon heating, solvent in a cold region has a higher density than a hot region, resulting in 

a stronger van der Waals interaction. This effect induces a slip flow that drives colloids from hot 

to cold (i.e., thermophobic), termed as dispersion force4,5. The drift velocity by the dispersion force 

under a temperature gradient is formulated as, 𝐮 = −
2𝛽𝐻12

9π𝑑0
∇𝑇 where 𝛽 is the thermal expansivity 

of solvent, 𝐻12 is the Hamaker constant of colloid-solvent interactions, and 𝑑0 is the molecular 

length scale of solvent4. The Hamaker constant represents the van der Waals interaction between 

to materials, which is related to the dielectric response function 𝜀′′(𝜔) for the range of frequencies 

from the infrared to the far ultraviolet6,7, as mentioned by the reviewer. However, lack of the 

available full 𝜀′′(𝜔) spectrum for all the materials used in our study makes it difficult to calculate 

the Hamaker constant from 𝜀′′(𝜔). Instead, we used the following approximate equation to obtain 

the Hamaker constant from the static dielectric constant 𝜀 and refractive index 𝑛6,8.  

𝐻12 ≈
3

4
𝑘B𝑇 (

𝜀1 − 𝜀2

𝜀1 + 𝜀2
)

2

+
3ℎ𝜈e

16√2

(𝑛1
2 − 𝑛2

2)2

(𝑛1
2 + 𝑛2

2)3/2
 

where 𝜈e is the main electronic absorption frequency in the UV region and assumed to be the same 

for all the materials (3 × 1015 Hz, plasma frequency)6,8. The subscript numbers 1 and 2 correspond 

to solvent and colloid, respectively. The obtained 𝐻 for three system and calculated dispersion 

force-driven drift velocity is shown in Table S2 along with other physicochemical properties the 

materials used in the calculations. The positive sign of the calculated velocity indicates that the 

dispersion force drives an outward movement of droplets from a heat source. In comparison to the 

observed velocities, the contribution of the dispersion force to the opto-thermophoresis is shown 

to be little. Therefore, we ascribe the observed thermophilic movement of droplets mainly to the 

permittivity-temperature gradient. 

 

 

 



Supplementary Table 2: Calculation of the Hamaker constant and drift velocity by 

dispersion force. 𝜀 and 𝑛 of PFP are 1.75 and 1.24, and 𝑑0 is fixed at 10-9 m. 

 

 

  



Supplementary Note 2. Marangoni effect in opto-thermophoresis 

An interfacial tension gradient induced by the temperature gradient in opto-thermophoresis setting 

can also affect the behavior of droplets. This is so-called the Marangoni effect at fluid-fluid 

interfaces. The flow dynamics including Marangoni flow and convective flow at water/oil 

interfaces was studied using computational simulation.  

A finite-element solver (COMSOL Multiphysics) was used to simulate flow profiles. Three-

dimensional geometry was constructed with a spherical PFP domain (2 μm in diameter at 2 μm 

distance from the origin) within a cylindrical solvent domain (20 μm base diameter × 10 μm height), 

enclosed with solid boundaries on all sides. Gaussian heat influx (~ exp [−2𝑟2/𝜔2]), obtained 

from the measured temperature profile in Supplementary Figs. 7 and 8, was set at the origin and 

coupled to heat transfer in liquid. The heat transfer module and the laminar modules were coupled 

to model Marangoni and Rayleigh Bernard convection throughout the domains. Marangoni flow 

in the simulation domains was induced by implementing an interfacial tension gradient along the 

PFP/solvent interface as a function of temperature (modelled as a slip interior wall) while nonslip 

walls for other boundaries. The function of interfacial tension with respect to temperature was 

derived from literature data9–11.  

The temperature-driven interfacial tension gradient along the droplet surface generates the outward 

slip flow of a surrounding medium, subsequently resulting in the thermophilic movement of the 

droplet (Supplementary Fig. S10). Net velocities by Marangoni flow were obtained as −1.0, −1.5, 

−1.6 µm/s in water, 50% EtOH, and 50% DMSO, respectively. These results indicate that the 

interfacial tension gradient induced by the temperature gradient contributes to the opto-

thermophoresis of oil droplets, but the permittivity gradient is a major factor that explains the 

observed drift velocities that vary significantly by solvents.  

  



 

Supplementary Fig. 11: Simulated flow profiles of PFP droplets in different solvents (vertical 

cross sections). (a) water, (b) 50% EtOH, (c) 50% DMSO, and (d) velocity map at the PFP/water 

interface. Arrows in (a-c) indicate Marangoni flow at interfaces, which is much stronger than 

Rayleigh–Bénard convection flow throughout the domain. 

 

 

  



 

Supplementary Fig. 12: Drift velocity of PFP droplets in pristine and distilled solvents (mean 

± standard deviation, n = 10).  
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Supplementary Note 3. Molecular dynamics simulation 

All MD simulations were carried out with the LAMMPS package12. The four-site transferrable 

intermolecular potential (TIP4P)/2005 model was used for water13. The force fields of PFP 

molecule, hydroxide anion, ethanol molecule, and DMSO molecule were taken from Watkins et 

al14, Vácha et al15, Mijaković et al16. The potential energy equation is based on the assisted model 

building with energy refinement (AMBER) potential17: 

𝐸total = ∑  

bonds 

𝐾𝑟(𝑟 − 𝑟0)2 + ∑  

angles 
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2
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}

 

where 𝐾𝑟, 𝐾𝜃, and 𝐾𝜙 are the bond, angle, and torsion constants; 𝑟, 𝜃, and 𝜙 are the bond lengths, 

bond angles, and torsion angles; 𝑟0, 𝜃0, and 𝛾 are the equilibrium bond lengths, bond angles, and 

torsion angles; 𝜖𝑖𝑗  and 𝜎𝑖𝑗  are the Lennard-Jones potential parameters; 𝑟𝑖𝑗  is the separation 

between atoms 𝑖 and 𝑗; and 𝑞𝑖 and𝑞𝑗 are the charges of atoms. The Lorentz-Berthelot mixing rules 

were used for the mixed 𝜖𝑖𝑗  and 𝜎𝑖𝑗  parameters, respectively. The velocity Verlet algorithm is 

employed in integrating equations of motion, and the time step is 1 fs. Initially, the isothermal–

isobaric (NPT) ensemble is employed to reach the required temperature (293 K) and pressure (1 

atm). Then, the system is equilibrated under the canonical ensemble (NVT) with the Nose-Hoover 

heat reservoir at the target temperature for 0.5 ps, followed by relaxation under a microcanonical 

ensemble (NVE) for 0.2 ns. Finally, a production step of 2 ns was adopted under the NVE condition, 

during which the ion and molecule densities were calculated every 10 fs. For each case, four 

independent simulations were performed with different initial atom velocity assignments, 

implemented by using different seeds for random number generation. Averaged values were 

obtained to improve the reliability of the simulation results. The SHAKE algorithm18 was 

employed to fix geometries of the water molecules and hydroxide ions. Long range electrostatic 

interactions were counted using the particle-particle particle-mesh (PPPM) method19 with a 

precision of 10-6.  

 

  



 

 

Supplementary Fig. 13: Molecular Dynamics simulation of OH− density profile at interfaces 

of PFP with water, 50% ethanol, and 50% DMSO. (a-c) Snapshots of the three interfaces, in 

which aqueous solutions were not plotted for clarity. (d) Number density profiles of hydroxide 

anions at water/PFP (black), 50% ethanol/PFP (red), 50% DMSO/PFP interfaces (blue). Black 

solid line corresponds to the number density of PFP. 

  



Supplementary Table 3: Calculation of the interfacial tension of PFP/50% EtOH and PFP 

/50% DMSO using dispersion and polar terms of surface tension (γd and γp, respectively). All 

the surface and interfacial tension data are in mN/m.  
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