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Abstract

The response of colloidal particles to a light-controlled external temperature field can be harnessed
for opto-thermophoretic manipulation of the particles. The thermoelectric effect is regarded as the
driving force for thermophoretic trapping of particles at the light-irradiated hot region, which is
thus limited to ionic liquids. Herein, we achieve opto-thermophoretic manipulation of colloidal
particles in various non-ionic liquids, including water, ethanol, isopropy! alcohol and 1-butanol,
and establish the physical mechanism of the manipulation at the molecular level. We reveal that
the non-ionic driving force originates from a layered structure of solvent molecules at the particle-
solvent interface, which is supported by molecular dynamics simulations. Furthermore, the effects
of hydrophilicity, solvent type, and ionic strength on the layered interfacial structures and thus the
trapping stability of particles are investigated, providing molecular-level insight into
thermophoresis and guidance on interfacial engineering for optothermal manipulation.
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INTRODUCTION

Manipulation of colloidal particles under external fields such as electric fields,1~3 magnetic
fields,* and light fields>—® have spurred a myriad of scientific research and applications.
Optical manipulation techniques are intriguing due to the versatile non-contact control of
various colloidal particles, including quantum dots,® dielectric particles,? and metal
particles.11-13 However, optical tweezers require rigorous optics and high optical power.
Plasmonic tweezers have emerged as a manipulation technique with low-power and simple
optics.24-17 However, plasmonic tweezers often rely on immobilized metal nanostructures,
which lack the capability for dynamic manipulation.18

Recent years have witnessed tremendous efforts in exploiting thermophoretic forces for
optical-based manipulation.1%-24 Confinement and control of single nanoparticles have been
achieved with dynamic temperature fields by Cichos’s group.21-22 Non-invasive
thermophoretic transport of molecules including DNAs and vesicles has been recently of
particular interest to the community of optothermal manipuation.19-20. 23-24 | response to
an optically controlled temperature gradient V 7, colloidal particles undergo thermophoresis
and migrate to either the cold or the hot region with a drift velocity u = -D¢V 7, where Dy is
the thermophoretic mobility. Opto-thermophoretic tweezers enable versatile low-power
manipulation of colloidal particles and living cells.2>-2° The key to opto-thermophoretic
trapping is realization of a negative sign of Dy that drives colloidal particles from the cold to
hot region. However, the system-specific thermophoretic drift of colloidal particles has not
been fully understood, resulting in variable manipulation scenarios depending on various
parameters such as temperature, ionic strength of solutions, surface chemistry of particles
and solute concentrations.30-31

Thermoelectricity is considered as a driving force for particle migration and opto-thermal
manipulation.32-36 |t is induced by thermal diffusion and spatial separation of dissolved ions
in an ionic liquid under a temperature gradient field. Wurger et a/. proposed a general opto-
thermal system, in which surface “thermocharge” accumulation under a local temperature
field leads to a thermoelectric field that can be used to concentrate or deplete colloidal
particles at the thermal hot spot.34 However, previous studies of thermophoresis in the
fluidic systems of low ionic strength and low acidity reveal the existence of non-ionic
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effects.37-39 Putnam er a/. observed an intrinsic negative Dy for carboxyl particles in LiCl
electrolyte at a low ionic strength, which arises from local excess enthalpy at the particle-
solvent interface.3’ Piazza et al. observed a negative Dy for proteins at a low temperature,
which is attributed to hydrophobic interactions at the protein-solvent interface.3® We have
recently reported the cold-to-hot migration of colloidal particles under light-generated
temperature gradient field in water.2”- 40 However, the applicability of the opto-
thermophoretic tweezers to different solvents has remained unknown.

Herein, we report opto-thermophoretic manipulation of colloidal particles in various non-
ionic liquids, including water, ethanol, isopropyl alcohol (IPA) and 1-butanol, and establish
the working principle of opto-thermophoretic tweezers at the molecular level. Our
experiments and molecular dynamics (MD) simulations reveal that thermophoretic trapping
is driven by the entropy at the particle-liquid interface, with a minor effect from the
dispersion force. The trapping stability of particles can be improved by tuning the particle
hydrophilicity, solvent type and ionic strength that determine the layered structure of solvent
molecules at the particle surface. We have further achieved opto-thermophoretic trapping,
rotation and translation of silver nanowires (AgNWSs) at a low optical power. This work
demonstrates the applicability of opto-thermophoretic tweezers to a broad range of colloidal
systems.

METHODS

Materials and Sample Preparation

The optothermal substrates were prepared by depositing 4.5 nm Au thin films on glass
coverslips with thermal deposition (Denton thermal evaporator, base pressure: 107> Torr)
followed by thermal annealing at 550 °C in air for 2 hours. The polystyrene (500 nm, 1 um
and 2 pm in diameter) and silica spheres (1 um and 2 pm in diameter) were purchased from
Bangs Laboratories. De-ionized water from a Milli-Q water purification system (resistivity
18.2 MQ-cm at 25 °C) was used. Methanol, ethanol, isopropyl alcohol and 1-butanol with
ACS grade were purchased from Fisher Scientific. As-purchased polystyrene and silica
sphere solutions were dried at 25 °C and 80 °C for overnight using a convection oven, which
were re-dispersed in different solvents with a volume ratio of 1:1000 (particle:solvent).

Hydrophobic madification of silica spheres was achieved by transferring the particles to a 50
mL RB flask with 5 mL toluene followed by addition of 3.5 mmol g~1 (w.r.t. SiO,) of
(pentaflurotrimethyl)triethoxysilane and 5 mL toluene. This reaction mixture was refluxed
for 2 hours and cooled down using an ice-water bath, which was dried at 100 °C for 12 h.
The zeta potential of the silica spheres in water was measured using a Zetasizer Nano ZS
(Malvern Instruments).

Ag nanowires (AgNWSs) were synthesized using a previously reported method.4? AgNO5
(204 mg, 1.2 mM, Alfa Aesar, 99.9+%) and CuCl,.2H,0 (6.5 mg, 0.038 mM, Aldrich) were
used as metal precursors. 1,4-butanediol (1,4-BD, Pfaltz & Bauer, 99%) and po/y-
vinylpyrrolidone (PVP, 100 mg, average M.W. 58000, Alfa Aesar) were used as solvent and
capping agent respectively. Using syringe pump, we injected the two precursors separately at
a rate of 100 mL/h into the reaction mixture being held at 185 °C. A total reaction time of
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900 s yielded AgNWs. Product purification and separation were done using two cycles of
dissolution (ethanol) and selective precipitation (hexanes; at 5500 rpm for 5 minutes). The
prepared AgNWs were dispersed in IPA for the trapping experiments.

Optical Setup

A 532 nm laser beam (Coherent, Genesis MX STM-1 W) was expanded to a diameter of ~ 5
mm with a beam expander (Thorlabs, GBE05-A) and projected onto a computer-controlled
digital micro-mirror device (DMD) to create a dynamic one-dimensional optothermal
potential on the substrate. The optical images reflected from the DMD were relayed onto the
substrate through a 1000 mm doublet lens, a 200 mm doublet lens, an infinity-corrected tube
lens, and a 40x objective lens (Nikon, NA 0.75) in an inverted optical microscope (Nikon Ti-
E). The DMD and lens were removed from the setup and a 100X oil lens (Nikon, NA 0.5-
1.3) was used to measure the trapping stiffness. We employed a color CCD camera (Nikon)
and a fast monochromic CCD camera (Andor) to record optical images and to track
particles, respectively. A 532 nm notch filter was inserted between the objective and the
cameras to block the laser beam.

Computational Fluid Dynamic Simulations

The temperature gradient field created by a laser beam focused at the substrate-solvent
interface was computed with a finite-element solver (COMSOL Multiphysics). For
simplicity, a two-dimensional axisymmetric model comprised of a glass substrate, an Au
film, and the solvent was established. Pre-defined conjugate heat transfer and Laminar flow
models were used to simulate the heat transfer and fluid dynamics. A Gaussian distribution
heat source was placed at the substrate-solvent interface to model the optical heating from
the laser beam. Room temperature was set at all other boundaries.

Molecular Dynamics Simulations

The structure of the silica surface was obtained from Heinz and coworkers at https://
bionanostructures.com/interface-md/, and corresponds to the surface of silica nanostructures
> 200 nm in diameter at pH 7.42 The structure included ionization at the surface with 0.84
SiO-Na+ per nm?, and the silica slab and associated sodium ions were modelled using the
INTERFACE force field by Heinz et a/..*3 The coordinates and force-field parameters were
converted from version 1.5 from the aforementioned website with the supplied msi2namd2
program, followed by conversion to gromacs format using psf2top.py (https://github.com/
resal81/PyTopol). Water and methanol were modeled with the SPC/E water model and
CHARMMS36 force field, respectively.*4-4> Some core silicon atom types (SI1, SI4, SI7)
were frozen to prevent deformation and provide a stationary reference. All system
construction, simulation and analysis were carried out using GROMACS 5.0.7.46 The
system was constructed by solvating the 3.4 x 3.5 x 1.9 nm? silica slab and associated Na*
ions in either 1800 water or 750 methanol, resulting in a periodic box of 3.4 x 3.5 x 5.8 nm3.
A steepest descent energy minimization was performed, and the followed simulations used a
2 fs time step and constraint of bonds between hydrogens and other heavy atoms using the
LINCS algorithm.#7 Electrostatic interactions were calculated using the particle mesh Ewald
method of summation with a cutoff value of 1.2 nm.*8 The “v-rescale” thermostat was used
to maintain a system temperature of 298K.4% The system was equilibrated by NVT
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simulation for 200 ps prior to a production run of 60 ns. Trajectories were visualized using
UCSF-Chimera® and analysis was performed using GROMACS built-in packages.

RESULTS AND DISCUSSION

The working principle of opto-thermophoretic tweezers is illustrated in Figs. 1a & b. A laser
beam is focused onto an opto-thermal substrate (see Methods Section) to create a
temperature gradient field at the substrate-solvent interface. Colloidal particles with surface
charges are suspended in non-ionic polar solvents. Under the temperature gradient field, a
colloidal particle migrates from the cold to hot region and gets trapped at the laser beam
center with the balance of the entropy-driven force A, optical gradient force, optical
scattering force and particle-substrate interaction.

Migration of the particle due to the entropy-driven force A can be described by Anderson’s
model where the thermophoretic drift velocity u is expressed as3’: 91

2 2K

u= _DTVTZﬂ_TZK—-FKP

szh(z)szT 1)

where Dr is the thermophoretic mobility, V 7'is the temperature gradient, 7 is the viscosity
of the solvent, T is the temperature, xand xpare the thermal conductivities of the solvent

and the particle respectively, and /| Sozh(z)dz is the slip-velocity coefficient with /A(2)as the

local excess enthalpy density at a distance zfrom the particle surface (compared with that at
an infinite distance). When the local excess enthalpy density is mainly due to polarization of

solvent molecules under the interfacial electrical field, /(2)can be evaluated as

d In &(z)
olnT

%8(2)(1 + )Ez(z), where e is the dielectric constant of solvent as a function of zand

~

E(2) is the local electrical field.3” We approximate %e_j, &(2) as ep, and aahllnE(TZ) at the

particle-solvent interface as an effective value z, where ('is the surface potential of the
particle, A is the effective decay length of the local electrical field and & is the dielectric
constant of the solvent in the bulk region. Therefore, the thermophoretic drift velocity u is
given by

& 2k

__b Kk 2
u= 2;7T21<+1<P(1 + VT (2)

We can see that one of the parameters that determine the particle migration direction is z,
which is related to the structures of the solvent molecule at the particle-solvent interface.
52-55 As described in the BDM model proposed by Bockris, Devanathan, and Muller,>2

solvent molecules adsorb onto the charged surface of a colloidal particle to form layered
structures at the particle-solvent interface. As shown in Fig. 1b, the molecules in the first
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layer have their orientation aligned with the electric field from the surface charges, while
those in the second layer are partially oriented toward the particle surface. The molecules in
the third layer and beyond (/.e., bulk region) become disordered.

Under an externally applied temperature gradient, the orientation of the interfacial molecular
dipoles at the hot side of the particle becomes disordered due to the increased entropy,
leading to a higher permittivity and thus a higher electric energy density. Interestingly, the
increased permittivity at the higher temperature leads to a positive t in Equation (2),
rendering the thermophoretic motion of the particle from the cold to the hot region to
achieve opto-thermophoretic trapping. As illustrated in Fig. 1b, the permittivity gradient
induces a slip flow,31 which leads to the interfacial-entropy-driven force £ (red arrow) and
drags the particle to the hot region.

There is also a dispersion force £y, which arises from the density gradient of the solvent
under the temperature gradient (Fig. S1).31 In contrast to the interfacial-entropy-driven
force, the dispersion force drives particles from the hot to cold region. Common solvents
expand upon heating with one exception (/.¢e., water below 5 °C). The colder solvent with a
higher density experiences a stronger van der Waals attraction from the particle, leading to a
slip flow that drives the particle towards the cold region, as illustrated in Fig. S1. According
to Wurger’s hydrodynamic model,3! the thermophoretic drift velocity due to the dispersion
force is written as

— _ 2pH
u= 9m]d0VT 3)

where Sis the thermal expansivity of the solvent, /is the Hamaker constant of the particle-
solvent interactions, ap is a molecular length scale, and 7 is the viscosity of the solvent.

For a charged colloidal particle under a temperature gradient V 7, the thermophoretic
migration can also be contributed by temperature-gradient-induced distortion of the Debye
layer.58 A temperature gradient will deform the Debye layer, leading to an electric force
acting on the surface charges of the colloidal particle and a solvent-friction force on the
surface of the colloidal particle. The two forces are typically a factor ;E smaller than that
caused by the temperature dependence of the internal electrostatic energy at the interface
(equation (2)). We thus exclude their contributions on the thermophoretic migration as the
polar solvents in our experiments have relatively large dielectric constant &, (spans from
20&q to 80&g). Thermo-osmotic flow also coexists with the thermophoretic migration once a
temperature gradient is created at the substrate-solvent interface. Thermo-osmotic flow that
is parallel to the substrate surface has a negative effect in trapping, which is significant for a
very thin Debye layer compared to the particle size.31 57 We neglect the thermo-osmosis
effect for a low ionic strength of the polar solvents and a large Debye screening length (in
the order of um) of the charged substrate surface.
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As an example, we use polystyrene (PS) spheres in water as an example to compare the
effects of the dispersion force and the interfacial-entropy-induced force on the
thermophoresis of the colloidal particles. Since the ionic sulfate groups grafted on the
surface of PS spheres make a rough interface, the van der Waals interactions between the
particle and water is weak and the molecular length scale g should be estimated based on
the size of the ionic sulfate groups rather than the size of the solvent molecules. With gy ~ 1
nm, H~2x10720), f~2.56 x 1074 K~ and 7~1.08 x 1073 ¢P at 25 °C, Dy induced by
the dispersion force is 0.35 um? K=1 571, With ¢~ 50 mV and z~2,%8 Dr induced by the
interfacial-entropy-induced force gives a value of =3 um? K=1 571, which is one order of
magnitude higher than that caused by the dispersion force. The opposite signs of Dy indicate
that the dispersion force drives the particle from the hot to the cold region while the
interfacial-entropy-induced force drives the particle from the cold to the hot region. It should
be noted that the dispersion force can dominate over the entropy-driven force for colloidal
particles in solvents with a high thermal expansivity gand a low viscosity 7 (e.g.,
methanol).

To experimentally explore the roles of the entropy-induced force and dispersion force in
opto-thermophoretic manipulation of colloidal particles, we studied kinetics of 1 um PS
particles under a light-generated temperature gradient field in water and methanol,
respectively. We carried out real-time tracking of the particles with a fast CCD camera, as
shown in Fig. 1c and Fig. 1d. A laser beam with a diameter of 2 um and a power intensity of
0.16 mW/um? was focused onto the optothermal substrate to create a localized temperature
gradient field (Fig. S2). The particle solutions were contained in a 20 pm thin chamber
above the substrate to reduce thermal convection.>® Upon irradiation of the laser beam, a
particle in water was rapidly delivered towards and trapped at the beam center (Fig. 1c). In
contrast, a particle in methanol was repelled away from the beam center and the substrate
upon the irradiation of the laser beam (Fig. 1d and Video S1). It should be noted that particle
migration was driven by the temperature gradient field rather than the optical gradient force.
Our weakly focused laser beam, which has a diameter of 2 um, generates a small optical
gradient force compared to the opto-thermophoretic force.

We further measured the drift velocities of the particles under the temperature gradient field
in water and methanol (Fig. S3). For 1 um PS particles, we obtained an absolute value of ~
10 um s71 in both solvents. Considering an average in-plane temperature gradient of 4 K pm
-1 (Fig. S2), we calculated the drift velocity of 12 um s1 in water (Equation 2), which is
close to the experimental value. Wurger’s hydrodynamic model gives a drift velocity of —12
um s~1 in methanol, which indicates that the dispersion force drove the anti-trapping of the
particle due to the weak entropy-induced force. We also measured the drift velocities of 2
um PS particles in water and methanol (Fig. S3 and Video S2). The drift velocity for 2 um
PS particles in methanol is slightly smaller than that of 1 pm PS particles in methanol. The
smaller velocity is attributed to the weaker average temperature gradient field and negligible
hydrodynamic boundary effect due to repulsion of the particle away from the substrate.49: 60

To identify the mechanisms and driving forces of colloidal thermophoresis, molecular
dynamics simulations have been applied to study thermophoretic migration behaviors for a
small number of systems.61-62 To validate the mechanism behind entropy-driven force in
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opto-thermophoretic tweezers at the molecular level, we carried out molecular dynamics
(MD) simulations to investigate the structure of solvent molecules at the particle interface.
As similar trapping and anti-trapping of silica spheres under a temperature gradient field in
water and methanol was observed with the case of PS spheres, we used a well-established
model of the silica surface to simulate the interfacial solvent structure. Snapshots of the
simulation boxes after 80 ns MV/T simulation are shown in Figs. 2a & b, together with the
number density profiles (Fig. 2c) and orientational polarization profiles (Fig. 2d). As shown
in Fig. 2c, the number density for both water and methanol molecules exhibits an oscillatory
behavior, suggesting the formation of layered structures of solvent molecules, /.e., layers
(peaks) and sublayers (dips), at the silica-solvent interfaces.63-64 The slight out-of-phase of
the two curves is due to the different molecule sizes between water and methanol. The
number density becomes relatively uniform as it approaches the bulk phase with increased
distance from the silica surface.

The orientational polarization profile < cos(6)>, which represents the degree of ordering in
the solvent layers, was obtained by calculating the normalized cosine of the angle between
the molecular dipoles and the normal of the silica surface, as plotted in Fig. 2d. In water, the
orientation of dipoles decays exponentially as distance from the interface increases, with the
dipole orientation becoming random in the bulk region. This justifies our permittivity
gradient model in evaluating the thermophoretic mobility Dr in equation 2. Beyond the
electrostatic charge-dipole interactions, hydrogen bonding at the interface also plays a
critical role in the structuring of the solvent molecules, which is termed as a “solvation
layer”.5% 65 |n methanol, the polarization profile exhibits damped oscillations, which is due
to the formation of an antiparallel bilayer structure.54 Within the layered solvent structure,
the first layer of well-oriented methanol molecules (r ~ 0.25 nm) interacts with the silica
surface via hydrogen-bonding and presents a hydrophobic surface, inducing an opposite
polarization in the second layer (r ~ 0.5 nm). This layered structure accounts for the weak
entropy-driven force in methanol because the cancellation effect of the antiparallel layers
leads to a significantly diminished slip flow at the particle-methanol interface. Though
surface defects need to be considered for realistic surfaces of silica spheres, the surface
defects will not affect the formation of layered structures but increase the population and
dynamics of the molecules at the interface, in other words, it will amplify the interfacial
effect for thermophoretic trapping.54

According to our established working mechanism, the entropy-driven force must dominate
over the dispersion force to enable opto-thermophoretic trapping of colloidal particles. We
can choose suitable polar solvents to meet this requirement. For ethanol, IPA and 1-butanol
where gy~ 2 nmand H~ 1 x 10720 J, Dy contributed by the dispersion force is ~ 0.55, ~
0.26 and ~ 0.11 um? K~1 571, respectively, which is smaller than the contribution from the
entropy-driven force (in the order of um2 K1 s71). Thus, we expect that opto-
thermophoretic trapping of particles can be achieved in these solvents, which has been
verified experimentally. As examples, we demonstrated opto-thermophoreic trapping of 500
nm PS spheres in water, ethanol, IPA and 1-butanol. Moreover, the trapping stability in these
solvents was studied by tracking the position fluctuations of the particles under the
temperature gradient field. The histograms of the particle displacement are presented in Figs.
3a—d (x direction) and Fig. S4 (y direction). Gaussian fitting was used to measure the
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variance o of the Brownian motion and to extract the trapping stiffness x =

trapping stiffness in water has the largest value of 7.5 £5.0 pN/um. The particle trapping in
1-butanol is not stable where the position fluctuation reaches a non-harmonic region that is
outside the laser beam. Since the trapping stiffness x & Dr,67 the trapping stability is

b 2«
T

influenced by the term —
nT 2k + K

in Equation (2), the values of which are summarized in

P
Table S1. 1-butanol leads to a trapping stiffness one order of magnitude smaller than water
due to its small dielectric constant and large viscosity. The ratio of the trapping stiffness in
ethanol to that in water is less than the value predicted by Equation (2) (Table S1), which

can be attributed to the smaller %4 and the larger dispersion force in ethanol. The trapping
stiffness in IPA is comparable to that in ethanol where strong particle-solvent interactions
with extended interfacial structures occur.88 The consistency between the experiments and
the models of the particle-trapping in the various solvents further validates the mechanism of
the entropy-driven force in opto-thermophoretic tweezers.

We have further demonstrated fine tuning of opto-thermophoretic trapping of colloidal
particles by controlling surface chemistry of the particles or ionic strength of the solvents.
Both surface chemistry and ionic strength can modify the interfacial molecule layers and
thus the entropy-driven force. Fig. 3e shows the trapping stiffness of 1 um hydrophilic and
hydrophobic silica (SiO,) particles in water. To increase the hydrophobicity, the as-
purchased hydrophilic silica particles were coated with (pentaflurotrimethyl)triethoxysilane,
which reduced the concentration of silanol groups on the particle surfaces and extended the
hydrophobic areas. The surface charge was not changed by the coating, as shown by zeta-
potential measurements (Fig. S5). A lower trapping stability was observed for the
hydrophobic particles. This is because the poor adsorption of water molecules on the
hydrophobic surfaces weakened the layered structure and thus reduced the entropy-driven
force.%2 It should be noted that the optical gradient force is much weaker than the entropy-
driven force, which is verified by the release of a trapped hydrophilic silica particle when
translating it from the optothermal substrate to the glass substrate (Video S3). We used 120
um chambers to avoid spontaneous adhesion of silica particles to the substrate. Though a
stronger convection at thicker chambers may lower the trapping stability,*? hydrophilic
particles will maintain a higher trapping stiffness than that of hydrophobic ones for a
stronger entropy-driven force. Fig. S6 shows the measured trapping stiffness of 500 nm PS
spheres in water as a function of NaCl concentration. The trapping stiffness decreased when
the NaCl concentration was increased, and could not be achieved any more once the NaCl
concentration was increased to 400 uM. We believe that the increased ionic strength, and
thus the ion-molecule interactions, destabilized the layered structure at the particle-solvent
interface.2” In addition, a thermoelectric effect that led to O~ 2 um? K= s71 occurred,31- 69
setting an upper limit of ionic concentration for opto-thermophoretic tweezers. However, as
the saturated NaCl concentration in IPA is much lower than that in water, trapping stability
is maintained across the entire NaCl concentration range in IPA, as shown in Fig. 3f.

Lastly, we demonstrated the opto-thermophoretic manipulation of Ag nanowires (AgNWSs).
The AgNWs have a length in the range of 2-12 um and a width in the range of 50-300 nm
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(see Fig. S7). Optical manipulation of metal nanostructures is challenging due to enhanced
optical absorption and scattering, which dramatically increases the optical radiation force.
We dispersed the AgNWs in IPA where the entropy-driven force could overcome the optical
scattering force to achieve opto-thermophoretic trapping of the AgNWs. We further achieved
the opto-thermophoretic transport and rotation of AgNWs at a low optical power using a
one-dimensional optothermal potential, as shown in Fig. 4a and Video S4. The controlled
rotation of a single AgNW above the other AgNW immobilized on the substrate was also
demonstrated (Fig. 4b), showing the potential of opto-thermophoretic tweezers for assembly
of nanowires into functional components and devices.

CONCLUSIONS

We have established the working mechanism of opto-thermophoretic tweezers for colloidal
particles in non-ionic liquids at the molecular level. Specifically, opto-thermophoretic
trapping is driven by the entropy at the particle-liquid interface with a minor effect from
dispersion forces. The entropy-driven force arises from the structured solvent layers at the
particle-solvent interfaces, which is supported by all-atom MD simulations. Parameters such
as particle hydrophilicity, particle surface charge, solvent type and ionic strength can be
adjusted to control the interfacial structure of the solvent molecules in order to improve the
trapping stability of colloidal particles. With their low-power operation and simple optics,
opto-thermophoretic tweezers will find applications in colloidal science, materials science,
cell biology, and nanofabrication.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Working principle of opto-ther mophor etic tweezers
(a) Schematic illustration of thermophoretic trapping of a colloidal particle at the hot region

of an opto-thermal substrate upon irradiation by a laser beam. (b) Schematic illustration of a
layered structure of solvent molecules at the particle-solvent interface. The interfacial-
entropy-driven force £ (red arrow) originates from an induced slip flow (green arrows)
under a temperature gradient field V 7, driving the particle from the cold to hot region for its
trapping at the laser beam. (c) Schematics and optical images of trapping of a 1 um
polystyrene (PS) sphere in water due to the dominance of the interfacial entropy-driven force
F. (d) Schematic and optical images of anti-trapping (/.¢., repulsion from the light-irradiated
hot region) of a 1 pm PS sphere in methanol due to the dominance of dispersion force Ay
(See Figure S1). A laser beam with a diameter of 2 um and a power intensity of 0.16 mwW/
um2 was irradiated onto the opto-thermal substrate (indicated by red circles in the optical
images of ¢ & d). A 20 um thick chamber that contains the colloidal solution was stacked on
top of the substrate. Scale bars in the optical images of (c—d) are 5 um.
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Figure 2. Molecular dynamics simulation of silica-water and silica-methanol interfaces
Snapshots of the simulation box with (a) water and (b) methanol in contact with a silica

surface at pH 7.5. (c) Number density profiles of water molecules (red) and methanol
molecules (black) at the interface. (d) Orientational polarization profiles (relative to axis
perpendicular to the silica surface) of water molecules (red) and methanol molecules (black)
at the interface respectively. In (c—d), the origin of the r~axis is set to the silica surface.
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Figure 3. Effects of solvent, particle hydrophilicity and ion concentration on opto-
thermophoretic trapping of colloidal particles

(a—d) Measured histograms of particle displacement and the corresponding trapping stiffness
(x direction) for 500 nm PS spheres in water, ethanol, IPA and 1-butanol. (e) Measured
trapping stiffness for 1 um hydrophilic and hydrophobic silica (/.e., SiO,) particles in water.
The dots indicate the values of different particles. The columns indicate the average values.
(f) Measured trapping stiffness for 1 um PS spheres in IPA as a function of NaCl
concentration. A focused laser beam with a diameter of ~ 520 nm and an optical power of ~
0.5 mW was illuminated onto the optothermal substrate with a thin chamber of (a—d, f) 20
pum in depth and (e) 120 pum in depth. Standard deviations (a—d) and error bars (f) of the
trapping stiffness were obtained by tracking 5-6 different particles.
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Figure 4. Opto-ther mophoretic manipulation of AQNWsin [PA
(a) Schematic illustration and (b) time-resolved dark-field optical images of rotation of a

AgNW with one-dimensional optothermal potential. (c) Schematic illustration and (d) time-
resolved dark-field optical images of rotation of a AGQNW over another AQNW printed on the
substrate. Insets in (b) and (d) show the orientations of the 10 p1 um? line-shaped laser beam
with an optical power of 0.67 mW. Scale bars: (b) 10 ym and (d) 5 um.
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