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Abstract

When an intense 1,064-nm continuous-wave laser is tightly focused at solu-
tion surfaces, it exerts an optical force on molecules, polymers, and nanopar-
ticles (NPs). Initially, molecules and NPs are gathered into a single assem-
bly inside the focus, and the laser is scattered and propagated through the
assembly. The expanded laser further traps them at the edge of the assem-
bly, producing a single assembly much larger than the focus along the sur-
face. Amino acids and inorganic ionic compounds undergo crystallization
and crystal growth, polystyrene NPs form periodic arrays and disklike struc-
tures with concentric circles or hexagonal packing, and Au NPs demon-
strate assembling and swarming, in which the NPs fluctuate like a group of
bees.These phenomena that depend on laser polarization are called optically
evolved assembling at solution surfaces, and their dynamics and mechanisms
are elucidated in this review. As a promising application in materials science,
the optical trapping assembly of lead halide perovskites, supramolecules, and
aggregation-induced emission enhancement–active molecules is demon-
strated and future directions for fundamental study are discussed.
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1. INTRODUCTION

The laser (light amplification by stimulated emission of radiation) has been contributing to the
development of physical chemistry since its invention in 1960 (1). Coherent oscillation from a
cavity shows characteristics of light such as monochromaticity, pulse mode, and directionality.
This allows light–matter interactions to be studied in more detail and the microscopic nature of
molecules to be clarified. The monochromaticity has opened state-to-state chemistry in which a
particular rotational, vibrational, and electronic level of the molecule is excited, and the resulting
excited state in a specific rotational, vibrational, and electronic energy level undergoes selective
relaxation and reaction. This fundamental chemistry on isolated molecules in the gas phase has
been one of the major research areas in physical chemistry (2). The pulsed laser was soon in-
troduced to time-resolved spectroscopy, which was originally called flash photolysis before the
use of the laser was introduced (3). Nanosecond, picosecond, and then femtosecond chemistry
have received a great amount of attention as new frontiers in physical chemistry (4–6). Because
the laser can be well focused under a microscope, this allowed the development of many inno-
vative tools and studies, such as optical imaging, super-resolution microscopy, single-molecule
fluorescence spectroscopy, and multiplane observation (7–11). In all of this research, laser light is
used as an energy source for molecular reactions or as a light source for monitoring physical and
chemical processes; in these studies, laser light is generally absorbed, scattered, and/or diffracted.
However, light was not widely recognized as a source of mechanical force, and many scientists
did not expect chemistry by optical force even when Ashkin and colleagues (12) proposed optical
tweezers.

Upon light–matter interaction, the momentum of photons can be transferred to the material,
exerting mechanical force on it. This idea was first experimentally tested by Lebedev (13). A large
yet lightweight target set in vacuum showed a small tilt when it was irradiated by a conventional
light. Now the high-intensity light of lasers can be focused on a small area so that a large transfer
of momentum from light to matter is possible. This opens up the new research area of optical
manipulation (14–31).Ashkin first demonstrated that a polymermicroparticle (MP) can be pushed,
levitated, and transferred by two counterpropagating continuous-wave (CW) laser beams in 1970
(32) and proposed optical tweezers by tightly focusing a single laser beam on a single MP (12,
33). This technique was soon applied to biological targets such as living single cells, bacteria,
and DNA (34–37). One of the authors of this review (H. Masuhara), with colleagues (38, 39),
introduced a Galvano mirror set to microscopic systems and achieved free manipulation of single
MPs and single liquid droplets in the focal plane. This idea was then integrated with fluorescence
spectroscopy (40), time-resolved absorption spectroscopy (41), microelectrochemistry (42), laser
ablation (43), and photopolymerization (44) to explore and analyze various chemical phenomena
by utilizing optical force. The results for single MPs and single microdroplets based on optical
trapping were summarized by our research groups (45, 46) and then Ashkin (47, 48) introduced
the research area called optical trapping–based microchemistry.

In optical manipulation, the smallest target is atoms, and indeed, atom trapping is made possi-
ble by laser cooling (49). For the nanometer-sized targets between MPs and atoms, various kinds
of molecules and nanomaterials have been widely studied; typical examples are molecular clusters
(50–53), aggregates (54, 55), polymers (56–61), supramolecules (62–64),DNAmolecules (65), car-
bon nanotubes (66, 67), micelles or vesicles (68–70), quantum dots (71–73), nanodiamonds (74),
nanowires (75–77), polymer nanoparticles (NPs) (78, 79), and metal NPs (80–85). In this review,
these targets are called generally referred to as NPs. To provide background for this discussion,
we first summarize the theoretical framework for how mechanical force is loaded onto NPs based
on Rayleigh scattering and point-dipole approximation (86).
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When the radius of an NP is sufficiently smaller than the wavelength of the laser, this approx-
imation can be used to describe the behavior of the NP in an electromagnetic wave. An NP is
treated as an induced, simple point dipole, and optical force is exerted on this dipole. The force
can be divided into two components: a scattering force component (Fscat) and a gradient force
component (Fgrad). The scattering force is associated with the momentum change of the electro-
magnetic wave. Upon laser irradiation, light scattering is induced by the dipole, and the moment
of the incident light is transferred to an NP. Due to this momentum change, the scattering force
(Fscat) is exerted on an NP. This force is given by the equation

Fscat (r) = Cscat · 〈S(r, t )〉T
c/n2

, 1.

where n2 is the refractive index of a surrounding medium, c is the speed of light in a vacuum,Cscat

is the scattering cross section of an NP, and 〈S(r, t )〉T is the time-averaged Poynting vector at
position r. When the radius of the NP (a) is used, the scattering force increases in proportion to
a6.

The gradient force is associated with a Lorentz force that acts on a dipole located in an inho-
mogeneous electromagnetic field. The gradient force that an NP experiences in a steady state is
given by

Fgrad (r) = πn22ε0a3
(
m2 − 1
m2 + 2

)
∇|E (r)|2, 2.

where ε0 is the dielectric constant in the vacuum,m is the relative refractive index of the NP, and
E(r) is the electric-field vector. The intensity of the laser, I(r), is defined as

I(r) = 1
2
n2ε0c|E(r)|2. 3.

Given this definition, the gradient force is then calculated in terms of the intensity distribution of
the beam by

Fgrad(r) = 2πn2a3

c

(
m2 − 1
m2 + 2

)
∇I(r). 4.

Considering the relationship between force and potential, the optical potential energy well is
described by

Ugrad(r) = −2πn2a3

c

(
m2 − 1
m2 + 2

)
I(r). 5.

Different from the scattering force, the gradient force is proportional to a3. In an optically evolved
phenomenon, assembly size increases with time so that the balance between the scattering force
and gradient force is dynamically changed.

The optical forces that are exerted on MPs consist of gradient and scattering forces. When
the gradient force is larger than the scattering force, optical trapping is possible. This is generally
true in bulk solution; however, the situation is different at liquid/air, liquid/liquid, and liquid/solid
interfaces, where the scattering forces toward the interfaces can also immobilize the object. Thus,
even small objects can be trapped at an interface with relatively weak gradient forces, leading to
new optical assembling phenomena.

We usually use a 1,064-nm CW laser as a trapping light source, as its long wavelength tends to
hamper multiphoton excitation of the trapping targets. NPs are much smaller than the focal area,
so a number of NPs can be confined in a given potential. TheNPs physically and chemically inter-
act with one another, producing various phenomena under optical trapping. As the local concen-
tration of NPs in the confined potential increases above a certain level, association, aggregation,
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cluster formation, and even nucleation can be induced. The range of phenomena produced can
be expanded. If the trapping laser light is absorbed by solvent molecules through their vibrational
overtone mode, the local temperature becomes elevated. For example, an elevation of 22 K per
1W of laser power is estimated for 1,064-nm laser trapping in aqueous solution (87). The temper-
ature distribution is wider than the focal volume due to thermal conduction. Therefore, a thermal
phase transition that starts at the focus expands into the area where the temperature is high. In
these cases, the optical potential only triggers the phenomena, and the assembly expands outside
of the focus following thermodynamic conditions determined by temperature, concentration, and
other factors.

At the surface and interface, the trapping laser at the focus is strongly scattered by the trapped
NPs and is propagated through the gathered NPs, forming an attractive potential at their edge.
Themultiple scattering results in a decrease in the laser’s intensity; however, a small gradient force
is usually enough to immobilize the NPs. Also, the scattering force pushes NPs toward the surface
and interface, contributing to their immobilization. As a result, a single assembly of NPs can grow
to becomemuch larger than the focus along the solution surface and interface. In the past decades,
we have demonstrated various interesting phenomena that we call optically evolved assembling,
and we have been elucidating their dynamics and mechanisms that are characteristic of solution
surface and solution/glass interfaces.

In this review, we mainly summarize our seminal research and discuss the evolved trapping of
molecules and NPs at solutions and interfaces. Our viewpoint for comprehensively understanding
their dynamics and mechanisms is based on optical trapping potential expansion by nonlinearly
evolving interactions between the trapping laser and the NPs. The Gaussian beam potential is
tightly focused on a solution surface and interface where a singleNP is trapped (Figure 1a).When
the NP concentration of the mother solution is high, many NPs are confined, triggering cluster
formation, crystallization, and crystal growth of molecules as well as phase transition of the poly-
mer solution, phenomena that are similar to those observed under conventional thermodynamic
conditions. In the case of low solute concentration, the trapping potential does not change much.
The advantage of optical trapping is its high spatiotemporal controllability. When the trapping
laser light is scattered by the trapped NPs at a surface and interface, the laser propagates through
the trapped NPs and they interfere with one another, expanding the optical trapping potential.
Optically evolving crystallization, periodic arrangement of polystyrene (PS) NPs, and the assem-
bly and swarm of Au NPs, which are never observed in solution, are illustrated in Figure 1b–d,
respectively. In the following sections, we present how new molecular and NP phenomena are
induced at a solution interface by optical force, propose their dynamics and mechanisms, and de-
scribe possible applications.

2. CHEMICALLY EXPANDING ASSEMBLY OF MOLECULES
AND POLYMERS IN SOLUTION

Under the optical conditions in our group’s experiments, the effective focal volume is diffraction
limited so that the attractive potential size is about 1 μm. Conventional organic molecules and
inorganic compounds are small, so the exerted optical force is weak and does not stop vigorous
Brownian motion in solution at room temperature. Their movement is just slowed down, which is
called biased diffusion (88–90). Our optical trapping experiments have shown that a few nanome-
ters and 20 nm are the necessary diameters for metal and organic NPs, respectively. One example
is shown in Figure 2a (58), in which polymers were trapped at a focus and aggregated with each
other, producing a single assembly. The assembly, which was saturated by radiation, was about
1 μm in size, similar to its focal volume. In this case, the gradient force overcame the scattering
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Figure 1

Illustrations of optically evolved assembly. The modification of optical potential and the expansion of the
distribution of molecules and nanoparticles (NPs) are induced by interactions between the trapping laser and
the NPs. (a) A single NP at a solution surface, (b) a single crystal of l-phenylalanine at a solution surface, (c) a
single assembly of polystyrene (PS) NPs with hornlike elongated linear aggregates at a solution/glass interface,
and (d) Au NPs at a solution/glass interface. As NPs are distributed only below the solution surface and
interface, the top of each illustration is flat. The focal volume of the 1,064-nm trapping laser is approximately
1 μm3, while the optically evolving molecular crystal shown in panel b, the periodic arrangement of PS
NPs with four horns in panel c, and the two swarms of Au NPs in panel d reach a few tens of micrometers.

force in the focal volume; however, for a larger trapped aggregate, the scattering force can be
stronger than the gradient force. In the latter case, the aggregate was then ejected from the fo-
cus. This is one reason why an assembly in solution usually has a size similar to that of the focal
volume. This behavior is quite common in solutions and has been systematically confirmed for
poly(N-isopropylacrylamide) (PNIPAM) and its family (56, 57).

The 1,064-nm trapping laser excites the overtone vibrational mode of H2O, leading to local
laser heating (87) and subsequent thermal conduction. In the case of PNIPAM in aqueous solu-
tion, the polymer changes from random coil to globule conformation with prolonged irradiation,
exhibiting a sol–gel phase transition. Indeed, one assembly observed at the focus reached a size
of 10 μm, much larger that the focal volume, reflecting the heated area (56). To monitor the
local structures of polymers, pyrene-labeled PNIPAM (Py-PNIPAM) was studied, as shown in
Figure 2b (57). Dimer fluorescence around 480 nm reflects a high local concentration of dimer
configurations in the ground state, while the vibrational structure of pyrene fluorescence indicates
local polarity. Both photothermal and optical trapping effects determine the assembly structure in
H2O, but the former effect is hampered in D2O and the characteristic spectral change indicates
strong packing of PNIPAM by optical trapping.
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Another example shown in Figure 2c is the formation of ordered fibril- and particle-like as-
semblies during the solvent evaporation process on a glass substrate (60). This is achieved by
combining laser irradiation with convection flow in the cast solution. When the viscous drag of
the solution in the convection is stronger than the optical force, fibril-like assemblies can form.
The molecular orientation in these assemblies differs from that in self-assembled fibril-like struc-
tures, and such orientation can be controlled by the polarization direction of the focused laser
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Figure 2 (Figure appears on preceding page)

Optical trapping and assembling phenomena coupled with thermal effects. (Left, i) Illustrations of the experiments. (Right, ii) Schematic
illustrations of respective laser trapping behaviors. The laser power is given in corresponding optical images. (a) Laser trapping
behavior of poly(N-vinylcarbazole) in N,N-dimethylformamide. (i) Optical transmission micrographs around the focal spot, showing a
particle-like molecular assembly. Panel a subpanel i adapted with permission from Reference 58; copyright 1998 American Chemical
Society. (b) Fluorescence analysis of laser trapping of pyrene-labeled poly(N-isopropylacrylamide) in H2O and D2O. (i) Optical
transmission micrographs around the focal spot in H2O, producing (ii) a large molecular assembly due to photothermal effects.
(iii, iv) Normalized fluorescence spectra, which were obtained by laser trapping in (subpanel iii) H2O and (subpanel iv) D2O solutions,
are shown at the different irradiation times. Panel b subpanels i, iii, and iv adapted with permission from Reference 57; copyright 1997
American Chemical Society. (c) Laser trapping behavior of poly{2,7-[9,9-bis(2-ethylhexyl)fluorene]} in tetrahydrofuran. (i) Fluorescence
images and (ii) illustrations show the fibril-like assembly growing along the solvent flow. The chemical structure of the polymer is given
in the inset to subpanel i. Panel c subpanel i adapted with permission from Reference 60; copyright 2007 American Chemical Society.
(d) A millimeter-scale dense liquid droplet of glycine (23 wt%) formed under focused laser irradiation of a thin film of the D2O
solution. (i, Top) Optical micrographs are shown of the sample and (bottom) the corresponding solution surface profiles before and after
irradiation. Panel d adapted with permission from Reference 95; copyright 2012 American Chemical Society.

beam.When the viscous drag of the convection solution is weak, particle-like assemblies form in
which polymer orientation is still controllable by the polarization direction of the trapping laser.

Heat generated at the focal spot diffuses to the surroundings, and surface tension decreases with
increasing temperature. Due to the resultant inhomogeneous distribution of surface tension, the
solution surface becomes depressed around the laser focus (91, 92), leading to the formation of an
ultrathin film just a few micrometers in thickness. In parallel, convection flow transports solutes
to the depressed area upon which optical force is acting (93). As a result, the efficient optical
trapping of transported solutes is achieved, and the local solute concentration quickly increases,
resulting in nucleation for liquid–liquid phase separation (LLPS). In fact, a dense liquid droplet is
formed through phase separation in a thin film of a supersaturated D2O solution of glycine (94,
95). Liquid nucleation takes place after the surface depression occurs, and the liquid nucleus grows
increasingly larger by absorbing solutes from the surrounding solution. As shown in Figure 2d,
the droplet takes on a thin convex shape with a diameter of 5 mm, which is 5,000× larger than
the focal spot (about 1 μm in diameter). The saturation degree of the droplet is 2.7, but it remains
a liquid without crystallization under laser irradiation. Similar droplet formation is observed for
other amino acids, potassium chloride, and urea. As introduced in Figure 2b–d, optical trapping
occasionally accompanies thermal effects, such as the phase transition of polymers, convection
flow, and surface deformation, through which a uniquemolecular assembly with a size much larger
than that of the focal volume is formed in a spatially and temporally controlled manner.

3. OPTICALLY EVOLVING CRYSTALS AT THE SOLUTION SURFACE

During laser trapping at a solution surface, molecular or ionic crystals are formed at the focal
spot. This crystallization was first demonstrated for glycine in 2007 (96). Since then, it has been
observed for other amino acids (97–105), potassium chloride (106), sodium chlorate (107), and lead
halide perovskites (108, 109). Laser trapping locally and transiently increases the concentration
of solutes not only at but also around the focus. Therefore, crystallization can be induced even in
an unsaturated solution. A representative example is given in Figure 3a (101). The trapping laser
was focused onto the surface of an unsaturated solution of l-phenylalanine (l-Phe). The initial
solution has a saturation degree of 50%, a situation that never exhibits spontaneous crystalliza-
tion. After several minutes of irradiation, crystallization is induced at the focal spot. The resultant
plate-like l-Phe crystal is stably trapped at the focus and continuously grows larger. This crystal
growth pauses when the laser power is decreased to one-twentieth of the original value. The crys-
tal is stably trapped even at this low laser power but starts to dissolve after a certain amount of
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Figure 3

Laser trapping–induced crystallization of l-phenylalanine (l-Phe) in H2O. (a) Optical transmission micrographs around the focal spot
and (b) a graph of time evolution of the crystal plate area during laser trapping at the air/solution interface. Panels a and b adapted with
permission from Reference 104; copyright 2018 American Chemical Society. (c) A schematic illustration of laser trapping dynamics at
1.1 and then 0.06 W. (d) Optical micrographs of particles around an l-Phe crystal. Panel d reproduced with permission from Reference
101; copyright 2013 American Chemical Society. (e) An optical reflection image of an l-Phe crystal. Panel e reproduced with permission
from Reference 105; copyright 2019 The Japan Society of Applied Physics. ( f ) A graph showing the temporal change in the crystal
plate area upon the step-by-step decrease of laser power. The 2D crystal growth rate at each laser power is shown. Panel f adapted with
permission from Reference 103; copyright 2016 American Chemical Society.

time (Figure 3a,b). The stationary state keeping crystal size constant can be explained by assum-
ing a highly concentrated area of solute around the crystal (Figure 3c). This dense area gradually
diffuses into the surrounding solution during the laser irradiation at low power. As a result, the
surrounding solution is homogenized, and the crystal is exposed to the unsaturated solution, ini-
tiating crystal dissolution. Indeed, the crystal quickly dissolves when it is optically manipulated to
a position far from the original focal spot. The size of the highly concentrated area was estimated
by the optical manipulation experiment to be a few tens of micrometers.
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The mechanism of formation of a highly concentrated, large area of l-Phe may be similar
to that of the dense liquid droplet of glycine (Figure 3c). l-Phe liquid-like clusters, in which
solute and solvent molecules are associated with weak interactions, are attracted by optical force
and merge with each other, forming larger clusters. Through this process, the optical potential
becomes increasingly deeper, and the local concentration is gradually increased. As a result, liquid
nucleation takes place at the focal spot. While being irradiated, the resulting liquid nucleus is
more energetically favorable than the surrounding solution and so enlarges through spontaneous
growth.We call the dense area a cluster domain, as it is formed by the association of l-Phe liquid-
like clusters. Actually, two order parameters and a concentration of solutes with their associated
structures are known to be necessary for crystallization.Before crystallization, the optical potential
forms only at the focal spot, and the shape of the potential reflects the intensity distribution of the
incident laser beam. In contrast, the optical potential is spatially modified after crystallization, as
illustrated in Figure 1b. The potential is extended to the outside of the focal spot, which enables
optical trapping at the edge of the crystal.

The expansion of optical potential is visually confirmed by trapping PS MPs with a diameter
of 1 μm. Upon focused laser irradiation, the MPs gather at the edge of an l-Phe crystal. The
MPs are closely arranged at the crystal edge, although they are not directly irradiated by the laser
(Figure 3d). After switching off the laser, the gathered MPs start to diffuse into the surrounding
solution, meaning that the particles are transiently attracted by the laser irradiation. This remote
trapping at the crystal edge can be explained by an optical mechanism. The laser light sent into
the center of the crystal propagates inside the crystal outward from the focus and forms an optical
potential at the crystal edge. This extended optical potential attracts MPs to the crystal from the
surrounding solution. Similarly, l-Phe in a surrounding cluster domain is also trapped at the crystal
edge, which leads to continuous crystal growth even in the unsaturated solution. The mechanism
of light propagation is supported by the observed framework-like structure of the crystal. We
investigated the crystal growth behavior of l-Phe with reflection microscopy under laser trapping
conditions. l-Phe crystals appear to be colored in reflection micrographs due to the interference
of white light being reflected at the upper and lower crystal faces. The interference is strongly
dependent on crystal thickness, so the inhomogeneity of crystal thicknesses is visualized.We found
that a framework-like structure with a wider thickness is formed from the focus toward the crystal
edge (Figure 3e). This structure likely acts as a waveguide to propagate the laser outward from the
focal point, and the propagated light modifies the optical potential, enabling the optical trapping
of l-Phe and MPs at the crystal edge. How l-Phe molecules are trapped and concentrated at and
around the focus is dependent on the power of the laser. Thus, the 2D growth rate of plate-like l-
Phe is slowed down by a decrease in the input laser power (Figure 3f ). Therefore, crystal growth
can be optically controlled by tuning the laser power.

4. OPTICALLY EVOLVING ASSEMBLY OF POLYMER NANOPARTICLES
AT THE SOLUTION SURFACE

The optical assembly of PS NPs is itself an interesting topic in colloid science and technology and
is also considered to be a useful reference for the optically evolving crystallization of molecules. In
the case of 200-nm PS NPs at a solution surface (110), a disklike assembly is formed and continu-
ously grows, keeping a circular shape during the irradiation as shown in Figure 4a. The trapping
laser seems to gather NPs, propagate through the formed NP assembly, and expand the trapping
potential further, thus growing the aggregates outward at the solution surface. NPs confined in
focal volume induce the scattering of the trapping laser, and the surrounding NPs propagate the
scattered laser, forming a potential just outside the circular assembly. PS NPs are trapped in the
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(a) Optical transmission micrographs and (b) backscattering images from the optical trapping of 200-nm PS NPs at an aqueous solution
surface after switching on the trapping 1,064-nm laser. Panels a and b adapted with permission from Reference 110; copyright 2016
American Chemical Society. (c) Optical transmission micrographs and (d) a schematic illustration for the optical trapping–induced
assembly and rearrangement of 1-μm PS MPs at a D2O solution surface. Hornlike assembly, CC-like structure, pistol-like ejection
(outlined by red rectangle), and HCP-like structures are indicated in corresponding images. Panels c and d adapted with permission from
Reference 111; copyright 2020 American Chemical Society. Abbreviations: CC, concentric circle; HCP, hexagonal close-packed; MP,
microparticle; NP, nanoparticle; PS, polystyrene.

potential, increasing the circular assembly size. This optically evolved assembling proceeds until
the formed optical potential becomes shallow, comparable to the thermal energy of NPs. To con-
firm this idea, we monitored the backscattering pattern from the assembly. Figure 4b shows the
time evolution of the backscattering images from the 1,064-nm trapping laser, in which the con-
centric circle (CC) pattern extends continuously and symmetrically into the surrounding solution.
The growth of the circular shape of backscattered light corresponds well to the images shown in
Figure 4a.

How intense laser irradiation traps NPs and MPs at the focus in a solution has been studied
by many groups, but it is not widely accepted that optical force is useful for forming a large disk-
like assembly of molecules and NPs at the solution interface. To visualize the trapping assembly
dynamics, we have sampled 1-μm PS MPs (111). When the 1,064-nm laser is focused, the MPs
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gather far from the focus, leading to the formation of a single large assembly with CC-like packing.
The assembly evolves with the irradiation time, exhibiting an increase in lateral size, producing the
pistol-like ejection of several MPs in a linearly aligned manner, rearranging to another CC-like
assembly, and eventually forming a hexagonal close-packed (HCP) structure of PS MPs. Repre-
sentative sequential transmission optical micrographs are shown in Figure 4c. The CC-like struc-
ture is considered to be kinetically prepared, while the 2D HCP structure is thermodynamically
favored at the interface (112, 113).This is an experimental model of what happens microscopically
at the solution surface upon optical trapping. The behavior presently observed with continuous
irradiation is illustrated in Figure 4d.

Pistol-like ejection is always induced radially from the center to the outside, so we think that
the light scattering and propagation of the trapping laser inside the CC assembly has an impor-
tant role in this process. Occasionally, we observed that the 1-μm PSMPs were radially extended,
forming a line, and then they were ejected. This occurred along the scattering lines of the trap-
ping laser from the focus, as similarly observed for 200-nm PS NPs at the solution surface (114)
and for 500-nm PS NPs at the solution/glass interface (115). Here the 1-μm PS MPs in the line
were ejected when the incoming MPs collided with the assembly, as illustrated in Figure 4d. We
observed that the laser scattering always looked like multiple radial white streams expanding from
the center of the CC-like structure. This supports our idea that the scattered light of the trap-
ping laser from the central part of the CC-like assembly and its directional propagation through
the structure is the origin of pistol-like ejection at the solution surface. Quantitative analysis of
pistol-like ejection is being performed; for example, the ejection speed for the highest laser power
(1.4 W) was estimated to be 200 μm/s, and the ejection angle was tilted by 11−15° from the
solution surface.

5. OPTICALLY EVOLVING ASSEMBLY OF POLYMER NANOPARTICLES
AT THE SOLUTION/GLASS INTERFACE

Light scattering and propagation of the trapping laser are critical for molecular crystallization
and disklike assembly formation of NPs, which is directly demonstrated by the periodic assem-
bly formation of 500-nm PS NPs at the solution/glass interface (Figure 5a) (115). Compared to
that with the solution surface, the interface with glass is rigid, so PS NP packing is more stable,
leading to an arrangement that allows more efficient scattering and propagation of the trapping
laser. The single lateral assembly is deformed and becomes elongated along the linear polariza-
tion direction of the trapping laser. This is due to the high numerical aperture of the objective
lens used. For the circularly polarized laser, the assembly shape is circular. A long period of irra-
diation with a linearly and circularly polarized laser produces elongated and circular assemblies
with four and six horns at their edges, respectively. The packing structure at the center determines
the expanding assembly shape by propagating the trapping laser. The tetragonal and hexagonal
packing structures at the assembly center, which correspond to four and six horns, respectively,
are monitored by diffraction pattern measurement, as shown in Figure 5b. In addition, Figure 5c
shows the transmission spectra for four and no horns, which agree well with the images of these
structures. This polarization-dependent assembly is well explained by theoretical calculation of
the laser beam profiles at a focal plane. The calculated profiles in Figure 5d match the shapes of
the corresponding NP assemblies, so the PS NPs seem to be arranged according to the trapping
laser intensity distribution. The results confirm that propagation of light from the trapping laser
through packed PS NPs yields the horns, which is illustrated in Figure 1c. This mechanism has
great potential for assembling and fabricating fascinating materials.
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(a) Optical transmission micrographs of the optical trapping of 500-nm polystyrene (PS) nanoparticles (NPs) at an aqueous
solution/glass interface. (Top) Linearly and (bottom) circularly polarized lasers produce four and six hornlike structures, respectively, at
the edges of the single disklike assemblies. The polarization is shown by straight and circular black arrows. (b) Temporal changes in
optical transmission micrographs and diffraction patterns of the optical trapping of 500-nm PS NPs at an aqueous solution/glass
interface with the linearly polarized laser. (c) Optical transmission micrographs of NP assemblies (left) with horns and (right) without
horns and the corresponding transmission spectra measured at the focus. These assemblies are formed at different times during the
optical trapping of 500-nm PS NPs at an aqueous solution/glass interface with a linearly polarized laser. (d, left) Images and illustrations
showing the spatial distribution of calculated laser intensity with a high–numerical aperture lens for linearly and circularly polarized
lasers. (Middle) Schematic illustrations showing assembly growth of 500-nm PS NPs with (top) tetragonal and (bottom) hexagonal
structures for linearly and circularly polarized trapping lasers, respectively. The trapping laser propagates along the structures,
producing either four or six horns. (Right) Backscattering images of the trapping laser observed from the assembly. Images in panels a
and d reproduced with permission from Reference 115; copyright 2016 American Chemical Society.
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6. OPTICALLY EVOLVING SWARMING OF GOLD NANOPARTICLES
AT THE SOLUTION/GLASS INTERFACE

Recently, we have extended these experiments at the solution/glass interface to gold (Au) NPs,
and we have found a new phenomenon that is characteristic of their inherent surface plasmon
resonance (SPR) (116). The heavy 200-nm Au NPs sink to the bottom of the sample but are lifted
upward upon trapping laser irradiation, as shown in Figure 6a. Initially, a few AuNPs are trapped
at the focal spot at the interface and efficiently scatter the trapping laser light. With linearly po-
larized laser irradiation, dipolar scattering of Au NPs renders the light distribution perpendicular
to the direction of laser polarization. The scattered light expands the optical potential and col-
lects more Au NPs at both sides of the assembly outside the focal spot (Figure 6b). The NPs
fluctuate as a group like flying bees and form a dumbbell-shaped assembly of about 5 × 10 μm2

at the solution/glass interface. In the case of circularly polarized laser irradiation (Figure 6c), the
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(a) A schematic illustration of the optical trapping and swarming of 200-nm Au NPs at an aqueous solution/glass interface. Au NPs sink
to the bottom of the sample cell and are then lifted up by trapping laser irradiation. (b,c) Temporal change in light-scattering images
showing the optical trapping or swarming of Au NPs with a linearly (panel b) or circularly (panel c) polarized laser. Panels b and c
adapted with permission from Reference 116; copyright 2018 American Chemical Society. (d) Light-scattering images of Au NP
trapping and swarming using two linearly polarized trapping laser beams of equal power. The distance between the centers of the two
laser beams is given in the images. (e) Schematic illustrations of Au NPs first swarming and then stopped in a single microdroplet of
PNIPAM, which is prepared by local phase transition due to photothermal heating of the NPs. Abbreviations: NP, nanoparticle;
PNIPAM, poly(N-isopropylacrylamide).

www.annualreviews.org • Optical Force Chemistry 577



trapping laser expands isotopically in all directions, and consequently a circular swarming assem-
bly is formed. The Au NPs undergo vigorous fluctuation, and back-and-forth movement between
left and right swarms is observed. Multiple scattering among multiple NPs must be intrinsic, and
the position of NPs can be replaceable, that is, one NP can be replaced with another. To demon-
strate this characteristic, we split the trapping laser into two and manipulated the NPs freely with
a Galvano mirror. Figure 6d shows that the number of swarms and the distance between them
can be controlled by changing the distance between the foci of the two trapping lasers.

Au NPs efficiently scatter the trapping laser, which leads to larger NP swarms when the laser
wavelength matches the SPR band (117). In the beginning of this section, we described the results
of trapping 200-nm Au NPs with a 1,064-nm laser. Under the same conditions, the swarm is not
found when the diameter of the NPs is smaller than 200 nm. The SPR band shifts to a shorter
wavelength when the Au NP size decreases; as a result, the 1,064-nm laser becomes off-resonance
for the smaller NPs. In other words, the swarming assembly for smaller Au NPs should be ob-
served if the laser wavelength is shifted toward the SPR band. Of course, a larger swarm could be
achieved if the wavelength is exactly resonant to the SPR band. Optically evolved assembling and
swarming are considered to be complex behaviors, and a large number of Au NPs interact with
each other through attractive multiple light scattering and electrostatic repulsion, which expands
the effective optical trapping potential, as illustrated in Figure 1d. Brownian motion, hydrody-
namic interaction, and thermal heating must be coupled with the swarming (118); however, the
swarming surely starts from the scattered light of Au NPs, and matching the trapping laser with
the SPR band is critical.

In general, heating and convection induced by the laser irradiation of Au NPs have been ex-
tensively studied (119, 120), and these modes should be involved in the present assembly and
swarming phenomena. One important issue to examine is how the dumbbell-shaped swarm de-
pends on the heating and convection caused by irradiation of AuNPs.We designed an experiment
to add PNIPAM to an aqueous solution of Au NPs. As mentioned previously, this polymer is solu-
ble in water but undergoes LLPS above its lower critical solution temperature (32°C) (121, 122).
This behavior is locally achieved by irradiating a single Au NP under a microscope (123, 124). In
the case of Au NPs in PNIPAM solution, trapping, local heating, and local LLPS develop simul-
taneously, as they are coupled with each other (118). The Au NPs are embedded in the prepared
droplet of PNIPAM and no longer show swarming, as illustrated in Figure 6e. The observation
and analysis of such dynamically evolving processes provide information on the morphology and
sizes of swarms and assemblies.

7. MECHANISM AND APPLICATION OF OPTICALLY EVOLVED
ASSEMBLING AT SOLUTION SURFACES AND INTERFACES

We have described the optical force–induced assembling phenomena of molecules and NPs at
solution surfaces and interfaces, showing that the assembly size is much larger than the focus.
Our proposed mechanism is supported by direct observation of light scattering and propagation
of the trapping laser, and we know that surface tension, convection flow, and thermophoretic ef-
fects (125–127) are all involved to various degrees. We plan to integrate all possible dynamics
and mechanisms to enable a comprehensive understanding of this process. Here we introduce our
recent results on the optical trapping and assembling of 100-nm PS NPs at the solution surface
and point out a new possible mechanism.Upon irradiation of a 1-μm focal spot, we found a single
large, disklike assembly a few tens of micrometers in diameter around the spot (Figure 7a). Appar-
ently, this assembly is similar to that produced by 200-nm PS NPs; however, needlelike structures
expanding radially out of the focus are also formed (128). After switching off the trapping laser,
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(a) Optical transmission micrographs of the optical trapping of 100-nm polystyrene (PS) nanoparticles (NPs) at an aqueous solution
surface. (b) Optical transmission micrographs of the optical trapping of 100-nm PS NPs around an optically trapped 10-μm PS
microparticle at the surface of a D2O solution. Micrographs in figure reproduced with permission from Reference 128; copyright 2020
American Chemical Society.

the assembly dissolves and the needlelike structures disappear while the highly concentrated NP
domain slowly dissipates. If the trapping laser is switched on again soon, the domain shifts back
toward the focus, the disklike assembly is restored, and even the needles reform.

We have designed a new experiment to hamper the light scattering of the trapping laser from
the focus, that is, the optical trapping of 100-nm PS NPs around a single optically trapped 10-μm
PS MP at a D2O solution surface. Surprisingly, a similar disklike assembly of NPs as well as
needlelike structures forms outside the large 10-μm PS MP (Figure 7b). A similar behavior is
observed when switching on and off the laser sequentially.Most of the trapping light irradiates the
bigMPwhile the surrounding area is affected by leaked trapping light.These needlelike structures
are similar to a discharge pattern from material after a high voltage is applied to its center. The
power of the 1,064-nm trapping laser, which is 1.4 W, is focused onto a small 1-μm2 area so
that the laser fluence is roughly 140 MW/cm2. This power density may result in an optical Kerr
effect in which the optical properties of materials are changed; such changes are conventionally
examined by irradiating with a nanosecond to femtosecond laser pulse (129, 130). In our case,
CW high-power irradiation may orient phenyl substituents and modify the segment structures
inside the PS MP, accompanied by a change in surface charge; consequently, water molecules,
being coupled with rearrangement of the 100-nm PS NPs, are dynamically reoriented.

In fact, the assembly of 1-μm PS MPs and the formation of needlelike structures both start
at the MP surface. The simulation study reports that the dielectric particles are rearranged in a
linear manner under electrical and magnetic fields (131). At the molecular level, these behaviors
should be assisted by charge transfer and electron transfer through the hydrogen-bonding net-
work of water molecules.The collected 100-nmPSNPsmust be coupled with this network,which
induces the electronic polarization of water molecules. We infer that the radially expanding as-
sembly of 100-nm PS NPs may be ascribed to the formation of a giant dipole consisting of water
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molecules and the small NPs at the solution surface. The giant dipole and needlelike structures
might enable the local electrostatic effect to propagate further than a few tens of micrometers.
Such an electrostatic effect may be coupled with the light scattering and propagation.

As previously discussed, optical trapping is usually limited to the area of focus, conventionally
about 1μm2, but at solution surfaces and interfaces the area affected by irradiation expands into an
area with a diameter of a few tens of micrometers, which suggests the great potential of optically
evolved assembly in materials applications. The first example of an application is the preparation
of a large assembly of MPs, such as our recent successful fabrication of a submillimeter disklike
assembly of 20-μm PS MPs with a necklace-like structure of 1-μm PS MPs (132). In the initial
solution, 1-μm MPs are homogeneously dispersed in D2O but 20-μm MPs float on the solution
surface due to their having a lesser density than the solvent. Upon trapping a 20-μm MP, 1-
μm MPs gather at the surface of the trapped MP and arrange into a circular pattern, forming
a necklace-like structure. With further irradiation, more 1-μm MPs are trapped in a concentric
manner, producing multiple necklace-like structures at the surface of the 20-μmMP. This hybrid
colloidal assembly is shown in Figure 8a expanding to 150 μm away from the focal spot, although
the focal spot diameter is approximately 1 μm as usual. The extension of the optical potential
coupled with a specific light propagation mode such as the whispering gallery mode gives us an
opportunity to fabricate such a large millimeter-scale assembly with a unique structure.

The second example is the application to lead halide perovskites, a new class of semicon-
ductor materials for next generation optoelectronic devices (108, 133). Optical trapping occurs
at the air/solution interface of unsaturated precursor solutions {MABr/PbBr2/MACl/PbCl2 [MA
(methylammonium) = CH3NH3

+] in a mixture of DMSO (dimethyl sulfoxide)/DMF (dimethyl-
formamide)}. After laser irradiation for a few minutes, a single perovskite crystal (MAPbBr3−nCln)
is formed at the focal spot. This is due to a local increase in the concentration of perovskite pre-
cursors. Indeed, the precursor solutions remain unsaturated after irradiation. Laser trapping of
perovskite precursors also enables control of the halide exchange reaction. In the process of trap-
ping MAI (methylammonium iodide) at the surface of a MAPbBr3 crystal, an exchange reaction
of MAPbBr3 with iodide ions is induced, and MAPbBr3−nIn, which has a narrower band gap, is
formed only around the focal spot. Photoluminescence at the trapping site gradually changes to
red from green, while the nonirradiated parts continue to emit green light, as shown in Figure 8b.
The optically controlled anion exchange offers a newmethodology for the band gap tuning of per-
ovskite crystals, enabling the fabrication of a heterogeneous or gradient band gap structure with
unique optical and electronic properties.

The third example involves the use of supramolecular gels derived from low-molecular-mass
compounds that are formed through the self-assembly of molecules with multiple noncovalent
weak interactions such as hydrogen bonding, dipole–dipole interactions, van der Waals forces,
and solute–solvent interactions. The transition from solution to gel occurs at an elevated solute
concentration, so optical force acts as a new perturbation for assembling gelator molecules.
Supramolecular gelators with an azobenzene-based biscalix[4]arene exhibit unique assembly
formation (63), which accompanies the morphological change into the assembly (Figure 8c). In
optical trapping at the solution surface, a supramolecular assembly is formed at the focal spot. The
strong optical force results in a specific molecular association structure, and the resultant stable
assembly spontaneously increases in size. Upon switching off the laser, needle-like structures
are generated at the assembly surface, transforming it into a structure with a stable sea urchin–like
morphology. The molecular association pinned at the focal spot undergoes relaxation, and the
constituent molecules reorient due to their intrinsic weak intermolecular interactions, producing
a morphological change in the assembly. This shows that laser trapping is a new and promising
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(a) Schematic illustration of a huge submillimeter-scale arrangement of a necklace-like hybrid colloidal assembly of 1-μm and 20-μm
polystyrene (PS) microparticles (MPs) by optical trapping. (b) Illustration and micrographs of a site-specific halide exchange reaction by
optical trapping perovskite [MA(methylammonium)PbBr3]. Panel b adapted with permission from Reference 133; copyright 2020
American Chemical Society. (c) Illustration and micrographs of the formation of a supramolecular assembly accompanying
morphological change after switching off the trapping laser. Panel c adapted with permission from Reference 63; copyright 2017
American Chemical Society. (d) Illustration and micrographs of an aggregation-induced emission during laser trapping. Panel d adapted
with permission from Reference 134; copyright 2020 John Wiley & Sons.

approach for preparing a single spherical assembly of supramolecules, analyzing its assembly
dynamics, and fabricating microstructures from single assemblies.

The fourth application involves an aggregation-induced emission enhancement (AIEE) of a
tetraphenylethylene (TPE) derivative known as AIEE-active dye. Upon laser irradiation, TPE
monomers undergo conformational transformation, and photoexcitation energy is dissipated via a
nonradiative pathway.As a result,TPEmonomers exhibit weak, almost negligible, emission.When

www.annualreviews.org • Optical Force Chemistry 581



the monomers are densely aggregated and their conformational transformation is restricted, their
fluorescence is greatly enhanced. This emission behavior can be used to investigate the dynamics
of molecular assembly under optical trapping conditions. Upon the trapping of TPE at the solu-
tion surface, a small molecular assembly is formed at the focal spot after a few minutes (134). The
small assembly has a weak, almost negligible, fluorescence. This shows that the TPE molecules
constituting the small assembly continue the conformational transformation that accompanies
the dissipation of the photoexcited energy. With further irradiation, the assembly continuously
increases in size and suddenly strong fluorescence is generated, as shown in Figure 8d. This flu-
orescence enhancement indicates that the assembly has changed into a densely packed aggregate
in which the intrinsic repulsive force of the protonated TPE is overcome by the strong optical
force. In laser trapping at an interface, local TPE concentration is efficiently increased, and in-
trinsic attractive and repulsive interactions are modified by the strong optical force, resulting in
the formation of unique molecular assemblies.

8. CONCLUDING REMARKS

The optical trapping dynamics and mechanisms of molecules, polymers, and NPs at solution sur-
faces are completely different from those of conventional ones inside the solution, and their as-
sembly sizes reach a few tens of micrometers larger than the focus. Optically evolving molecular
crystals, PS NP assemblies, and Au NP swarms at surfaces are described and discussed, in which
the gathering, trapping, arrangement, ejection, repulsion, and swarming processes are all driven
by optical force.This review indicates that a new chemistry field is being paved by optical trapping
at solution surfaces and that new applications are possible.

The development of optically evolved assembling is being advanced by designing new experi-
ments.One is plasmonic trapping,which is currently receiving a large amount of attention because
of the recent enhancement of optical force itself (135–141). In such experiments, metal nano-
structures and semiconductor needles are fabricated on their substrates. The surface and inter-
face leading to scattering and propagation of the trapping laser may also be involved in plasmonic
trapping. For example, morphology control and enantioselectivity in molecular crystallization are
being demonstrated by plasmonic trapping at the solution surface.

Another way to enhance optical force is to use the optical resonance effect in which the trap-
ping laser wavelength matches the electronic transitions of molecules and NPs in the trapping
target (142–144). In this method, optical stiffness and trapping time are used as measures of en-
hancement. Usually this technique is carried out in solution, but its extension to the solution/glass
interface should enable us to study the optical resonance effect of not only the gradient force but
also the scattering and absorption forces.This is due to theNPs being immobilized at the interface
by being pushed by scattering and absorption forces.

The introduction of various microscopic techniques should allow the optically evolving as-
sembly and swarming of molecules and NPs to be studied more widely and in greater detail.
Single-molecule fluorescencemicroscopy and super-resolution analysis should enable us to extend
dynamics and mechanism studies to nanometer-scale resolution (9, 10). Multiplane microscopy
will provide 3D information on optical trapping dynamics (145), while dynamic differential mi-
croscopy will be useful to elucidate 2D assembling dynamics, as in Figure 7 (146).

Further, pulsed lasers are useful to explore new optically evolved assembling and swarming
phenomena.We have extended femtosecond studies on the optical trapping dynamics of PS NPs
in solution, found trapping and ejection behavior, and proposed a mechanism based on the tran-
sient assembly formation of PS NPs in the optical potential (147–150). The assembly becomes
large, the scattering force overcomes the gradient force, and then the assembly is ejected from the
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optical potential. Such femtosecond optical trapping can be extended to solution surfaces, which
will enable us to explore new optical force–induced molecular phenomena. Thus, the study of
the optically evolved assembling of molecules and NPs is fundamentally important and provides
promising materials applications that will be more fully developed by new types of microscopy
and related tools and by theoretical analysis.We hope that our viewpoint, illustrated in Figure 1,
will be more widely developed and more deeply elucidated and that a new research field of optical
force–induced chemistry will open up.
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