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ABSTRACT: We present laser trapping behavior of L-phenylalanine (L-Phe) at a surface
of its unsaturated aqueous solution by a focused continuous-wave (CW) near-infrared
(NIR) laser beam. Upon the irradiation into the solution surface, laser trapping of the
liquid-like clusters is induced concurrently with local laser heating, forming an anhydrous
plate-like crystal at the focal spot. The following laser irradiation into a central part of the
plate-like crystal leads to laser trapping at the crystal surface not only for L-Phe molecules/
clusters but also for polystyrene (PS) particles. The particles are closely packed at crystal
edges despite that the crystal surface is not illuminated by the laser directly. The
molecules/clusters are also gathered and adsorbed to the crystal surface, leading to crystal
growth. The trapping dynamics and mechanism are discussed in view of optical potential
formed at the crystal surface by light propagation inside the crystal.

SECTION: Surfaces, Interfaces, Porous Materials, and Catalysis

Laser trapping of dielectric particles by a tightly focused
laser beam was first demonstrated by Ashkin in 1986."
Ever since, this technique has been widely employed as optical
tweezers to trap and manipulate single micrometer-sized object
in many fields of physics, optics, and biology.” In chemistry, it
has been applied to J-aggregates,’ polymers,*™ amino acids
clusters,” micelles, quantum dots,” as well as various
nanoparticles,'"> but individual molecules are too small to
be trapped in solution at room temperature. Single J-aggregate
spectroscopy,” confined chemical reactions,* patterning of
nanoparticles,'® and assembly dynamics of polymers, molecular
clusters, and nanoparticles® ”""'> are representative results.
One advantage of laser trapping is its performance to trap,
manipulate, and assemble target objects three-dimensionally, so
that most experiments have been conducted inside the solution.
On the other hand, it is worth noting that numerous novel
chemical phenomena have been observed at a solution
surface.'®'* Therefore, we conceived an idea that laser
trapping at a solution surface should induce new phenomena
different from those inside solution, which will open a new
door for laser trapping-induced chemistry.

Actually, we have succeeded not only in assembling
molecules/clusters but also in inducing phase transition:
crystallization and liquid—liquid phase separation (LLPS) by
focusing the laser at air/solution and glass/solution interfaces
of a glycine solution, respectively.'™"® The increase in local
concentration due to laser trapping of molecules/clusters are
coupled with molecular alignment characteristic of an interface
as well as surface deformation and convection, leading to
crystallization and liquid droplet formation. Interestingly, the
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dense liquid droplet formed in a glycine solution through LLPS
never evolves to its crystal in spite of the considerably high
concentration. This unique success strongly pushes us to study
laser trapping phenomena at air/solution and glass/solution
interfaces in molecular systems.

In this paper, we present laser trapping behavior of L-
phenylalanine (L-Phe) at a surface of its unsaturated aqueous
solution. A plate-like crystal is formed by laser trapping even
under unsaturated conditions which causes no spontaneous
nucleation. Furthermore, laser irradiation into a central part of
the plate-like crystal leads to laser trapping of polystyrene (PS)
particles and L-Phe molecules/clusters at the crystal surface, and
the latter trapping induces crystal growth in unsaturated
solution. We consider that this work is an important milestone
for establishing a new laser trapping technique to manipulate
and assemble nanoparticles, polymers, molecular clusters, and
proteins at a solution surface.

Figure la shows a schematic illustration of our experimental
procedure for laser trapping of L-Phe, whose details are
described in the Supporting Information 1 (SI 1). A thin film
(120—160 pm) of the unsaturated aqueous solution (super-
saturation degree (SS); 0.83) was prepared in a handmade
sample bottle, and the spigot was hermetically closed. Slow
solvent evaporation at room temperature (25 °C) by opening
the spigot generated many needle-like monohydrate crystals as
given in Figure 1b. On the other hand, laser irradiation into the
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Figure 1. (a) The experimental procedure for laser trapping-induced crystallization of L-Phe. (b) Needle-like monohydrate crystals generated
through spontaneous solvent evaporation at room temperature. (c¢) CCD images of the formation of a plate-like anhydrous L-Phe crystal and the
subsequent crystal growth induced by a focused laser irradiation at 1.1 W.

solution surface led to the formation of a plate-like crystal at the
focal spot and the succeeding crystal growth, as shown in
Figure lc (see movie 1 in the SI). In order to measure the
thickness of the formed crystal, we tried to observe light
reflection from the top and bottom crystal faces by moving the
objective lens manually in a vertical direction. However, it was
impossible to distinguish the two crystal faces well with each
other, which possibly indicates that the crystal thickness was
thinner than the focal depth of a few micrometers. In the
captured images of the grown large crystal, we found trail-like
patterns inside the crystal extending from the focal spot to
crystal edges. The observation of these optical trails are possibly
ascribed to the difference in the optical condition in the crystal,
implying that top and bottom surfaces of the crystal are not
perfectly flat and that the thickness at the trails is different from
other parts. Incidentally, when the laser was irradiated inside
the solution, only a particle-like assembly was formed at the
focal spot without crystallization (see SI 2), which is similar to
the result reported for several amino acids by Tsuboi et al.”
Surprisingly, laser trapping at the solution surface induced -
Phe crystallization even under unsaturation, although super-
saturation is necessary in general for crystal nucleation. It is
considered that this crystal formation was realized through local
increase in SS by laser trapping of the liquid-like clusters
consisting of solutes and solvents weakly linked with
intermolecular interactions.” It is known that 1-Phe has two
kinds of stable pseudopolymorph of crystalline monohydrate
(needle-like) and anhydrate (plate-like), and that the transition
temperature is about 37 °C in H,0.>**' Namely, the
monohydrate needle-like form is obtained at a temperature
below the transition point, while the plate-like one is above the
point. Our infrared-spectroscopic measurement also revealed
that the plate-like crystal obtained here was ascribed to the
anhydrate form (see SI 3).** Therefore, we consider that laser
trapping is accompanied with temperature elevation over the
transition point at the focal spot. Actually, the elevation under
the current experimental condition was estimated to be 24—27
°C (see SI 4).>* Although the temperature elevation decreases
the SS to 0.56 in view of the solubility,24 the laser trapping
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accompanied by the local heating successfully leads to the plate-
like crystal formation.

One of the most interesting results is that the crystal became
larger and larger outside the focal spot and grew continuously
beyond the field of view of the charge-coupled device (CCD)
camera (80 X 60 um?) even under unsaturation. The crystal
growth under unsaturation was first reported for laser trapping-
induced crystallization of glycine in 2010.>> The generated
glycine crystal grew to a size of about 30 um during the
irradiation, and then started dissolving. We explained the
mechanism of the growth and dissolution as follows. Before
nucleation, a local high concentration domain is formed in the
focal volume by laser trapping of the liquid-like clusters and
extensively expands to its outside. The crystal nucleation is
induced at the focal point, and the following spontaneous
crystal growth is realized by use of the surplus solutes in the
domain. When the surplus solutes are completely used up, the
crystal starts dissolving because of the unsaturation condition of
the surroundings. In this experiment, the formed L-Phe crystal
kept growing continuously, but never showed the dissolution
under laser irradiation. So, we consider that the concentrated
domain is not only prepared before nucleation, but also
extended from the crystal edge during the irradiation. In other
words, laser trapping of the molecules/clusters around the
formed crystal is still realized by the direct irradiation into a
central part of the crystal through the following possible
mechanisms.

One possibility for the trapping is that heating and
accompanying convection supply molecules/clusters homoge-
neously toward the focal spot (Heating Effect).”**” The
molecules/clusters are adsorbed to the crystal surface through
their transportation. As the second possibility, laser light
incident to a central part of the plate-like crystal can propagate
inside the crystal and penetrate into the surrounding solution,
forming optical potential at the crystal surface (Optical
Effect).”® The molecules/clusters are further trapped and
attached to the crystal face. The third possibility is that the
crystal surface is locally charged positively by the irradiation
into the formed crystal (Electrostatic Effect). If the 1-Phe
clusters are charged to be minus, they are attracted to the
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Figure 2. (a) The experimental procedure for a model experiment using PS particles with size of 1 ym. (b,c) CCD images of PS particles around the

crystal under laser irradiation.

crystal surface by electrostatic attraction. Conversely, they
would receive repulsive force if the charge relation is reverse.
In order to examine these possible explanations, we
conducted a model experiment with 1 pym-sized PS particles
as illustrated in Figure 2a. After the crystallization by laser
trapping at 1.1 W, the laser was turned off and then a small
amount of the colloidal solution was poured into the solution,
when the Brownian motion of the particles was observed
around the crystal. Immediately after reswitching on the laser
incident to the crystal center at 1.1 W, the particles were clearly
transported toward the crystal edges, indicating their directional
diffusion. Interestingly, the transported particles were trapped
at some specific corners of the crystal, where some optical trails
were extended from the focal point (Figure 2b (1)). This result
cannot be interpreted in terms of thermally induced
convection, because the particles should be supplied homoge-
neously to the crystal surface by the convection. Furthermore,
the trapping and outward diffusion of particles at the crystal
surface quickly responded to switching on and off of the laser as
shown in Figure 2b (2) and (3), respectively (see movie 2 in
the SI). This quick behavior seems inconsistent with the
thermal diffusion, so that Heating Effect is nondominant. The
laser power dependence reveals how laser irradiation attracts
the particles at crystal edges, as shown in Figure 2c. The
irradiation at 0.06 W loosely trapped the particles at the crystal
surface, while that at 1.1 W packed them tightly. These results
can be explained from the optical viewpoint that the laser
incident to a central part of the crystal propagates up to the
edges along the trails and forms optical potential at the crystal
surface. The other possibility of Electrostatic Effect is
interesting, but surface charge of the crystal should be
generated by photoinduced charge separation while the crystal
is growing with irradiation time. L-Phe molecules can be excited
only through four-photon absorption of the trapping laser
beam, which is considered to be negligible under the present
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conditions. Thus, Optical Effect is the most probable to
interpret the trapping dynamics of PS particles at the crystal
surface.

Another experiment on laser trapping of the formed plate-
like crystal provided us a crucial insight to explain how laser
irradiation into a crystal central part can propagate along the
trails inside the crystal (Figure 3). When the irradiation was

outward diffusion

re-trapping along a trail

x

Figure 3. The behavior of outward diffusion and retrapping of the
plate-like crystal.

stopped after the crystallization, the formed crystal migrated
outward at a solution surface and never sank into solution due
to surface tension. Before the crystal moves away completely
from the focal position, the laser of 0.06 W was switched on
again. The plate-like crystal went back to the original position,
in which the focal point traced the bright trail in the image of
the crystal. It is interesting to note that the focal point always
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came back along the bright trail to the original central point
where the initial crystal formation was started. The diffusion
upon switching off and the following trapping back to the
original position along the trail are reproducible. The result
implies that the crystal central point is the thickest and/or has
the highest refractive index at the crystal plane, and the deepest
optical potential is formed when the focus is set there. In
addition, the trail should be thicker and/or have higher
refractive index than other parts, which generates stronger
trapping force. The observation of two-dimensional distribu-
tions in thickness and refractive index should be done while the
crystal is kept at the focal point. Here we suppose that some
parts of the trails can work as a waveguide for laser light
incident to a crystal central part. The light is guided to some
specific positions at the crystal surface, where PS particles are
preferentially trapped. The results here revealed the interplay
between the trails and the laser light incident to the crystal,
which supports Optical Effect for laser trapping at the crystal
surface.

It is reasonable to consider that the trapping of L-Phe
molecules/clusters at the crystal surface is similarly achieved by
light propagation inside the crystal upon irradiating the laser
into a central part of the crystal. Their trapping at the crystal
surface was clearly confirmed through crystal growth, and their
amount could be changed by tuning the laser power. The
trapping behavior was quantified by examining the time
evolution of the crystal plane area. Figure 4 shows the time
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Figure 4. The time evolution of the crystal plane area under laser
irradiation.

evolution of the plane area upon alternately varying the laser
power between 1.1 and 0.06 W. The irradiation time of 0 s
corresponds to the time when the small crystal became
identified on a CCD image. The plane area enlarged linearly
with irradiation time, and the slope can be deemed as a crystal
growth rate. The crystal growth rate under the initial 1.1 W-
irradiation was estimated to be 6.7 um?/sec. After that, the laser
power was reduced to 0.06 W, and the laser was continuously
irradiated into the crystal for 30 s. During this period, the
crystal was still trapped stably at the focal spot, but its growth
was almost stopped while keeping crystal size of 260 um®
When the power was increased to 1.1 W again, the crystal
immediately started growing with a growth rate of 6.2 ymz/ sec.
Such an alternating change in the growth rate of 0 and ca. 6.4
um?/sec was observable repetitively by the further irradiation.
Thus, the growth rate at 1.1 W was always kept to almost a
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constant value (6.4 um”/sec on average), even after the interval
of the 30 s-irradiation at 0.06 W. This result is extremely
interesting since the growth rate during the late 1.1 W-
irradiation part is expected to be slowed down gradually
because the SS in the remaining solution should decrease
accompanied with crystal growth.

Thus, the direct irradiation into the central part at 1.1 W can
trap L-Phe molecules/clusters at the crystal edge in the similar
manner to the case of PS particles despite that the growing
surfaces are not illuminated by the laser. The trapped
molecules/clusters are also rearranged by the laser light guided
from the central part, leading to further crystal growth as well as
the resultant formation of bright trails.** Based on CCD images
of the crystal, we consider that the trail structure is formed by
optical anisotropic crystal growth. Of course, the conventional
growth adsorbing associated clusters may take place simulta-
neously around the trails, compensating inhomogeneous
surface energy. It is likely that hydrate clusters of L-Phe exist
dominantly in solution around the crystal, since the
monohydrate crystallization is preferentially induced at room
temperature. Considering that the trapping of the hydrate
clusters at a crystal surface leads to crystal growth of the
anhydrous form, optical potential formed at the crystal surface
might induce not only laser trapping of r-Phe molecules/
clusters but also dehydration of the hydrate clusters, which is
similar to laser trapping-induced dehydration of poly(N-
isopropylacrylamide).

In conclusion, we have successfully demonstrated the
trapping of PS particles and L-Phe molecules/clusters at a
surface of a plate-like anhydrous crystal by focusing a
continuous wave (CW) near-infrared (NIR) laser beam into
its central part at a solution surface. The PS particles were
closely packed at crystal edges, while the molecules/clusters
were adsorbed to the crystal surface and crystal growth was
induced. Their trapping at crystal edges was achieved despite
that the crystal surface was not directly illuminated by the laser,
so that we explained their trapping dynamics in view of light
propagation inside the crystal through some trails. The
propagated light possibly generates optical potential at the
crystal surface, where crystal growth proceeds by laser trapping
of the clusters and their dehydration. Subsequently, the laser
light can be propagated to further distant position through this
optically induced crystal growth, leading to continuous crystal
growth. Upon switching off the laser irradiation, the plate-like
crystal gradually dissolved and became smaller because of the
unsaturation condition. Considering these results from the
viewpoint of crystal growth, this technique will enable us to
control crystal size arbitrarily. Laser trapping at a solution
surface is considered to be unique compared with laser trapping
inside solution. The present findings will be a base for new
interesting laser trapping-induced chemical phenomena at a
solution surface and an interface.
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Experimental procedure, laser trapping experiment inside the
solution, polymorph analysis by IR measurement, estimation of
local temperature elevation, and movies of the formation of
anhydrous L-Phe crystal and the gathering of 1 pm-sized
polystyrene beads. This material is available free of charge via
the Internet at http://pubs.acs.org.
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