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We present the laser trapping-induced crystallization of L-phenylalanine through high-concentration
domain formation in H,O and D,O solutions which is achieved by focusing a continuous-wave (CW)
near-infrared laser beam at the solution surface. Upon laser irradiation into the H,O solution, laser trap-
ping of the liquid-like clusters increases the local concentration, accompanying laser heating, and a single
plate-like crystal is eventually prepared at the focal spot. On the other hand, in the D,O solution, a lot of
the monohydrate needle-like crystals are observed, not at the focal spot where the concentration is high
enough to trigger crystal nucleation, but in the 0.5-1.5 mm range from the focal spot. The dynamics and
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mechanism of the amazing crystallization behaviour induced by laser trapping are discussed from the
viewpoints of the concentration increase due to laser heating depending on solvent, the large high-con-
centration domain formation by laser trapping of liquid-like clusters, and the orientational disorder of
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Introduction

Since the invention of the Ruby laser in 1960, lasers have been
contributing greatly to the development of modern chemistry
as a light source for spectroscopic/imaging measurements,
micro/nano fabrication as well as for inducing photochemical
reactions. In addition to these applications based on light
absorption, lasers have also enabled us to utilize the photo-
mechanical force so-called radiation pressure. Radiation
pressure of a focused laser beam has attracted much attention
and has been widely employed as optical tweezers for trapping
and manipulating micrometre-sized objects in many research
fields of physics, optics, and biology." Over the past decades,
the study on laser trapping in solution has progressed with the
size reduction of the target objects from micrometres to nano-
metres, and many groups including us have elucidated the
trapping dynamics of nanoparticles,>® polymers,* quantum
dots,”” proteins,®® DNA,'® and so on. For nanoparticles in
solution, laser irradiation generally provides its assembly
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molecules/clusters at the domain edge.

confined within the focal volume,*? which is never expanded
to the outside of the focal spot. On the other hand, laser trap-
ping phenomena in molecular systems are strongly affected by
their chemical properties and mutual intermolecular-cluster
interactions. We have demonstrated that the laser trapping-
induced assembly of protein and amino acid clusters is not
confined in the focal volume, but is expanded to its outside
due to intermolecular-cluster interactions, heat transfer, and
convection flow.""'* In the case of glycine, the large, dense
domain formed by laser trapping was stable for longer than
1 min even without laser irradiation.'” These advances strongly
suggest the promising development of laser trapping studies
as molecular photoscience.

In 2007, we for the first time succeeded in triggering crystal
nucleation by applying the laser trapping technique to the
solution surface of a supersaturated glycine-D,O solution, and
have called this phenomenon “laser trapping crystallization”."?
Since then, laser trapping crystallization has been applied to
some amino acids such as glycine'*'® and r-alanine,'® and we
also found that the polymorph depends strongly upon the
laser power and polarization. Moreover, most recently we have
succeeded in demonstrating the laser trapping crystallization
of one r-phenylalanine (1-Phe) plate-like crystal in unsaturated
H,O solution, where the trapping site shifts from the focal
spot to the edge of the growing crystal."” For experiments on
laser trapping crystallization, choosing a solvent is also critical
because local temperature elevation by laser irradiation
depends on the overtone vibrational mode of the solvent and
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the laser heating often inhibits crystal nucleation. For example,
in the laser trapping crystallization of glycine-D,O solution,
crystallization was achieved at the focal spot,">'* whereas in
H,0, a liquid-like domain was just observed at the focal spot
without the subsequent crystal nucleation.'* We also success-
fully demonstrated the laser trapping crystallization of glycine
in unsaturated solution, where the crystal polymorphism is
almost absolutely controlled by changing the laser polari-
zation."> We explained there that under unsaturation the precur-
sor liquid-like clusters are not much prepared spontaneously in
advance, so that the assembled structure itself can be deter-
mined by the laser polarization. Thus, laser trapping crystalliza-
tion strongly depends on the initial solution concentration.

In this paper, we demonstrate the laser trapping crystalliza-
tion of -Phe in supersaturated H,O and D,O solutions, and
present their different crystallization behaviours from the
standpoints of the pseudopolymorphism and spatial distri-
bution of the formed crystals. In H,O, laser trapping always pro-
vides one plate-like crystal at the focal spot, whereas in D,O,
needle-like crystals are formed at the outside of the spot. Fur-
thermore, the needle-like crystals are densely distributed within
the range of a few millimetres from the focal spot, which
strongly supports that a high-concentration domain similar to
the unsaturated glycine-D,O solution is formed before trigger-
ing crystal nucleation. The dynamics and mechanism of this
unusual crystallization induced by laser trapping are discussed
from the viewpoints of laser heating depending on the solvent,
high-concentration domain formation, and orientational dis-
order of the molecules/clusters at the domain edge.

Experiments

Thirty milligrams of 1-Phe (Sigma, >98.5%) was dissolved into
1.0 g of pure H,O or D,O (Aldrich, 99.9%), and the mixtures
were kept at 70 °C (degrees Celsius) for 12 h and were slowly
cooled down to room temperature (25 °C). Referring to the pre-
vious paper,'® this H,O solution was under saturation (super-
saturation value: SS = 1.0). Since spontaneous crystal growth
was induced by adding a small crystal into the D,O solution
used in this work, the solution was considered to be under
supersaturation, which is consistent with the fact that H,O
becomes a better solvent at 25 °C compared to D,0."° A small
amount (15 pl) of each solution was poured into a handmade
sample glass bottle with a highly hydrophilic surface, and a
thin film of the solution with 120-160 pm thickness was pre-
pared. Then, the sample bottle was immediately and comple-
tely sealed with a spigot to avoid solvent evaporation, and was
set on the stage of an inverted microscope (Olympus, IX71) for
further laser trapping experiments.

Fig. 1 shows the optical setup used in this work. A linearly-
polarized CW laser beam of 1064 nm from a Nd**:YVO, laser
(Coherent, MATRIX 1064-10-CW) was used as the trapping
light source, and the output power was tuned by adjusting the
angle of a half-wave plate coupled with a polarizing beam split-
ter. A green laser (Laserglow technologies, LRS-0532-TFH-01,
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Fig. 1 Optical setup for laser trapping crystallization of L-Phe.

A =532 nm) was also introduced into the inverted microscope
through the same optical path as that of the trapping laser.
These laser beams were focused on the same position by an
objective lens (60x magnification, NA 0.90). After confirming
that the green laser was focused at a surface layer of the solu-
tion, the laser was switched off, and the trapping laser was
turned on. The laser power was fixed to 1.1 W throughout the
objective lens for all laser trapping experiments. The crystalli-
zation behaviour was observed using a charge-coupled device
(CCD) video camera (WATEC, WAT-231S2) under halogen lamp
illumination.

Two kinds of crystal forms prepared by the laser were
identified by Fourier transform infrared (FT-IR) spectroscopy
(HORIBA, FT-720), in which the IR spectra were collected in
attenuated total reflection (ATR) mode. Extinction coefficients
of H,0, D,0, and respective -Phe solutions were determined
by measuring their transmittance at 1064 nm passing through
a glass cuvette with different optical path lengths, which was
carried out using a spectrophotometer (Hitachi, U-4100).

Results and discussion
Laser trapping crystallization in supersaturated H,O solution

It is reported that the spontaneous crystallization of r-Phe
aqueous solution provides two stable pseudopolymorphs of
monohydrate needle-like and anhydrous plate-like forms
depending upon the temperature, and that the transition
temperature is about 37 °C in H,0.>° Namely, each crystal is
spontaneously formed at temperatures below and above the
transition point. First, we checked the pseudopolymorphism
through spontaneous crystallization in our H,O samples. At
30-60 min after a spigot of the sample bottle was slightly
opened for solvent evaporation, a lot of the needle-like crystals
were observed and assigned to the monohydrate form accord-
ing to the above paper.>°

On the other hand, irradiation of the trapping laser into the
air-solution interface of the solution thin film always provided
a plate-like crystal at the focal spot, whose morphology is
clearly different from that of spontaneous crystallization. Fig. 2
shows a series of CCD images of the crystallization behaviour
under the laser irradiation. Immediately after starting the
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Fig.2 A series of CCD images of L-Phe crystallization behaviour
induced by laser trapping in H,O solution. The arrow in the images indi-
cates the focal position.

irradiation, only a small bright spot of the trapping laser due
to its weak reflection at the interface was observed (panel 1 of
Fig. 2). At 245 s after starting the irradiation, the crystal
became large as identified by a CCD image, when the crystal
size was estimated to be a few micrometres. Further laser
irradiation into the crystal central part caused the continuous
crystal growth (panels 2-4 of Fig. 2). In order to measure the
thickness of the formed crystal, we examined the light reflec-
tion from the upper and lower crystal faces by moving the
objective lens manually in a vertical direction. However, two
crystal faces were too close to be distinguished from each
other, which indicates that the crystal thickness was less than
the focal depth of the objective lens with a few micrometres.

When the crystal became larger than the observation area
of the CCD camera (80 pm x 60 pm) as determined by the high
magnification objective lens, the trapping laser was turned off,
and a broader area of the surrounding solution (1200 pm x
900 pm) was observed using a low magnification (x4) objective
lens. We found that only one crystal gradually migrated
outward from the original focal position (panels 5-6 of Fig. 2).
This result strongly supports that the laser trapping provided
only one plate-like crystal at the focal spot, and furthermore
that no other crystallization takes place even spontaneously
during the irradiation. The reproducibility of this crystallization
behaviour in the H,O solution was confirmed for 12 samples,
where the laser irradiation always led to the plate-like crystal
formation at the focal spot. Most recently, such plate-like
crystal formation induced by laser trapping has been success-
fully demonstrated even in the unsaturated H,O solution."”
Thus, we consider that the plate-like crystal formation by laser
trapping in H,O was independent of the initial solution con-
centration, although the initial solution concentration gener-
ally determines the laser trapping crystallization behaviour.

Laser trapping crystallization in supersaturated D,O solution

For the D,O solution used in this work, no spontaneous crys-
tallization took place in the closed sample bottle at least for
30 min, and then a lot of the needle-like crystals were spon-
taneously generated all over the sample bottle and the solution
turned gel-like. This spontaneous crystallization behaviour was
similar to that in the H,O solution as described above. On the
other hand, upon starting the irradiation of the trapping laser
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into the air-solution interface of a thin film of the D,O solu-
tion, needle-like crystal formation was always observed within
30 min, which can be clearly ascribed to the laser trapping
crystallization. Fig. 3a shows captured images from a CCD
camera for the crystallization behaviour under laser
irradiation. Initially, the CCD image only showed a small
bright spot ascribed to weak reflection of the trapping laser at
the surface, while the 600 s laser irradiation led to needle-like
crystal formation (panel 1 of Fig. 3a). Most importantly, the
needle-like crystal formation was confirmed always at the
outside of the focal spot, and never at the focal spot. This be-
haviour is much different from the laser trapping crystalliza-
tion of other amino acids that we have reported so far, in
which their crystallization is induced always at the focal
point."*™* Further laser irradiation increased the number of
the needle-like crystals with the irradiation time (panels 2-3 of
Fig. 3a). A series of these crystallization experiments was
repeatedly carried out for 10 samples, and it was confirmed
that the irradiation always led to needle-like crystal formation
from the outside of the focal spot within 10 min.

The observation of a broader area of the surrounding solu-
tion gave us critical information on the needle-like crystal for-
mation. Fig. 3b shows the CCD image of the area within the
range of a few millimetres from the focal spot. This horizon-
tally long image was created by combining three CCD images
captured at different distances from the focal position using
the low magnification objective lens. It should be noted that
numerous needle-like crystals were inhomogeneously distri-
buted, and more exactly, the formation area was limited to within
a 0.5-1.5 mm range from the focal spot. Conversely, the crys-
tals were rarely observed in the area more than 1.5 mm away
from the focal spot. This inhomogeneous distribution strongly
supports that the needle-like crystal formation is not due to
spontaneous crystallization, and we consider that the for-
mation of a millimetre-scale, large high-concentration domain
is responsible for the crystallization. Such domain formation
is based on our previous experiments on a millimetre-scale
dense liquid droplet of glycine formed by laser trapping.'?

(@)

) (1) 600 s (2) 660 s (3) 730 s

s 2.0 LM

(b)

Focal position
500 pm

Fig. 3 (a) A series of CCD images of L-Phe crystallization behaviour
induced by laser trapping in DO solution. (b) A horizontally long image
made by combining three CCD images captured at different distances
from the focal position.

This journal is © The Royal Society of Chemistry and Owner Societies 2014


http://dx.doi.org/10.1039/c3pp50276g

Published on 07 October 2013. Downloaded by National Chiao Tung University on 29/04/2014 00:32:18.

Photochemical & Photobiological Sciences

This dense droplet is prepared by focusing a laser beam into
the glass-solution interface of a supersaturated glycine-D,O
solution with the SS of 1.36, and eventually the large droplet
of 5 mm in diameter with the SS of 2.7 is formed. In
addition, the domain is quite stable and further irradiation
causes no crystallization in spite of the considerably high con-
centration. Thus, it is of great interest to note why no needle-
like crystal formation is induced at the focal spot with a con-
centration high enough to lead to crystal nucleation, but
instead is induced away from the spot. The details of the
mechanism are described later.

Pseudopolymorphism of 1-Phe and laser induced-local
temperature elevation in H,O and D,0O

As described above, the pseudopolymorphism on the laser
trapping crystallization of r-Phe clearly depends upon the
solvent, that is, the plate-like and needle-like crystals were
formed in H,O and D,O, respectively. Fig. 4 shows the FT-IR
spectrum of each crystal formed by laser trapping. As reported
previously,'” even after the focal position was completely occu-
pied by the growing crystal, direct laser irradiation into the
central part of the crystal led to continuous crystal growth.
Namely, we made the anhydrous plate-like crystal grow to a
size of a few hundred micrometres by direct laser irradiation,
and the FT-IR measurement was carried out. For the mono-
hydrate needle-like crystals formed within the 0.5-1.5 mm range
of the focal spot, we collected a sufficient amount of crystals for
the measurement. The FT-IR measurement for the crystal pseu-
dopolymorph of 1-Phe in H,O has been investigated.* The
plate-like crystal showed a characteristic absorption peak at
1002 cm™" due to CH stretching, but no peak at 1197 em™" due
to hydrogen bond stretching was observed. These spectral
characteristics are consistent with those of the anhydrous crystal
reported previously. Therefore, we concluded that the plate-like
crystal formed by laser trapping in H,O can be ascribed to its
anhydrous form, which is thermodynamically the most stable
above a temperature of the transition point of 37 °C.

For the needle-like crystals prepared by laser trapping in
D,0, we found that the FT-IR spectra were identical to those of
the needle-like crystals generated spontaneously from the solu-
tion at room temperature. Although the actual transition point
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Fig. 4 FT-IR spectra of an L-Phe plate-like crystal (a) and needle-like
crystals (b) prepared by laser irradiation.
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of 1-Phe pseudopolymorphism in D,O has not been reported
and examined yet, we confirmed that spontaneous crystalliza-
tion at 35 and 40 °C provided needle-like and plate-like crys-
tals, respectively. From these results, it is reasonable to
consider that pseudopolymorphism in D,O solution appears
almost the same as that in H,O and that the transition point
in D,0 is also similar in temperature to that in H,O. Therefore,
we consider that the laser trapping crystallization of r-Phe in
D,O provides the monohydrate crystal, which is thermodyna-
mically the most stable at room temperature, although further
identification will be necessary in the future.

Here it is indispensable to estimate the local temperature
elevation by light absorption of the solution because the pseu-
dopolymorphism of t-Phe is strongly affected by the tempera-
ture. Fig. 5 shows the transmittance of H,0, D,O, and the
respective L-Phe solutions at 1064 nm passing through a glass
cuvette with different optical path lengths. The transmittance
decreased exponentially with increase in the path length in
accordance with the Beer-Lambert law, by which we estimated
the extinction coefficients of H,0O and D,O to be 14.5 and
0.98 m™*, respectively. The higher extinction coefficient of H,O
is ascribed to overtone and combination absorption bands of
the OH vibrational mode. The extinction coefficient of each
t-Phe solution was almost identical to that of the corresponding
solvent. Under experimental conditions similar to ours, the
laser-induced local temperature elevation at the focal point was
already estimated to be 23 and 2.6 K W' in H,0 and D,0,
respectively.”” By assuming that the temperature elevation is
simply proportional to the input laser power, the temperature
elevation within the focal volume in the H,O solution can be cal-
culated to over 20 °C, which is high enough to exceed the tran-
sition point of 37 °C. On the other hand, that in D,O solution is
estimated to be only 3.0 °C, which is too low to be over the tran-
sition point. Thus, the local temperature elevation induced by
the trapping laser irradiation should be responsible for the
pseudopolymorphism of 1-Phe induced by laser trapping.

Dynamics and mechanism of laser trapping crystallization
through high-concentration domain formation

One of the most notable results in this work is that laser trap-
ping crystallization in D,O provided the monohydrate crystals
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Fig. 5 Transmittance of 1064 nm light passing through the solutions as
a function of the optical path length.
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always at the outside of the focal spot, and never at the focal
spot. We here discuss the dynamics and mechanism of this
amazing crystallization behaviour. In supersaturated solution,
it is expected that the molecules easily form the relatively large
and stable liquid-like clusters, which consist of solutes and
solvents weakly linked by intermolecular interactions.”*?*
Since the optical gradient force in our experiment is too small
to trap single -Phe molecules, the liquid-like clusters are con-
sidered to become a target for laser trapping. Their effective
trapping instantly increases the local concentration within the
focal volume, where aggregates of the clusters are prepared.
Further laser irradiation continuously increases the local con-
centration within the focal volume, the energy barrier for trig-
gering liquid nucleation is overcome, and eventually the stable
high-concentration domain is formed locally. The small
domain is expanded from the focal volume to outside it spon-
taneously due to intermolecular-cluster interactions, heat
transfer, and convection flow, resulting in the formation of a
large, high-concentration domain.

It can be considered that the concentration in the focal
volume should be high enough to lead to crystal nucleation,
but the monohydrate crystal was not formed at the focal spot.
Here we should consider molecular/cluster orientation in the
high-concentration domain formed through liquid nucleation.
It is known that not only the concentration but also a suitable
molecular orientation is necessary to adequately determine
and distinguish crystal nucleation from the solution.**”*” In
other words, even if the molecular concentration is high
enough to trigger crystal nucleation, molecular orientation is
not always preferable for triggering crystal nucleation. This
knowledge is supported by our previous study on a millimetre-
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scale dense liquid droplet of glycine in D,O formed by focusing
the laser beam at the surface of a glass substrate.”” The droplet
was formed through liquid nucleation and the SS was estimated
to be 2.7 as mentioned above. The concentration is certainly high
enough to lead to crystal nucleation, but it never takes place.
Thus, both sufficient concentration and suitable molecular orien-
tation are necessary to trigger crystal nucleation.

Coming back to this work, the high-concentration domain
is also formed through liquid nucleation, so that it should
have a homogeneous concentration and relatively ordered
molecular/cluster orientation. As same as a dense liquid
droplet of glycine, it can be considered that the orientation is
unfavourable for triggering the crystal nucleation. Here we
suggest that the orientation should become more disordered
at the domain edge, where solutes and solvents go in and out.
In particular, the orientation at the triple point of air, domain,
and solution is expected to be much different from that
inside the domain. Therefore, the needle-like crystal formation
possibly takes place somewhere within the edge of the dense
area, where the molecular/cluster orientation is preferable for
triggering the needle-like crystal nucleation. The first nuclea-
tion is realized far away from the focal spot due to its stochas-
tic nature, and the surface of the first generated crystal
induces some fluctuation in the steady state, leading to the
subsequent nucleation. As a result, needle-like crystals are
formed inhomogeneously around the focal spot, as shown in
Fig. 3b. Fig. 6a summarizes the schematic illustrations of this
prospective mechanism of laser trapping crystallization in D,O
leading to needle-like crystal formation.

Fig. 6b shows schematic illustrations for the crystallization
behaviour in H,O solution, when the laser irradiation always
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Fig. 6 Schematic illustrations of the prospective mechanism for laser trapping crystallization of L-Phe in D,O (a) and H,O (b).
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provides only one anhydrous crystal at the focal spot. Laser
trapping of the clusters is considered to be similar to the case
of the D,O solution (panel (i) of Fig. 6b). On the other hand,
different from the D,O solution, local temperature elevation by
laser heating is expected to be high enough to exceed the tran-
sition point of 37 °C. Therefore, during aggregation of the clus-
ters by laser trapping, laser heating provides vigorous
molecular motion and vibration of H,O and destroys the inter-
molecular interactions between H,O and r-Phe. Consequently,
H,O molecules come out from the liquid-like clusters, and the
dehydration in aggregation is completed (panel (ii) of Fig. 6b).
Further laser irradiation increases the local concentration of
1-Phe without H,O and leads directly to crystal nucleation of
the anhydrous plate-like form not through liquid nucleation
(panel (iii) of Fig. 6b). Thus, dehydration on the laser trapping
crystallization of 1-Phe was realized only in H,O solution since
a higher local temperature elevation is achieved by laser
heating compared with D,O.

Conclusions

We successfully demonstrated the laser trapping crystallization
of 1-Phe through high-concentration domain formation by
focusing a continuous-wave laser beam of 1064 nm at the
surface of 1-Phe-H,O and 1-Phe-D,0O solutions. Upon
irradiation into the H,O solution, a single plate-like anhydrous
crystal was prepared at the focal spot. This anhydrous form is
thermodynamically the most stable at a temperature above a
transition point of 37 °C, so we concluded that the local temp-
erature elevation of over 20 °C induced by laser heating led to
dehydration during laser trapping of the liquid-like clusters.
On the other hand, in D,O solution, a lot of needle-like crys-
tals, which are ascribed to the monohydrate form, were
formed outside of the focal spot, not at the focal spot, and
were densely distributed in the area within a few millimetres
of the focal spot. This indicates that an extremely large high-
concentration domain is growing up to a millimetre-scale
before monohydrate crystal nucleation, and that the mono-
hydrate crystal formation takes place at the growing domain
edge, where the orientation of molecules/clusters becomes
more disordered. We believe that the present experiments on
laser trapping-induced millimetre-scale dense domain for-
mation and dehydration will be milestones in the study of
laser trapping crystallization of molecular systems with hydro-
gen-bonded networks of amino acids, protein, and so on. Our
method can be applied to some compounds of membrane pro-
teins that are difficult to crystallize through the milestones.
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