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ABSTRACT

On-demand and local manipulation of exfoliated clay nanosheets in colloidal dispersions enables a variety
of novel applications of clay-based materials. In this study, manipulation of a single fluorohectorite nanosheet
by utilizing the radiation pressure of a tightly focused laser beam was demonstrated. When a linearly polarized
continuous laser beam was irradiated to a fluorohectorite nanosheet, the nanosheet was oriented with its in-plane
direction parallel to the propagation direction of the laser beam. Furthermore, the nanosheet edge was directed
in parallel to the polarization direction of the laser beam. When the polarization direction of the laser beam was
rotated, the nanosheet was rotated following the rotation of the polarization direction.
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INTRODUCTION

Layered crystals such as clay minerals can be exfoli-
ated into single nanosheets in an aqueous medium, which
results in colloidal nanosheets. The colloidal nanosheets
can be oriented by a shear force, electric field, or magnetic
field (Schmidt et al., 2002; Sasai et al., 1996; de Azevedo
et al., 2007). Various macroscale structures have also been or-
ganized from colloidal nanosheets with these external forces
(Nakato et al., 2011; Schmidt et al., 2002; Sasai et al., 1996;
Azevedo et al., 2007). If on-demand and microscale orienta-
tion control of colloidal nanosheets is realized, a variety of
hierarchical colloidal structures, which are not obtained by
macroscopic external forces, will be formed.

A colloidal particle can be trapped at a focal point when a
tightly focused laser beam is irradiated to the particle (Ash-
kin, 1992; Harada and Asakura, 1996). When a photon is
reflected or refracted by a particle, its momentum changes.
Based on the conservation of momentum, a reactive force
corresponding to the momentum change is applied to the
particle. This force is called “radiation pressure.” The radia-
tion pressure is consisting of two major forces: scattering and
gradient forces. Origin of the scattering force is reflection of a
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photon. This force pushes the particle toward the propagation
direction of the incident beam. Gradient force is mainly from
refraction of the focused beam. This force drags the particle
toward the focal point of the incident beam. When these two
forces are appropriately balanced, a particle in colloid can be
trapped at the focal point of the incident beam.

We have realized local and on-demand orientation of a
colloidal hexaniobate (K,Nb,O,;) nanosheet by irradiation
of a focused laser beam (Tominaga et al., 2018a; Nagashita
et al., 2018). The niobate nanosheet was oriented parallel
to both of the propagation and polarization directions of
the incident linearly polarized laser beam when the niobate
nanosheet was trapped at the focal point. Since the dominant
origins of radiation pressure are reflection and refraction, the
radiation pressure is large when the difference of refractive
indexes between dispersion medium and dispersoid is large.
Because hexaniobate K,Nb,O,, is known as an oxide exhibit-
ing a high refractive index around 2.3 (Nassau et al., 1969),
its nanosheet is favorable for optical manipulation. However,
this material possesses photocatalytic activity (Domen et al.,
1986, 2000). Thus, organic molecules adsorbed on niobate
nanosheet are often photodecomposed (Umemura et al., 2006;
Shinozaki and Nakato, 2007; Sarahan et al., 2008). Therefore,
niobate nanosheet is not appropriate as a host material of
organic compounds to limit their application for functional
inorganic—organic hybrids.

In contrast, organic molecules can be adsorbed stably onto
the surface of clay minerals because most of clay minerals do
not exhibit photocatalytic activity (Olphene, 1966, Umemu-
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ra, 2004). Therefore, clay minerals are suitable host material
of photo- and optical-functional hybrid materials. In fact, clay
mineral nanosheets have been utilized as host materials of
photo- and optical-functional organic molecules (Cenens
and Schoonheydt, 1988; Ogawa and Kuroda, 1995; Salleres
et al., 2009; Sasai ef al., 2009; Bujdak et al., 2010; Takagi
et al., 2010; Kawamata et al., 2010; Dutta et al., 2012; Suzuki
et al., 2012; Nakato et al., 2017). This is because most of clay
mineral nanosheets are colorless and transparent in the vis-
ible wavelength region and thereby interactions between the
guest organic molecules and incident light are not disturbed
by the host materials. Photo- and optical-functions of organic
molecules adsorbed on clay nanosheets are often different
from those in solution or pure solid states. Dyes adsorbed on
clay nanosheets often show large spectral shift and high pho-
toluminescence quantum yield compared with those in a ho-
mogeneous solution (Okahata ef al., 1989; Ishida et al., 2014).
Two-photon absorption properties of organic molecules
adsorbed on a clay have significantly been improved (Suzuki
et al., 2011). Moreover, such photo- and optical-functions are
controlled by nanosheet orientation (Sasai ef al., 2004; Bujdak
et al., 2005). Thus, on-demand and hierarchical orientation
control of clay-organic hybrid nanosheets may further im-
prove their functionalities.

However, typical refractive index of a clay mineral is
reported to be about 1.5 (Querry, 1987; The Clay Science
Society of Japan, 1987). Due to this low refractive index, con-
ditions for optical manipulation of clay mineral nanosheets
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Fig. 1. Schematic representation of experimental setup used for
laser manipulation of fluorohectorite nanosheet.

should be different from those of niobate nanosheet. Thus,
in this study, optical manipulation behaviors of an exfoliated
clay mineral, fluorohectorite, has been investigated.

MATERIALS AND METHODS

Synthetic fluorohectorite provided from Topy Industries,
Ltd., Japan, was used in this study. Prior to the optical ma-
nipulation, it was purified as follows. Powder sample of
fluorohectorite was dispersed in ultra pure water with a con-
centration of 5gL~!, and then centrifuged at 15000rpm for
15 min. After decantation, the resulting supernatant was again
centrifuged at 15000 rpm for 15 min. Centrifugation was re-
peated for several times until the precipitate was judged to be
colorless. The resulting supernatant was freeze-dried.

A fluorohectorite nanosheet colloid used for optical ma-
nipulation was prepared by adding the purified clay powder
to water at a concentration of 0.01 gL™". This concentration
is sufficient to exfoliate the clay mineral into single layers
(Kawamata et al., 2010). The colloid sample was injected
into a 100 um thick thin-layer glass cell. The cell was set on
the stage of an inverted microscope (I1X70, Olympus, Japan).
Figure 1 shows a schematic representation of the experimen-
tal setup. A linearly polarized continuous-wave laser beam
emitting at 532 nm (Millennia Pro, Spectra Physics, USA) was
focused at the center of the cell (50 um from the cell-sample
interface) using an objective lens (Apo, 60X, numerical ap-
erture=1.20, Olympus, Japan). The polarization direction of
the linearly polarized laser beam with respect to the sample
was varied by rotating a half-wave plate mounted on a stepper
motor. The beam diameter was adjusted to the pupil diameter
of the objective lens using a beam expander. The beam waist
at the focal point of this setup was calculated to be 0.33 um.

For optical microscopy observation upon irradiation with
a laser beam, the sample was illuminated by a halogen lamp
and the image was monitored with a digital C-MOS camera
(ORCA-Flash 4.0 V3, Hamamatsu Photonics). The incident
laser beam was completely blocked by a dichroic mirror and a
band pass filter inserted before the camera. Theoretical spatial
resolutions and the depth of field in the experimental setup
were approximately 0.3 ym, which was 0.3% of the thickness
of the cell.

RESULTS
The optical microscope images of the fluorohectorite col-

loid before and after irradiation with the linearly polarized
laser beam are shown in Figure 2. A plate-like object is ob-
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Fig. 2. Optical microscope images of a fluorohectorite nanosheet before and after laser irradiation. The white arrow indicates the polar-
ization direction.
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Fig. 3.

Optical microscope images of a fluorohectorite nanosheet after laser irradiation ceases.

Fig. 4. Optical microscope image of the repeatedly trapped fluorohectorite nanosheet by on-off switching of the laser irradiation. Before
laser irradiation (a), after 30s of continuous laser irradiation (b), 30s after laser irradiation ceased (c) and after 30s re-irradiation of

continuous laser beam (d).

Fig. 5.
radiated. The white arrows indicate the polarization directions.

served before laser irradiation (Figure 2a). This object was
assigned to a fluorohectorite nanosheet oriented with their
in-plane direction parallel to the cell surface. The nanosheet
moved three-dimensionally with Brownian motion; thus, the
object was sometimes clearly seen but sometimes blurred
with focusing and de-focusing in microscope observations
due to the motion. The area of in-plane direction of the
nanosheet estimated by the microscope image under the as-
sumption that the nanosheet is perfectly parallel to the cell
surface was 97 um?.

With the irradiation of a 50mW of laser beam, the
nanosheet was immediately trapped at around the focal point.
After 12s of continuous laser irradiation, the fluorohectorite
nanosheet started tilting toward the direction perpendicular
to the cell surface, i.e., parallel to the propagation direction
of the laser beam (Figure 2b). After 14s, the fluorohectorite
nanosheet was stationarily oriented in this direction (Figure
2¢). Then, the oriented nanosheet started rotation of its edge
with respect to the laser propagation direction (Figure 2d,
17s). The final direction of the nanosheet edge was parallel
to the polarization direction of the incident laser beam. The
nanosheet retained the trapped state during laser irradiation
(Figure 2e, 225).

The fluorohectorite nanosheet was gradually relaxed by
Brownian motion when the laser irradiation was ceased
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Optical microscope images of a fluorohectorite nanosheet when polarized laser beam with various polarization direction was ir-

(Figure 3). The nanosheet trapped at the focal point began
positional and orientational shift just after stopping the laser
irradiation (Figure 3a). The object was then gradually moved
and tilted into the direction parallel to the cell surface (Figure
3b—e).

The fluorohectorite nanosheet was repeatedly trapped at
the focal point by on-off switching of the laser irradiation, as
shown in Figure 4. Figures 4a to 4c show trapping and releas-
ing cycle described above. The released nanosheet (Figure
4c) was re-trapped at the focal point again by re-irradiation of
continuous laser beam (Figure 4d). The trapping and releasing
was repeated by further on-off switching cycles of the laser
irradiation at least 10 times.

Figure 5 shows that the fluorohectorite nanosheet was
rotated following the polarization direction of the incident
laser beam. At the initial stage, a nanosheet was trapped in
the diagonal direction in the microscope image by irradiation
of a laser beam linearly polarized in this direction (Figure
Sa). When the polarization direction was rotated clockwise
by 45°, the fluorohectorite was also rotated clockwise by 45°
(Figure 5b). When the polarization direction was sequentially
further rotated by 45°, the nanosheet followed the rotation of
the polarization direction (Figures 5c and d). Rotation of the
nanosheet was followed until the maximum speed of stepper

motor of our experimental set up of 0.5 zrads ™.
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DISCUSSION

Our results demonstrate that fluorohectorite nanosheets are
manipulated by a laser beam. As shown in Figure 2, when
a continuous laser beam was irradiated to a fluorohectorite
nanosheet, in-plane direction of the nanosheet changed from
parallel to perpendicular to the cell surface. Namely, resulted
direction of the nanosheet surface was parallel to the propaga-
tion direction of the laser beam. Furthermore, the nanosheet
was rotated to the direction of its edge in parallel to the
polarization direction of the laser beam. This behavior was
essentially the same as the case of niobate nanosheet (Tomi-
naga et al., 2018a). Responses of fluorohectorite nanosheet to
laser irradiation shown in Figure 3—5 were also essentially
the same as those observed for niobate nanosheet except for
the required laser power. At least S0mW of laser power was
required for obtaining orientation change of 97 um? of fluo-
rohectorite nanosheet while the power for 102 zm? of niobate
nanosheet was 5mW, in our experimental setup. Thus, the la-
ser power required for manipulating fluorohectorite nanosheet
was much higher than that for niobate nanosheet. The higher
laser power required for trapping fluorohectorite nanosheet
can be attributed to the small refractive index of fluorohecto-
rite because areas of in-plane direction of the fluorohectorite
and the niobate nanosheet were almost same value. It should
be noted here that fluorohectorite nanosheet was not damaged
even though such a large intensity of laser beam was irradi-
ated. Although a large laser power is required, this study
clearly indicated that clay nanosheet in colloidal dispersion
can also be optically manipulated by a focused laser beam, as
well as niobate nanosheet.

A nanosheet oriented parallel to the propagation direction
of incident laser beam was observed as a linear object. The
thickness of the observed linear object seems to be around
900nm in the microscope images. However, the thickness
of exfoliated fluorohectorite nanosheet is 0.95nm. The most
probable reason for this discrepancy is the considerably
larger lateral size (5 to 20 um) of the trapped fluorohectorite
compared to the Rayleigh length (0.3 um) of the objective
lens employed in this study. Since the Rayleigh length, i.e.,
focal depth, is significantly smaller than the lateral size of
nanosheet both edges of the nanosheet are located far from the
focal depth of the objective lens, when the nanosheet is orient-
ed with its in-plane direction parallel to the propagation direc-
tion of the laser beam and the focal depth is set to the center of
nanosheet. Thus, image of the edges should be blurred. Due to
this defocusing of the edges, the single nanosheet was thought
to be observed as if such a thick object.

CONCLUSIONS

In this study, we have demonstrated laser manipulation of
a single clay nanosheet. Reflecting a relatively small refrac-
tive index of clay minerals, required laser power was larger
than those for oxide nanosheets with high refractive indexes.
Methodologies that enable local and on-demand orientation
manipulation of clay minerals nanosheets is needed for maxi-
mizing the functionality of clay-dye hybrids, and optical ma-
nipulation established in this study should provide a powerful

methodology for realizing required orientations of clay min-
eral nanosheets. Novel practical applications toward superior
optical properties of clay-dye hybrids will also be found under
appropriate manipulation.
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