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ABSTRACT Not only the energy but also the momentum of photons transfers to material via
photo-absorption; this momentum transfer, known as radiation pressure, can induce motions of
small particles. It can therefore be expected to induce mechanical motions of mesoscopic
materials synchronized with the reversible change of their absorption coefficient by external
stimuli. In the study, we demonstrated quantitative photomechanical motions in mesoscopic
regions by combining optical tweezer and photochromic reactions of diarylethene (DAE). A
microparticle including DAE was optically trapped with 532-nm laser and the absorption band of
the DAE was photo-switched with UV laser, resulting in the modulation of the radiation force
through the change in the complex dielectric constant of the particle. In this process, mesoscopic
mechanical motions were successfully induced by the photochromic reaction. The present
approach is potentially applicable in a wide variety of nano/micro-mechanical devices, and also

paves the way to detecting the photoabsorption for molecules via photomechanical response.
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Resonant absorption of photons plays a significant role as an initial step of a number of
photofunctional processes in natural and artificial systems where the energy of photons is
converted to the electronically excited state and utilized in the subsequent chemical reactions and
physical processes. Not only the energy but also the momentum of photons is, in general,
resonantly transferred to material through photo-absorption.3# This momentum transfer is one
of origins of radiation pressure affecting motions of tiny materials under photo-irradiation. The
force arising from the resonant absorption induces the motion of the materials towards the
direction of light propagation. In addition to the absorption force, scattering and gradient forces
also contribute to radiation pressure. While the direction of the absorption and scattering forces
is along the Poynting vector of incident light, the gradient force keeps tiny materials at the focal
point of the incident light. In the case where the gradient force is dominant, we can utilize this
force in the manipulation of tiny materials ranging from ca. 10 nm — 10 pum; this is known as
laser trapping or optical tweezer.

Chemical reactions are generally accompanied with the change of the resonant absorption band
of molecules, because the structure of electronic states is dependent on molecular structure and
its constituent atoms. Accordingly, chemical reactions occurring in a tiny object can modulate
the radiation pressure acting on the object through the change of absorption and scattering cross-
sections. As introduced above, the gradient force keeps a small object at the focal point of
incident light, while the direction of the absorption and scattering forces is along the axis of the
light propagation. Hence, the chemical reaction in a tiny material can potentially induce its
mechanical motions under laser trapping.

Photochromic molecules undergo reversible isomerization reactions between isomers with

different resonant absorption bands.>® 78 Switching of the color through the photochemical



reaction modulates the absorption and scattering forces and, consequently, can induce the
reversible motion synchronizing with the colorization and decolorization reactions. This can
provide a new method to control the motion of materials in mesoscopic scales. Along this line,
we have investigated the photoresponses of tiny polymer particles including a photochromic
diarylethene derivative under laser trapping.® Reversible motions with a few 100-nm to a few-
um displacement, synchronizing with the photochromic reactions, were experimentally observed
and these movements were rationally accounted for by the theoretical calculation with the
absorption change of the quite small number of molecules (10® mol). The present result is
potentially applicable to a wide variety of nano/micro-mechanical devices with versatile motions
through the photochemical reactions regulated by light irradiation.

Small particles of poly(methyl methacrylate) (PMMA) with a fluorescent diarylethene
derivative®* were prepared as a specimen. 300-nm sized (in diameter) PMMA particles provided
by SEKISUI PLASTICS (XX-3832Z) were used as received. The particles were immersed in
1,4-dioxane (Wako, 045-24491) solutions of a fluorescent diarylethene derivative, DEL, at a
concentration of 8.5x10* M. The stock solutions were kept in a dark area in an experimental
room at a temperature of 296K for 48 hours, leading to the inclusion of the open-ring isomers of
the diarylethene into the PMMA particles with solvent molecules by swelling. The particles
including DE1 were separated from the solution by centrifugation, then dispersed into water
prepared with an ultrapure water system (DirectQ UV, Millipore).

Chemical structures of the open- and closed-ring isomers of DE1 are shown in Figure 1la.
Figure 1b and 1c show absorption and fluorescence spectra of DE1 in 1,4-dioxane solution. UV
irradiation of the nonfluorescent open-ring isomer, DE1(0), yields the highly fluorescent closed-

ring isomer, DE1(c), with the cyclization yield of 0.62. The closed-ring isomer excited by the



visible light undergoes the radiative transition with a fluorescence quantum yield of 0.88 in
completion with the cycloreversion reaction with a low reaction quantum yield (1.8 x 104).
Figure 1d shows absorption spectra of colloidal suspension of the PMMA particles containing
DEL. Although the scattering signal overlaps on the absorption spectrum, the absorption maxima
and spectral band shape before the UV irradiation are almost the same with those of DE1(0) in
1,4-dioxane solution. After the 355-nm irradiation for 10 min, the absorption band in the visible
region ascribable to DE1(c) appears as shown in Figure 1d. Fluorescence spectrum of the
PMMA particle after the UV irradiation is shown in Figure le, where the particle was excited
with a CW 532-nm laser and an optical long-pass filter >535 nm was introduced to avoid the
scattering signal of the 532-nm laser light. As is clearly shown in this figure, the emission
maximum and spectral band shapes are almost the same with those of DE1(c) in 1,4-dioxane

solution. This result clearly indicates that the cyclization reaction, DE1(0) — DE1(c), can take

place in the solid PMMA environment, which is consistent with previous studies demonstrating
the photochromic reactions of DAE in solids.5°
A drop of the colloidal suspension of the PMMA particles was injected into a 30-uL sample

chamber consisting of two well-cleaned coverslips (Matsunami, 24 x 32 x 0.17 mm) and a 300-

pm thick silicon-rubber sheet with a hole. Details of the cleaning process of the cover slips were
described previously.'? A single PMMA particle with DE1 was optically trapped with a CW
visible (532 nm) laser and the photochromic reaction was induced by photoirradiation with a CW
UV (355 nm) laser. The details of the optical setup are described in the supporting information
S1.

For precise detection of the three-dimensional motion of a trapped particle, we employed

astigmatism imaging method,*3* where the position of a fluorescent particle along the optical



axis (Z-axis) is obtained by the analysis of the aspect ratio of the fluorescent image. The Z-
position of a trapped particle is dependent on the gradient, scattering, and absorption forces. The
number of colored DE1(c), which can be changed by the photochromic reaction, mainly affects
the absorption and scattering forces, leading to the Z-displacement of the particle as shown in
Figure 1f. The details of the radiation force acting on the particle through the UV irradiation
cycle is schematically illustrated in Figure S4 in the supporting information S6.

Figure 1g shows the fluorescence image of a PMMA particle in water under the trapping by
the 532-nm laser with a power of 6 mW at the particle position. In this measurement, optical
setup for the astigmatism imaging was employed. Upon irradiation with weak 355 nm light
(typically < 130 nW) to the trapped particle the very weak background emission or scattering
image of the particle (Figure 1g (i)) dramatically increased as shown in Figure 1g (ii). This
increase is due to the formation of fluorescent closed-ring isomers in the particle. The bright
image again returned to the weak image under irradiation with the 532-nm laser (Figure 1g (iii)).

In addition to the change of the fluorescence intensity, Figure 1g also shows the change of the
aspect ratio of the fluorescence image by the UV irradiation at 355 nm. This result indicates that
the position along the Z-axis under the laser trapping is affected by the irradiation at 355 nm.
Details on the setup for 3D tracking and the quantitative information on the tracking accuracy
(typically 20 nm WFHM) along the Z-axis are shown in the supporting information S2 and S3.

Figure 1h shows the position along the Z-axis and the fluorescence intensity of the trapped
particle under the repetitive irradiation of the UV light (0.5 s for each exposure). Because the
particle was continuously irradiated with the 532-nm laser, the cycloreversion reaction, DE1(c)
— DE1(0), was dominantly induced under the laser trapping at 532 nm. This figure clearly

shows that the Z-position of the particle is modulated by the UV irradiation; Z-displacement of



ca. 250 - 300 nm toward the propagation direction of the 532-nm laser light was induced for the
trapped particle by the irradiation with the UV laser at 29 Wcm (36 nW). The repeatable Z-
displacement could be induced at least 10 times by the UV irradiation although the fluorescence
intensity of the particle gradually decreased, which is probably due to the photodegradation of

DAESs under the intense visible light irradiation at 532 nm (typically 2 - 3 MWcm?).
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Figure 1. (a) Photochromic reactions of the diarylethene derivative DE1 used in the present
study. (b) Steady-state absorption spectrum of (red) the open-ring isomer and (blue) closed-ring
isomer of DE1 in 1,4-dioxane solution. (c¢) Fluorescence spectrum of the closed-ring isomer in
1,4-dioxane solution photoexcited at 488 nm (d) Absorption spectra of colloidal suspension of
the PMMA particles containing DE1. Spectrum before the irradiation with the 355-nm light and
that after irradiation for 10 min. (e) Fluorescence spectrum of PMMA particles containing DE1
on a cover slip in the air, irradiated with a CW 532-nm laser. An optical long-pass filter > 540

nm was introduced to avoid the scattering signal of the 532-nm laser light. (f) Schematic



illustration of the photo-switching of radiation force by using photochromic reaction. (g)
Fluorescence images of a trapped PMMA particle containing DE1 upon photoirradiation: (i) and
(iii) only with the 532-nm laser at 6 mW and (ii) with the UV (355 nm, 29 Wem™) and the
visible (532 nm, 5 mW) lasers. The contour plots in the upper side show the fitting results with
2D Gaussian. (h) Time course of the positional change along the Z-axis (red line) and the
fluorescence intensity (blue line) of a trapped particle with the CW 532-nm laser with 6 mW.
The trapped particle was periodically photo-irradiated with the CW UV laser light with an

irradiation time of 0.5 s.

To quantitatively characterize the Z-displacement under the UV irradiation, we estimated
gradient, scattering, and absorption forces acting on a trapped particle. First, so as to calculate
gradient force under the present trapping condition, the shape and depth of optical trapping
potential were experimentally determined. For the measurement of the shape of trapping
potential corresponding to the intensity distribution of the 532-nm light, we obtained a stage-
scanning confocal micrograph of a single quantum dot on a cover slip under the 532-nm
photoexcitation. The spot size of the green laser was estimated to be ca. 0.24 um as 1/e? radius
on the focal (XY) plane and 1.33 um as 1/e? half-width (See supporting information S4 for the
details) along the Z-direction.

Next, for the estimation of trapping potential depth, the positon of optically trapped single
PMMA particle on the XY plane was tracked by means of localization method. Figure 2a shows
a trajectory of the Brownian motion of a trapped PMMA particle on the XY plane,°:16.17

indicating that the PMMA particle was confined in a circular area with a diameter of ca. 150 nm.
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Time course of the X-position of the trapped particle is shown in Figure 2b and the histogram of
the X-position obtained from Figure 2b is exhibited in Figure 2c. The blue line in Figure 2c
shows the analytical result with Gauss function.

To estimate the depth of gradient-force trapping potential under the present experimental
condition from the data of single particle tracking shown in Figures 2a-2c, we conducted
Brownian dynamics simulation (BDS). The random movements of a trapped particle in solution
can be reproduced by the BDS using the algorithm of which bases were developed by Ermak and
McCammon.®8 In this simulation, solvent was regarded as continuum medium, then motions of
individual solvent molecules nor their interactions with the surface of trapped particles were not
considered. Detailed calculation process for the motion of a particles under optical gradient force
is described in our previous report.!® Figures 2d-2f show an example of calculation result on
Brownian motion of a trapped PMMA particle with a 300-nm diameter in water at 295 K. In this
simulation, the experimentally obtained spot size of trapping laser beam (240 nm in radius,
described in supporting information S4) was employed. Figure 2d shows the trajectory of the
Brownian motion of a trapped 300-nm PMMA particle on the focal (XY) plane of the objective
under a trapping potential depth of 99 ksT. Figures 2e and 2f respectively show corresponding
time course of the X-position of the trapped 300-nm particle and its distribution obtained through
the simulation. By analyzing the distribution with Gauss function, we obtained the width (1/e
width) of the positional fluctuation of a trapped particle. A series of simulation under different
trapping potential depths and successive analysis in the aforementioned manner provided the
relation between the width of positional fluctuation along the X-axis and trapping potential depth
as shown in Figure 2g. By comparing the Gauss width (1/e width) of the distribution (41.9 nm)

with the computational results of BDS (Figure 2d-2g), the depth of trapping potential by the
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gradient force was estimated to be 99 kgT for incident laser power of 5 mW. Here, ks and T are

the Boltzmann constant and Kelvin temperature, respectively.

(a) ) (¢
- E100&— i
£ 100f £ 50L |k 4 S
c 50- ] | 8t
o -50F 8 | | ‘ e
ga00F, )C.:-SOF | g

400 0 100 100+ .+ . 4 ) o

X-position /nm 0 10 20 30

Time /s

(Ed) ()00 ("
c 50 M| &
2 0 8
8 -50 ]
s -100 §

'100 0 1w 1y M ¥ T o

200 bt
X-position /nm 0 510152025

-100 0

100
X-position /nm

—
|

100 0 100
X-position /nm

(9)

E 50 - 5

£ -

451 T S

= Ak i I

& 40 - .“»"";‘

b 8-

3] ‘.’"‘

O 35- * e

A A 1 A al

96 100 104 108

Trapping potential /KT

Figure 2. (a) Distribution of the XY-position of a PMMA particle trapped in water with the 532-

nm laser at 5-mW incident power at every 122 ms. (b) The time-course of positional fluctuation

along the X-axis of the trapped PMM
trajectory shown in (b). The solid line i
(d) Distribution of the XY-position o

gradient-force trapping potential with

A particle. (c) Histogram of the X-position for the time
s the curve obtained by the analysis with a Gauss function.
f a PMMA particle trapped in water at every 2 ms in

a depth of 99 kgT in the presence of scattering force

(simulation result). () The time-course of positional fluctuation along the X-axis of the trapped

particle shown in (d). (f) Histogram of the X-position for the time trajectory shown in (e). (g)

The 1/e half-width of the distributions of X-displacement as a function of optical trapping
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potential depth; this plot was obtained from computational results on the basis of Brownian

dynamics simulation.

The gradient force was directly calculated by differentiating the optical trapping potential
obtained in the aforementioned manner. On the other hand, the scattering and absorption forces,

Fse; and Fups, by the UV and VIS lasers were calculated by using equations 1 and 2.
Fset (1) = =2 Cser (1) 1(2) Q)

Faps(2) = "N Caps(2) 1(2) )
Here, Csci(A) is the scattering cross-section of single PMMA particle, while Cabs(A) and N are the
absorption cross-section for single DE1 molecule and the number of DE1 molecule in a PMMA
particle, respectively. I(A), nm, ¢, and A are the input laser intensity, the refractive index of
surrounding medium, the speed of light in vacuum, and the wavelength of light respectively. The
scattering and absorption cross-sections of the PMMA particle were calculated by using finite-
difference time-domain (FDTD) method under effective medium approximation with the help of
Mie theory?®?122_ The calculated value of Cabs(A) per DAE molecule exhibited good agreement
with the absorption cross-section of single DAE molecule calculated from the molar absorption
coefficient of the DAE in 1,4-dioxane.?® Details of the calculation and results are shown in the
supporting information SS5.

The net radiation force due to the photon momentum transfer is the sum of the scattering and
absorption forces due to the radiative and nonradiative dissipation process,?*%° the summation of

two forces, Fsct(A) + Fans(L), by the UV and VIS lasers was calculated by using equation 3.
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Fset () + Faps(D) = "2 Crrt (A, N 1(2) (3)

Here, N is the number of DE1(c) in single PMMA particle and Cex(A, Nc) is the extinction
cross-section of single PMMA particle as a function of Nc and A. We estimated the complex
refractive index of PMMA particle with DE1(c), and calculated the Cext(A, N¢) for the arbitrary
N¢ value as shown in the supporting information S5.

Figure 3a shows the sum of gradient, scattering, and absorption forces acting on a PMMA
particle under the gradient-force trapping potential of 119 keT (corresponding to 6 mW trapping
laser power) as a function of the Z-position. The N¢ in the figure is the numbers of the closed-
ring isomers in the PMMA particle. It should be noted here that only the photon forces by the
532-nm light are taken into consideration because the contribution of the UV light is negligible
owing to its very low intensity (7.8 - 130 Wcm™) at the specimen. The increase in the scattering
cross-section of the PMMA particles was in the same order of the increase in the absorption
cross-section at 532 nm (see supporting information S5). Hence both contributions were taken
into account in the calculation.

From the result shown in Figure 3a, we obtained the relation between Z-displacement, Az, and
the number of the closed-ring isomer converted from the open form, Nc in a PMMA particle by
UV irradiation. In the optical configuration considered in this calculation, Az does not show the
dependence on the incident power of the 532-nm laser, because the increase in trapping stiffness
with increasing 532-nm laser power countervails the increase in the sum of absorption and
scattering forces. Figure 3b shows a precise plot of the sum of gradient, scattering, and
absorption forces along the Z-axis as a function of the Z-position for PMMA particles trapped at
three different gradient-force trapping potentials, 79, 99 and 119 keT (corresponding to 4, 5, and

6 mW incident powers at 532 nm), for two different Nc, 2.0x10* and 1.5x10°. The figure clearly
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demonstrates that the same Az for the three laser powers at a same Nc. In other words, Az
depends only on incident UV power but not 532-nm laser power as shown in Figure 3c, the

relation between Az and N for the three trapping potential depths.
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Figure 3. (a) Optical force (the sum of gradient, scattering, and absorption forces) along the Z-
axis acting on a PMMA particle under trapping potential of 119 ksT (6 mW incident power),
calculated as a function of the number of the closed-ring isomers in a particle. The right inset is a
precise plot in the Z-position ranging from 2.5 to 3.5 um shown as a blue rectangle in the main
plot. (b) The sum of gradient, scattering and absorption forces along the Z-axis acting on a

PMMA particle under trapping potential of 79, 99 and 119 ksT for N¢ = 2.0x10* and 1.5x10°. (c)
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Relation between the Z-displacement of a trapped particle and N for the three trapping potential

depths.

Figure 4 shows experimentally obtained Az for a particle trapped with the 532-nm light at 4
and 6 mW laser powers as a function of UV intensity. In the analysis, Z-displacement only in the
first several cycles were analyzed, where each Z-displacement showed comparable value, so that
the effect of photodegradation is not involved. The Z-displacement monotonically increases with
increasing UV power with saturation in the high light intensity region. This can be ascribed to
the saturation of the increase in N¢ (see the supporting information S7 showing detailed
calculation of N¢ as a function of the UV intensity). Comparing the experimental results with the
calculation (Figure 3c) leads to the quantitative estimation of the number of photo-isomerized
DAEs in a PMMA particle; the relation between Az and N¢ is summarized in Table 1 for the
trapping laser power of 4 and 6 mW. Under the present condition, the photoinduced conversion
of 8.1 - 9.8x10* DAE molecules to the closed-ring isomer resulted in 130 - 160 nm displacement
along the Z-axis. In other words, the degree of photochemical reaction at the 1028 mole level can
be monitored by the measurement of photomechanical response of the particle.

Figure 3b and 3c predicted that Az does not depend on incident 532-nm laser power but only
on the incident UV power. The plots of Az in Figure 4 are in line with the expectation; Az shows
almost same behavior with increasing N¢ for 4 and 6-mW incident 532-nm power. However, the
value of Az is slightly different between the two photoirradiation conditions. The values of Az at
4-mW incident power are always 10-20% smaller than those at 6-mW incident power. The

difference is systematic and not negligible. This small difference is ascribed to the different
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number of absorbed and scattered 532-nm photons by a particle undergoing thermal fluctuation
at the bottom of the gradient-force trapping potential. The inset of Figure 4 shows the positional
fluctuation of trapped PMMA particle along the X-axis as histograms (simulation results). The
simulation result indicates that a particle under shallower trapping potential (79 ksT) has more
chance to move out to a surrounding area of the focal spot of 532-nm laser, where the particle
experiences lower light intensity than on the optical axis. As a result, the particle trapped by the
4-mw incident power experienced absorption and scattering forces slightly lower that those
under trapping with the 6-mW incident power.

In the report, we have demonstrated the photo-switching of radiation forces acting on a
microparticle by using photochromic reactions of DE1. The photoinduced mechanical motions of
organic systems is potentially applicable in a wide variety of micromechanical devices. In
addition, this approach also paves the way to monitoring the absorption of photons by small
number of molecules by detecting photomechanical response. We foresee the approach proposed
in the report provides a new avenue of photon-controlled opto-mechanical response of organic
systems as well as a new absorption spectroscopy for small number of molecules. To control
further complicated and elaborate mechanical motions, different photo-irradiation conditions and

different molecular systems are under investigation.
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Table 1. Z-displacement of trapped PMMA particles and the number of DE1(¢) photo-converted

by UV irradiation in a PMMA particle, N, .

Trapping laser power 4mW Trapping laser power 6mW

Z-displacement, Z-displacement,

UV intensity /Wem™ Az fnm Ne Az fnm Ne
7.8 130 8.1x10* 160 9.8x10*
13 240 1.5x10° 270 1.7x103
29 280 1.8x103 320 2.0x10°
52 330 2.1x10° 380 2.3x10°
130 380 2.3x103 430 2.7x103
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Figure 4. Plot of the Z-displacement of a particle under trapping potential of (blue solid circle)
79 and (red solid square) 119 ksT (4 and 6 mW incident power, respectively) as a function of UV

laser power (experimental data). (Inset) Histograms of the X-position of PMMA particle

18



(simulation result) under optical trapping with (blue) 4 and (red) 6 mW incident laser powers at

532 nm without UV light.
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