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ABSTRACT. Photo-control of mechanical motions of small objects has attracted much attention
to develop mesoscopic remote actuators. For this purpose, photo-induced morphological changes
of molecules, molecular aggregates, and crystals have been extensively studied in the field of
chemistry and materials science. Here, we propose direct use of momenta of light (i.e. radiation
force) to control the motion of small objects, through photochromic reactions of pyranoquinazoline
(PQ) derivatives. PQ is colorless in visible wavelength region while it is in closed form, and
undergoes photochemical ring-opening reactions to form colored isomers upon UV light
irradiation; the open-ring isomers return to the colorless closed isomers mainly through the thermal
back reaction. In the experiment, individual polymer microparticles with diameters of 7 pum
incorporating PQ were trapped by optical tweezers. When the trapped microparticle was irradiated
with UV light, the microparticle was pushed along the axis of light propagation about a few
micrometers by absorption force arising from PQ in colored form. In addition, we found that
dynamics of trapped microparticles was regulated by the thermal back reaction of PQ. The present
results demonstrate that diversity of photochromic reactions can be transcribed into mesoscopic

motions through the momentum exchange between light and molecules.



Introduction Controlled motions of mesoscopic objects have been attracting much
attention in the field of nanoscience and nanotechnology from various viewpoints relating to
mesoscopic actuators. Photo-irradiation is one of most promising external stimuli to control tiny
objects, because of its non-contact nature and high spatial resolution.! Along this line, photo-
responsive materials that can change their shape and size under the illumination have been so far
developed in chemistry and materials science.”* Photochromic compounds such as diarylethene
derivatives are one of promising materials to achieve meso/macroscopic motions (e.g. 1 to 100
pum) through the photoisomerization reaction of individual molecules leading to the geometrical

change of assemblies in meso/macroscopic scales.’

Contrary to this bottom-up and hierarchical approach from the molecular reaction, optical

8 on the basis of the optical force could be regarded as a top-down method to control

tweezers
mesoscopic motions of small particles with diameters of 10 nm to 10 um. In principle, optical
forces (Fphoto) acting on the trapped objects can be divided into three terms”; gradient force (Fgrad),
scattering force (Fsca), and absorption force (Fabs). In most of the studies so far accumulated for
optical tweezers, targets of trapping are under the irradiation with near infrared lasers for which
the targets have no optical absorption bands."®? In these cases, Fgrnd directs the particle into the
focal spot of a laser beam and keeps it under the trapping, while Fica slightly pushes the particle
along the axis of light propagation.” Accordingly, for more sophisticated manipulation, spatial

10,11

shaping of Fgad has been intensively investigated such as optical vortices ™', topological

lightwaves'?, and near-field of localized surface plasmon.'>!4

It is worth noting that Fgra 1s based on the momentum exchange between light and matter

and it is essentially weak compared to the absorption force where the momenta of photons can be



resonantly transferred to the target object by the absorption of the light.!>!® Accordingly, the Fabs
is large enough to induce the translational motion along the optical axis as already demonstrated
for quantum dots whose absorption band is resonant to the incident light.!® In other words, versatile
motions of small targets are expected by the switching of Fuss through the switching of the color
of the object by organic photochromic molecules inside in the target. In the photochromic reaction,
the initial isomer without absorption at the trapping wavelength turns to the colored one by the
first switching light and the reverse process to the colored isomer is induced by another light at the

31718 Accordingly, reversible

wavelength different from the first one or the thermal back reaction.
switching of Fuss through the photochromic reactions may lead to fast pushing and pulling of the
objects leading to the translational motion in the mesoscopic scale. Moreover, the trapped objects
could undergo the translational motion in the case where the thermal back reaction. That is, the
position of the small object under the trapping could be modulated by other light for the switching

the color by the photochromic reaction of small number of molecules through the resonant

momentum exchange between light and molecules.

In the present work, we employed a pyranoquinazoline derivative (PQ) that instantaneously
undergoes the photochemical reaction upon UV light irradiation, resulting in the formation of an
isomer with the absorption bands in the whole visible wavelength region. This colored isomer
returns to the colorless one by thermal back reaction with the time constant < 1 s.!° Accordingly,
we can switch the Faps acting on the microparticle trapped by the laser beam whose output
wavelength is resonant to the visible absorption of the colored isomer. In the actual system, PQ
was put into polymer microparticles (PMPs) with diameters of ca. 7 um. UV irradiation of the
PMP with PQ inside under the laser trapping led to the OFF-ON switching of Faps, leading to the

spatial displacements (pushing) of the PMP by a few um along the axis of light propagation. After



the UV light was turned off, the PMP returned slowly to its original trapped position, showing that
the decolorization process of the thermal back reaction of PQ regulates the returning process. The
present results demonstrated that various kinds of mesoscopic motions can be realized with

diversity of the photochromic reactions, through the light-matter interaction on the momentum.

Results and Discussion

Photochromic reaction of pyranoquinazoline derivatives. Fig. 1a shows the molecular
structure and photochromic reactions of PQ.! Closed-form (CF) isomer of PQ undergoes the
reaction leading to the transoid-cis (TC) isomer upon UV irradiation. The TC isomer returns to
the CF isomer through mainly by a thermal back reaction. Photoexcitation of the TC isomer leads
to formation of third isomers, transoid-trans (TT) form, with a very small reaction yield.!” In the
present study, however, it was not necessary to take this species into account owing to the

negligible production yield.

Fig. 1b shows UV-Vis absorption spectra of PQ in the CF- and the TC isomers in toluene
solution at 298 K. CF isomer has an absorption band around 360 nm and is colorless in visible
wavelength region, while TC isomer exhibits a broad absorption band with a maximum at 570 nm
in the visible region. Polymer microparticles (PMPs) incorporating PQ were used as specimens for
the laser trapping (details are shown in the methods section). So as to induce the photochromic

% soft polymer

reaction of PQ accompanying rather large changes of the molecular structure,’
matrices (polyacrylic ester resins) were used. Photochromic reactions of PQ in the PMP were

confirmed by UV-visible absorption spectra (See Supporting Information (S.I.) S1 and Figure S1).



The absorption tail of TC isomer was slightly extended (ca. 50 nm) to longer wavelength region

in the PMP compared with that in toluene, probably due to the difference of environments around

PQ.

Optical trapping at 690 nm: Fapbs in non-resonance. Optical trapping of the PMPs was
executed under an inverted optical microscope. Mechanical motions of the trapped PMP were
detected by the transmission imaging with an oil immersion objective (NA = 1.30). Trapping lasers
at 532 and 690 nm were focused to diffraction-limited spots. For the photochromic reactions of
PQ, the UV laser at 355 nm was coaxially introduced into the optical path of the trapping laser
beam. To illuminate the trapped PMP uniformly, a spot diameter of the UV laser was expanded to
15 pm at the focal plane. All lasers were linearly polarized. A series of the trapping experiment
was performed in the following manner. First, the PMP incorporating PQ was trapped by the
visible laser beam. At this moment, the PMP was colorless at the trapping wavelength. Then, the
PMP is irradiated with the UV light for 2 s after the video recording started. After turning off the
UV light, the video recording was continued until 15 s to track the thermal back reaction of PQ.

The intensity of the 690-nm laser was 500 uW at the sample position.

Fig. 2a-d shows temporal evolution of the images of the trapped PMP with PQ inside.
These images were obtained by using the illumination light in the wavelength range of 488-633
nm. Accordingly, the transmission image before the UV irradiation (t = 0 s) is almost transparent.
Fig. 2b shows the transmission image of the PMP at 0.06 s after the start of UV exposure with the
excitation intensity of 400 mW cm?, indicating the decrease of the transmittance due to the
formation of the TC isomer through the ring-opening reaction of the CF isomer. The transmission

image of the PMP 0.2 s after shutting off the UV exposure in Fig. 2c shows the increase in the



transmission compared to that in Fig .2b. The color gradually faded away with an increase in the
time after the termination of the UV exposure. This is due to the thermal back reaction from TC to
CF isomers. After ca. 10 s following the termination of the UV irradiation, the color of the PMP

recovered to the original transparent state.

In order to detect the spatial displacements of the PMP induced by Fiss along the Z-axis,
we employed height dependence of diameters of scattered rings of the PMP.?!"2 The diameter of
the scattering ring of the PMP fixed on the glass coverslip was measured at various heights by
using a 3D piezo scanning stage. The relation between the diameter of scattering ring and the
absolute Z-position of the PMP in the above measurements provides the calibration curve for the
analysis of the Z-position under the trapping. For the detection of circular objects and the
evaluation of its diameters and weight centers in all optical micrographs, we employed the hough
transform method, which is available in Matlab image processing toolbox as a predefined function.
The changes in diameter of the scattering ring were linear in the range of Z-position of 0 to 2 um
with an accuracy of ca. 100 nm. Note that the calibration coefficient of the Z-position was slightly

diameter-dependent, and this dependence was taken into consideration.

Fig. 2e shows a time course of the Z-displacements of the trapped PMP. The Z-
displacement starts to increase at 2 s where the UV exposure started, followed by the gradual
increase with an increase in the UV exposure time. The maximum value of the displacement is ca.
100 nm at 4 s. After the UV laser was turned off at 4 s, the Z-displacement slowly decreases and
finally came back to the original position at around 7 or 8 s. These dynamics of the displacement

along the Z-position will be discussed in detail in the latter section.



To directly verify the contribution of the colorization reaction inducing Fuss, we performed
a control experiment with no photochromic molecules. In this case, no Z-displacement was
detected under UV irradiation for the bare PMP under optical trapping (See Figure S2 in S.1.). In
addition, we confirmed that the colorization of the PMP incorporating PQ never affect accuracy
of evaluation of Z-displacements (See Figure S3 in S.1.). From these results, we concluded that the
Z-displacements observed in Fig. 2e can be ascribable to Fuss by the change of the color of PQ at

the trapping wavelength of 690 nm.

Trapping wavelength dependence: resonant and non-resonant. To  more  quantitatively
elucidate the contribution of Fgus on the trapped PMP, we employed a CW laser at 532 nm for
comparison. The strong resonance absorption of the TC isomer locates at 532 nm as was shown in
Fig.1, while the absorption intensity is much weaker at 690nm. Because the gradient and scattering
forces and diffraction-limited spot size are also wavelength dependent, we first obtained the
information on these factors by measuring the positional fluctuations of the PMP without PQ in
both wavelength conditions. The fluctuation was observed to be ca. 700 nm (in fwhm in horizontal
plane) at the laser intensity of 440 uW for 532 nm, while slightly larger intensity, 500 uW, was
necessary for the 690-nm laser to attain the similar fluctuation. The weaker laser intensity at 532
nm than that at 690 nm is mainly attributed to the smaller focus spot. Actually, the wavelength
dependence of scattering cross sections of the PMP leading to the difference of Fi., is quite small
in this wavelength region on the basis of Mie calculation (See Figure S4 in S.I.).>** In addition,
wavelength dependence of Fgus 1s not significant in this wavelength region, because of the

constant optical response of the PMP in visible wavelength region.



Before the discussion on the wavelength dependence of the trapping laser, we first show
the Z-displacement as a function of original diameters of the trapped PMP at the trapping
wavelength of 690 nm in Fig. 3a. Size distribution of the PMPs (7 £ 2 um) affects the Z-
displacements. At a UV laser intensity of 33 mW cm™ (black filled triangles), the Z-displacements
were not detectable for the PMPs larger than 8 um in diameter. In contrast, the Z-displacements
reached ca. 200 nm for the PMPs with diameters ranging from 4 to 6 um. With an increase in the
UV laser intensity, the Z-displacement increases and a maximum value of ca. 800 nm was
observed (red open squares). This result indicates that the amount of the TC isomer in the PMP
increased with increasing UV laser intensity, resulting in an increase in Fups acting on the PMP.
On the other hand, large-sized PMPs exhibited smaller Z-displacements even at the high UV laser
intensity. That is, an increase in Fga for larger PMPs under one irradiation condition results in a
decrease in Z-displacement and the gravitational force (Fgraviry) acting as a counter for Foups for

larger PMPs. That is, a weakening of Fg4q results in larger Z-displacements at a constant Fups.

Fig. 3b shows the Z-displacement as a function of original diameters of the trapped PMP
at the trapping wavelength of 532 nm. At the UV laser intensity of 70 mW cm™, a mean Z-
displacement was ca. 100 nm. As the UV laser intensity increases, the mean Z-displacement
increases up to ca. 600 nm. In particular, the maximum Z-displacements for smaller PMPs at the
high UV intensity were larger than 1 pum. Moreover, the Z-displacements for the PMPs larger than
8 um in diameter were much greater than those observed for the trapping at 690 nm at the
equivalent UV laser intensities. These differences in Z-displacement of the PMPs indicates that

Faps acting on the PMP is significantly wavelength dependent.
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To more clearly visualize the trapping wavelength dependence, the mean Z-displacements
at each wavelength are plotted as a function of the UV laser intensity in Fig. 3c. Although the Z-
displacement linearly increases with UV laser intensity in both conditions with different color
lasers, an increment in the Z-displacement under the 690-nm trapping is smaller than that by the
532-nm laser. The slope of the linear curves with the intercept of zero was 1.08 and 0.37 for 532
nm and 690 nm, respectively. That is, the slope for the 532-nm trapping was almost 3 times larger
than that at 690 nm. This wavelength dependence reflects the absorption spectrum of the TC isomer
of PQ. As shown in Fig. 1b, the ratio of the absorbance of the TC isomer in toluene at 532 nm and
that at 690 nm was 19.1. On the other hand, the Aextinction spectrum of the TC isomer in the PMP
was extended by 50 nm to longer wavelength region than that in toluene solution (See Figure S1
in S.I.). The ratio of Adextinction coefficients of the TC isomer at 532 and that 690 nm is 2.96 in

the PMP, which is consistent with the trapping wavelength dependence observed in Fig. 3c.

To quantitatively verify the role of dextinction coefficients at the trapping wavelength, we
review the fundamental equation representing all optical forces acting on the PMP”3, Fyua, Fica,
and Fups. First, as already mentioned in the previous section, Fg.s Was normalized by monitoring
the positional fluctuations of the trapped PMP at each trapping wavelength. Second, in principle,
scattering force is proportional to the scattering cross section (Csca / m?) of the PMP at the trapping
wavelength, i.e. Fyeq ¢ Csa. To compare Cgea at 532 and 690 nm, we calculated a scattering
spectrum of a bare PMP in water on the basis of Mie theory.?***> As a result, we confirmed that the
wavelength dependence of Cyca is much smaller than that of Aextinction coefficients in visible
wavelength region (See Figure S4 in S.I.). Accordingly, one can safely conclude that small
differences in Fgrqq and Fie, at each trapping wavelength do not result in the significant trapping

wavelength dependence. Finally, absorption force is proportional to the Aextinction coefficients of
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the TC isomer at the trapping wavelength, i.e. Fups ¢ Aextinction. Summarizing above discussion,
we can conclude that the trapping wavelength dependence observed in Fig. 3¢ can be ascribed to
Fups arising from the TC isomer. This result directly indicates that radiation force acting on small
objects is modulated by using photochromic reactions. Note that the real part of refractive index
of the PMP changes due to photoisomerization. Because the real part corresponds to scattering
force, the Aextinction spectrum shown in Fig. S1b should be separated into absorption and
scattering.?®?’ On the other hand, it has been reported that both thermophoresis® and fluid
convection?’ can contribute to migration of small objects exposed to intense light fields. In the
present case, an increase in temperature of the trapped PMP is expected to be less than a few Kelvin
on the basis of heat conduction equations.>*? That is, the contribution of temperature-induced

migration is safely excluded.

Dynamics of trapped microparticles: time constants of the displacement and their relation
to photochromic reactions. In Fig. 4a, we show the time profile of the displacement of PMP
under the laser trapping at 532 nm. The UV laser (278 mW c¢m™) was turned on at 2 s and irradiated
the PMP for 2 s (until 4 s in the figure). The PMP started to move along the Z-axis after the turn-
on of the UV irradiation and the Z-displacement of ca. 1 um was attained around 3.7 s. We define
the movement leaving from the original position before the UV irradiation as forward motion (F-
motion). After the turn-off of the UV laser at 4 s, the PMP gradually returns to the original position
before the UV irradiation. We define the displacement returning to the original position as the
backward motion (B-motion). The time required for the half of the displacement of F- and B-

motions is used as the time constant for the displacement in the following.
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Fig. 4b shows the time constants of F- and B-motions of the PMP at the trapping
wavelength of 690 nm. The time constants of the F-motion were ca. 0.4 s and not so strongly
dependent on the UV laser power. In contrast, the mean time constant of the B-motion was ca. 0.8
s, which is two times greater than that of the F-motion. On the other hand, both time constants of
F- and B-motions under the 532-nm trapping increase with increasing UV laser intensity as shown
in Fig. 4c. This dependence on the UV laser intensity is attributable to much larger Z-

displacements at high UV laser intensities.

In general, the dynamics of the movement of the present PMP is regulated by four factors,
gravitational force, viscous drag, photoisomerization of CF to TC, and thermal back reaction of
TC to CF. First, we consider dynamics on the photoisomerization of CF to TC. Because the ring-
opening reaction takes place in the electronically excited state, the time constant of the reaction in
molecular level' is in the time range < 10°-10'? s. The growth of the TC isomer in PMP is,
however, dependent on the intensity of UV light. The viscous drag® in water is diameter-
dependent and affect the displacement of the PMP. In the case that both F- and B-motions are
regulated mainly by the viscous drag, both time constants of F- and B- motions should be similar
values. Moreover, under the the present experimental setup with the inverted optical microscope,
the gravitational force could accelerate the B-motion.?® The time constant of the B-motion is much
slower than that of the F-motion. This result indicates that the viscous drag is not a main factor
regulating the speed of the motions and suggests that the B-motion is regulated by the thermal
back reaction of the TC- to CF isomers. Hence, we conclude that the spatiotemporal control of

radiation force acting on the PMP is possible by using photochromic reactions of PQ.
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Non-coaxial irradiation: 3D control of trapped microparticles. In previous sections, the UV
laser and the trapping lasers were coaxially introduced. In this section, the configuration of
irradiation was modified as shown in Fig. 5a. The UV laser was focused in such a manner that the
optical axis is displaced 3.7 um away from the optical axis of the trapping laser along X-axis. The
spot diameter of the UV laser was 3.7 um (in fwhm). In this configuration, the colorization reaction
of PQ is partially induced on the PMP surface. Therefore, the trapped PMP is expected to be
pushed not only to Z-direction, but also to the horizontal direction. In this experiment, the trapping

laser intensity at 690 nm was set to 1 mW. An irradiation period of the UV laser was 7 s.

Fig. 5 b to —e shows a series of snapshots on the non-coaxial irradiation. In Fig. 5b, the
PMP was trapped by the focused red laser at 0 s. Fig. 5¢c shows the transmission image of the PMP
just after the start of the UV exposure at the excitation intensity of 15.4 W ¢cm™. The PMP was
partially colored, indicating an increase in the TC isomer. At the boundary region of the PMP and
water (left hand side of the PMP), a weak emission signal was observed. This originates from
photodegradation of PQ due to the intense UV irradiation. Fig. 5d shows the transmission image
of the PMP after shutting off the UV exposure for 7 s. The center of the PMP moved along X-axis.
This X-displacement could be attributed to the Fuss partially acting on left hand side of the PMP.
At 25 s, the PMP came back to its original position by Fua of the trapping laser (Fig. Se). From a
series of transmission images, trajectories of the weight center along X- and Y-axis were extracted
as shown in Fig. 5f. Although no detectable change was observed for Y-displacement, the X-
position of the PMP was observed at 3 s after the irradiation of the UV light. The X-displacement
gradually increased with an increase in the time and reached the maximum value of 2 pum. After
the UV laser was turned off at 10 s, the PMP gradually returned to the original position at ca. 17

S.
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To verify the observed X-displacement was caused by Fu»s of PQ, we performed a control
experiment using bare PMPs under same irradiation condition. As a result, the bare PMP was
slightly attracted to the focal spot of the UV laser; i.e. negative X-displacement. Therefore, the
positive X-displacement observed in Fig. 5f can be ascribed to Fups acting onto left hand side of

the PMP.

In Fig. 5g, we plotted the temporal profile along the Z-axis. Interestingly, we could observe
the Z-displacement increase by ca. 100 nm while the UV laser was turned on. This result indicates
that the PMP was pushed not only to X-direction, but also to Z-direction and that 3D control of

positions of the PMP is possible by using photochromic reactions of PQ.

So as to more quantitatively elucidate observed phenomena, numerical simulations of the
optical field such as the trapping potential should be performed to estimate Fuss (i.e. a number of
colored isomers in a microparticle). To calculate these fields and forces, simplified analytical
solutions can be applied if the trapped particles are Rayleigh particles.?-** However, it is expected
that the numerical simulation for the present system would be very complicated because the size
of the trapped microparticle is much larger than the size of the laser spot. Therefore, full
computation of the electric field including the trapping laser, the PMP, and water in a realistic
geometry will be required. This is far beyond the scope at this moment, but we will perform it in

future work.

Conclusions We employed photochromic reactions to modulate radiation force acting on the

optically trapped PMP. For this purpose, pyranoquinazoline (PQ) derivatives were incorporated
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into polymer microparticles with diameters of 7 pm. In the experiments, the colorization reaction
of PQ in the trapped PMP was observed by irradiating the UV laser. It was demonstrated that the
Z-displacement of the PMP was linearly proportional to the UV laser intensity, and was dominated
by the Aextinction coefficients of PQ at the trapping wavelengths. Further, the analysis on
dynamics of the PMP revealed that the B-motion of the PMP was affected by the thermal back
reaction of PQ. In the experiment under non-coaxial irradiation, 3D control of the PMP was
demonstrated by Fs partially acting on the PMP. Thus, we have demonstrated the spatiotemporal
control of radiation force by using organic photochromic compounds for the first time. We believe
that this insight will introduce a new strategy into photo-control of nano-objects. Hereafter, we
will report relationships between dynamics of the trapped microparticles and the time constants of
thermal back reactions of photochromic compounds by using various kinds of pyranoquinazoline

and naphthopyran derivatives.

Methods

Sample preparation The synthetic method of a pyranoquinazoline (PQ) derivative with a pyrenyl
unit was already reported in our previous work in detail.! First, we prepared an acetonitrile (75-
05-8, copure, Wako) solution of PQ at a concentration of 0.25 mg mL™!. Second, we added 10 mg
of microparticles of polyacrylic ester resins (AFX-8, Sekisui Plastics) with diameters of 7.8 + 2.4
pm into the solution. The solution was left for a few weeks for swelling of PQ into the polymer
microparticles. After that, we put a few drops of the colloidal solution onto a glass coverslip

(borosilicate glass, 24 x 32 x 0.17 mm, Matsunami) and dried it at atmospheric condition. Then
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the polymer microparticles on the glass were submerged in ultrapure water (Direct-Q UV,
Millipore), in a 40 pL chamber consisting of two coverslips and a 0.3 mm thick silicone rubber
spacer. By applying a mechanical stimulus to the sample chamber, the microparticles on the

coverslip were redispersed into water.

Optical setup We used an inverted optical microscope (IX-70, Olympus) for all the optical
measurements. To acquire optical micrographs, a monochromatic CCD (Infinity 3-1 URM,
Lumenera) was employed. We used three CW lasers at wavelengths of 355, 532, and 690 nm. For
the lasers of 355 and 532 nm, 2nd and 3rd harmonic lights of a fundamental wavelength of a CW
Nd:YAG (3-band CW laser, Oxide) laser were used. For the laser of 690 nm, we used a diode laser
(DL690-050-S, CrystalLaser). For optical trapping, a microscope objective (UPlanFLN, 100x, NA
= 1.30, Olympus) was used. For micro-spectroscopy of single polymer microparticles, a
microscope objective (LUCPlanFLN, 60x, NA =0.70, Olympus) and a fiber-coupled spectrometer

(SD-2000, Ocean Optics) were used. The optical setup is shown in Figure S5 in S.1.
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Figure 1. (a) Photochromic reactions of the 8H-pyranoquinazoline (PQ) derivative, 1-methoxy-8-
phenyl-8-(4-(1-piperidinyl)phenyl)-3-(1-pyren-yl)-8H-pyrano[3,2-f]quinazoline. ~ (b) UV-vis

absorption spectra of PQ in CF isomer, and PQ in TC isomer under UV irradiation (365 nm, 440
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mW cm) in toluene at 298 K. (c) Schematic illustration of the switching of Faps acting on a trapped

microparticle by using the photochromic reactions of PQ.
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Figure 2
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Figure 2. (a-d) Time course of transmission images of the polymer microparticle (PMP) trapped
by the focused 690 nm CW laser at an intensity of 500 uW: the UV laser intensity was set to 400
mW cm. The irradiation period of the UV laser was set to 2 s. (e) Time evolution of the Z-

displacement of the PMP. The UV laser was introduced at 2 s, and it was turned off at 4 s.
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Figure 3
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Figure 3. Figure 3. (a) Z-displacements triggered by the UV irradiation as a function of the original
diameter of the PMP at the trapping wavelength of 690 nm. (b) Z-displacements triggered by the
UV irradiation as a function of the original diameter of the PMP at the trapping wavelength of 532

nm. (¢) Mean Z-displacements as a function of the UV laser intensity.
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Figure 4
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Figure 4. (a) Schematic representation of the definition of forward and backward motions of the
PMP along Z-axis. The displayed time course of Z-displacement was measured at the UV laser
intensity of 278 mW cm™ and the trapping wavelength of 532 nm. (b) Time constants of the F-

motion and the B-motion of the PMP as a function of the UV laser intensity at the trapping
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wavelength of 690 nm. (c¢) Time constants of the F-motion and the B-motion of the PMP as a

function of the UV laser intensity at the trapping wavelength of 532 nm.
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Figure 5. (a) Schematic illustration of the non-coaxial irradiation of the PMP. The focal spot of

the UV laser is spatially displaced 3.7 um away from the center of the 690 nm laser along X-axis.

(b-e) Time course of optical transmission images of the PMP trapped by the focused 690 nm CW

laser at an intensity of 1 mW: the UV laser intensity was set to 15.4 W ¢cm™. The irradiation period

of the UV laser was set to 7 s. (f) Time evolution of the displacements of the PMP along X- and

Y- axis. The UV laser was introduced at 3 s, and it was turned off at 10 s. (g) Time evolution of

the Z-displacement of the PMP corresponding to Fig. 5f
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