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ABSTRACT: Self-assembled microstructures of an amphi-
philic diarylethene featuring an alkyl chain and triethylene
glycol groups showed a photoinduced reversible morpho-
logical change in water. Reversible photoisomerization of the
core diarylethene gave rise to a reversible morphological
transformation between colorless microspheres and colored
fibers. When colorless microspheres were irradiated with UV
light, colored fibers were formed, and when the colored fibers
were irradiated with visible light, the spheres were restored to
their original positions where the spheres originally existed.
This system showed reversible morphological change through
not only photoirradiation but also temperature change. These behaviors can be interpreted as a phase transition between the
sphere and fiber states. The dynamic process of the phase transition was monitored by polarized optical microscopy (POM),
transmission electron microscopy (TEM), and X-ray diffraction (XRD). It was revealed that the formation of fibers upon UV
irradiation occurred radially at the surface of the sphere and the formation of the spheres upon visible-light irradiation occurred at
the middle of the fiber. The unique photoinduced mechanical motion provides useful information for the design of sophisticated
photoactuators.

■ INTRODUCTION

Amphiphilic compounds form self-assembled structures such as
micelles, vesicles, fibers, lamellae, and coacervates through
intermolecular solvophobic interactions.1−13 The morphology
of self-assembled structure is determined by not only the
molecular structure but also environmental conditions such as
temperature and solvent. The control over morphology is
important because the practical properties of materials depend
on their morphology, when the compounds are applied to
organic electronics and biomaterials.
By introducing stimuli responsiveness, a static self-assembled

structure becomes dynamic when a morphological trans-
formation takes place. Temperature change,14−20 addition of
chemicals,21−26 sonication,27−33 and photoirradiation34−45 are
typical examples of stimuli. Among them, photoirradiation
attracts interest for its potential in practical applications, such as
optoelectronics and drug delivery, because photoirradiation can
be performed on a narrow area without disturbing the system.
Recently, the dynamic process of supramolecular assembly

has begun to attract interest.46−50 In particular, the dynamic
process of the micro- or macroscopic morphological trans-
formation of photoresponsive self-assembled structures attracts
interest because it can convert photon energy into mechanical
motion.51−60 Finkelmann et al. and Ikeda et al. demonstrated
the mechanical motion of a photoresponsive polymer through
photoinduced phase transition.51−53 Takagi et al. monitored the

photoinduced morphological transformation of a lipid mem-
brane sphere containing an azobenzene unit.54 Feringa et al.
reported the light-induced disassembly of self-assembled
vesicle-capped nanotubes through a one-way photocyclization
reaction of overcrowded alkenes. The one-way disassembly of
fibers was monitored by epifluorescence microscopy and
cryogenic transmission electron microscopy (Cryo-TEM).59 It
has been reported recently that not only supramolecular or
polymer assemblies but also molecular crystals can undergo
macroscopic photoinduced morphological transformation.60,61

For a wide variety of assemblies, mechanical motion is currently
under intensive investigation.
To introduce photoresponsiveness, it is important to

incorporate a photoreactive moiety into the system. Azoben-
zenes have been frequently employed because the cis−trans
geometrical change concomitant with photoisomerization is
useful for the control of self-assembled structures.34,35,51−57

Meanwhile, photochromism of diarylethenes also induces
change in self-assembled structures.36−45 While the colorless
open-ring isomer has a flexible structure in solution, owing to
the free rotation between the aryl groups and the ethene
moiety, the colored closed-ring isomer has a rigid plate
structure because of its fused-ring arrangement (Figure 1).
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Therefore, the closed-ring isomer shows stronger π−π stacking
than the open-ring isomer, allowing control of the self-
assembled structure.
We have synthesized various amphiphilic diarylethenes with

oligo(ethylene glycol) side chains and reported the photo-
induced change in the supramolecular assembly; exciton-
coupled circular dichroism and lower critical solution temper-
ature were photochemically controlled.44,45 These works
focused mainly on photoswitching behavior, so dynamics of
morphological transformation was not monitored.
In this paper, we report the reversible morphological

transformation between colorless microspheres and colored
fibers concomitant with the photochromism of diarylethenes.
The dynamic morphological transformation of a microsphere
monitored by optical microscopy, TEM, and X-ray diffraction
(XRD) will be reported in detail. When the colorless
microspheres are irradiated with UV light, colored fibers are
formed, which, upon irradiation with visible light, revert to
microspheres in their original positions.

■ RESULTS AND DISCUSSION
Molecular Design and Synthesis. In this study, we

designed amphiphilic diarylethene 1 with an asymmetric
structure: one side has a nonyloxy chain as the hydrophobic
group, and the other side has two triethylene glycol units as the
hydrophilic group (Figure 1). The core moiety, 1,2-bis(2-
methyl-5-phenyl-3-thienyl)hexafluorocyclopentene,62 is known
to exhibit a high conversion ratio from the open-ring to the
closed-ring isomer upon irradiation with UV light (97% in the
photostationary state (PSS) upon irradiation with 313 nm light
in hexane). The conversion is determined by the ratio of the
product of the absorption coefficient and the cyclization or
cycloreversion quantum yield, as shown in eq 1.63 The high
conversion is attributed to the low quantum yield of the
cycloreversion reaction (Φc→o) of 1,2-bis(2-methyl-5-phenyl-3-
thienyl)hexafluorocyclopentene.

ε
ε ε

=
Φ

Φ + Φ
→

→ →
conversion o o c

o o c c c o (1)

Amphiphilic diarylethene 1 was synthesized using 1,2-bis(2-
methyl-3-thienyl)hexafluorocyclopentene,64 which is a non-
substituted diarylethene at the 5-position of thiophene ring, as
an intermediate. Direct C−H arylation at the 5-position of the
thiophene ring was the key reaction.65 The intermediate
diarylethene and iodobenzenes featuring hydrophobic and
hydrophilic groups were heated at reflux in m-xylene along with
2,2′-bipyridine, palladium(II) chloride, and silver(I) carbonate.
The detailed synthetic procedure is described in the Supporting
Information. The structure of amphiphilic diarylethene 1a was
confirmed by NMR spectroscopy and mass spectrometry.
Photochromic Reaction in Acetonitrile and Water.

Photochromic properties of diarylethene 1 were measured in
acetonitrile, as shown in Figure 2a. Diarylethene 1 showed

excellent photochromic performance; the conversion ratio of
the open-ring (1a) to the closed-ring isomer (1b) was 1:99 at
the PSS upon irradiation with 313 nm light. The colorless
isomer, 1a, had no absorption band in the visible range,
whereas the colored isomer, 1b, showed a blue color with an
absorption maximum at 598 nm. The color disappeared upon
irradiation with 578 nm light.
Amphiphilic diarylethene 1 was not soluble in water upon

direct addition; therefore, the aqueous solution was prepared
through the addition of a large excess of water (4 mL) to a
small amount of the acetonitrile solution (0.5 mL) and
subsequent 10-fold dilution with water at room temperature,
upon which open-ring isomer 1a formed a suspension in water
(see Supporting Information). The photochromic behavior of
this suspension was different from that in the acetonitrile
solution. In the initial state, the scattering due to the formation
of aggregates of open-ring isomer 1a raised the baseline up to
800 nm, as shown in Figure 2b. Upon irradiation with UV light,
the absorbance around 650 nm increased initially, but began to
decrease with further UV irradiation. Finally, a new band
appeared around 540 nm and the band around 650 nm
remained as a shoulder. The decrease in scattering around 800
nm indicated that the size of the scattering particles decreased
upon isomerization to the closed-ring isomer. Upon subsequent
irradiation with visible light, the absorption band around 540
nm disappeared, but the baseline was not restored completely.
This indicates that the size of the scattering particle in the
suspension of open-ring isomer 1a is not always the same.

Figure 1. Photochromic reaction of amphiphilic diarylethene 1.

Figure 2. Spectral change of 1 induced by photoirradiation. (a)
Absorption spectra of open-ring isomer 1a (black broken line), closed-
ring isomer 1b (blue solid line), and at the photostationary state (PSS)
upon irradiation with 313 nm light (red dotted line) in acetonitrile.
The conversion was 99% at the PSS. The absorption maximum of 1b
was at 598 nm in the visible range. (b) Change in absorption spectra
upon irradiation with UV light in aqueous suspension: before
irradiation (black broken line), after 2 min (blue solid line), 10 min
(violet dotted line), 30 min (purple broken line), and 60 min (red
solid line) of irradiation. Green broken line denotes the spectrum after
subsequent irradiation with visible light for 30 min. The absorption
maximum at the PSS was at ≈540 nm.
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Photoinduced Morphological Change of Microstruc-
tures. The suspension was found to consist of a few
micrometer-sized spheres, as observed under an optical
microscope using transmitted light illumination (Figure 3a).

The formation of the submicrometer-sized spheres (ca. 100
nm) was also confirmed by dynamic light scattering (DLS)
measurement (Figure 3b). Transmission electron microscopy
(TEM) also supports the size distribution (Supporting
Information Figure S14a). Upon irradiation with UV and
visible light, photoinduced change of the DLS was observed
(Supporting Information Figure S4).
Photoirradiation with UV and visible light was performed

using focused light from a low-output mercury lamp under an
epi-illumination system at 15 °C and the morphological change
was monitored (Figure 4a and Movie S1). The micrometer-
sized spheres turned blue upon irradiation with UV light, and
after 1 min of continuous UV irradiation, the boundaries of the
spheres became obscure. Upon further irradiation, division of
the microsphere was observed, with smaller spheres separating
from the larger ones. A red-purple hazy fringe was discerned
around the spheres. In addition, Brownian motion of the small
spheres was suppressed after UV irradiation. When the sample
was kept in the dark for 24 h without photoirradiation, the
morphological change was not observed. We also confirmed
that evaporation of the solvent does not induce the observed
morphological change (Supporting Information Figure S11).
Subsequent irradiation with visible light was carried out

under the epi-illumination system (Figure 4b and Movie S1).
The widely diffused small spheres converged to their original
positions. The diffused red-purple hazy fringe shrank like
rubber and colorless spheres were restored at their initial
positions. Notably, even remote spheres converged because of
this shrinking of the hazy fringe. The Brownian motion of the
small spheres was reactivated. This result indicated that the
hazy fringe consisted of fiber structures that prevented the
Brownian motion. Another example of the division and
convergence is shown in Figure 4c,d (Movies S2 and S3). In
this case, UV irradiation was carried out for a long period and
the microspheres are widely dispersed, disrupting the
connection of fibers. Therefore, convergence was not complete
upon irradiation with visible light. The suppression and
reactivation of the Brownian motion of small spheres were
also observed.
The photoinduced transformation showed a different

response to temperature. The above photoinduced trans-
formation was observed at 15 °C, but was not observed at
higher temperatures. At 40 °C, the colorless microspheres
showed only photochromism upon irradiation with UV and
visible light; the morphological change was not observed

(Figure 4e). At 20 and 25 °C, the spheres did not undergo
division; however, the red-purple fibers were generated
(Supporting Information Figure S5). The division was
suppressed at higher temperatures. The suppression at high
temperature indicates that the morphological change is ascribed
to the photoisomerization and not to the photothermal effect
that is caused by local rise in temperature.46

A Maltese cross pattern was observed for the UV-irradiated
microsphere possessing a red-purple region in the polarized
optical microscopy (POM) image under the cross-Nicol
condition (Figure 5). The transmittance of a birefringent
sample depends on sin2 2θ, where θ is the angle between the
polarizer and the optical axis of the anisotropic sample. When
the samples have spherocrystal structures, which are radially
symmetric arrays and whose optical axes also align radially, a
dark cross appears at θ = 0° and 90°.66 The POM result
suggests that the fibers formed radially from the microsphere
like a spherocrystal. Although the hazy red-purple region
showed a Maltese cross pattern, colorless and colored
microspheres did not transmit light under the cross-Nicol
condition, suggesting that the microspheres did not form
spherocrystal structures.

Figure 3. (a) Optical image of the suspension in water at room
temperature of open-ring isomer 1a. Volume-weighted size distribu-
tion of the particles measured by DLS.

Figure 4. Photoinduced macroscopic morphological transformation of
the supramolecular assemblies of 1. (a) Division of a microsphere
induced by UV irradiation. (b) Convergence to the original
microsphere upon subsequent irradiation with visible light (see
Movie S1). (c) Division of a microsphere induced by UV irradiation
(see Movie S2). (d) Convergence to the original microsphere upon
subsequent irradiation with visible light (see Movie S3). (e) UV
irradiation of microsphere at 40 °C. Photochromic reaction was
induced, but the morphological change did not occur. These optical
microscope observations in water were performed in transmission
geometry using an objective lens (40×/0.75). A glass cell was filled
with an aqueous suspension and observed before evaporation. The
effect of drying on the morphology was discussed in Supporting
Information Figure S11. The irradiation with UV (365 nm) and visible
(green, 546 nm) light was carried out using a mercury lamp and some
optical filters. The irradiation powers of UV (a) and visible (b) light
were 6.2 and 25 mW/cm2, respectively (Supporting Information
Figure S2). The red background color of (d) was due to the filters
used to remove strong green light.
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Thermally Induced Morphological and Spectral
Changes of Microstructures. A morphological change also
occurred because of a temperature stimulus. The colorless
microspheres of 1a did not show transformations upon cooling
from 40 to 5 °C. In contrast, the colored microspheres that
were UV-irradiated at 40 °C divided into small particles upon
cooling to 5 °C (Figure 6a and Movie S4). In this case, small

spheres were squeezed out sequentially like a bead necklace,
and a red-purple region was also generated. Both the “necklace”
particles and the red-purple region converged into the main
sphere upon subsequent heating to 40 °C (Figure 6b and
Movie S5).
The temperature stimulus affected the aggregates not only on

the surface but also in the inner region. This means that the
morphological change of the aggregates occurred homoge-
neously; therefore, the division presumably occurred gently and
the bundles of fibers connecting the separated spheres were not
disrupted. Therefore, in this thermally induced change, the
convergence of the separated microspheres occurred com-
pletely.
Changes in absorption spectra concomitant with the thermal

morphological changes were investigated. Initially, the aqueous

suspension was irradiated with UV light and the ratio of the
open-ring to the closed-ring isomer was determined by HPLC.
Then, the spectral change of the sample containing 95% of the
closed-ring isomer was measured under cooling in aqueous
media (Figure 7a). From 50 to 40 °C, the shape of the

absorption band around 600 nm was similar to that in the
acetonitrile solution. In contrast, a new band began to appear at
a shorter wavelength around 540 nm below 30 °C and became
more distinct with cooling. The blue shift is consistent with the
color of the aggregates; the sphere is blue and the fiber is red-
purple. The reversible spectral change occurred upon
subsequent heating (Figure 7b). The inset of Figure 7a
shows the temperature dependence of scattering monitored at
800 nm, where both isomers had no absorption.67 The
temperature of the clearing point was 23 °C for the aggregates
containing 95% of closed-ring isomer 1b. The clearing point
was dependent on the ratio of the isomers (Supporting
Information Figure S10).
The spectrum at 10 °C (Figure 7, dark blue line) is similar to

the UV-irradiated spectrum at room temperature (Figure 2b,
red line), suggesting that the photogenerated and thermogen-
erated fiber states are identical. In the sphere state at high
temperature, the absorption spectrum is similar to that in
organic solvent, whereas in the fiber state at low temperature, a
blue-shifted structured absorption spectrum was observed. This
means that the diarylethene molecules are molecularly

Figure 5. POM images under (a) para-Nicol and (b) cross-Nicol
conditions. The UV-irradiated microsphere showed a Maltese cross
pattern because of the radial structure of the fiber-like aggregates.

Figure 6. Morphological change of a well-colored microsphere, which
was mainly composed of closed-ring isomer 1b, caused by (a) fast
cooling from 40 to 5 °C (see Movie S4) and (b) subsequent fast
heating from 5 to 40 °C (see Movie S5). The temperature control was
carried out using a Peltier stage.

Figure 7. (a) The change in the absorption spectrum upon cooling
from 50 to 10 °C. Spectra were obtained at 50 °C (black), 40 °C
(dotted red), 30 °C (orange), 26 °C (yellowish green), 22 °C (green),
20 °C (sky blue), 17 °C (blue), and 10 °C (dark blue). The aqueous
suspension contained 5% 1a and 95% 1b. Inset shows the turbidity
change upon cooling monitored through the absorbance at 800 nm
(black arrow). The temperature of the clearing point was 23 °C. (b)
The change in absorption spectra caused by heating from 10 to 40 °C.
Spectra were obtained at 10 °C (dark blue), 17 °C (blue), 20 °C (sky
blue), 23 °C (green), 26 °C (yellowish green), 30 °C (orange), and 40
°C (red).
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dispersed in the sphere state, but significant intermolecular
interactions operate in the fiber state, which is composed of
entangled fibers made of the stacked diarylethene molecules.
The absorption spectrum showed a blue shift from a broad
band at 600 nm in the sphere state to a relatively narrow band
at 540 nm in the fiber state, suggesting the formation of H-
aggregates in the fiber state.68,69 It was believed that the closed-
ring isomers are regularly packed parallel to one another, and
construct ordered supramolecular structures in the fiber state.
Therefore, by raising the temperature, thermal agitation
overcomes the intermolecular interactions and prevents the
formation of ordered structures. This is considered to be the
reason no fiber formation was observed upon UV irradiation at
high temperature.
Investigation of the Structure of the Assembly. In

order to obtain information on the structure of the assemblies,
TEM images were obtained for samples under various
conditions. The supramolecular assemblies at various con-
version ratios showed several nanostructures under negative
staining, as shown in Figure 8a−d. The microspheres of the

open-ring isomer were not completely filled structures like oil
droplets, but coacervate structures with a cocontinuous
morphology suggested by the included aqueous phase of the
stained moiety (Figure 8a).70,71 The negatively stained water
phase inside the microsphere adopted a sponge-like branching
morphology. On the other hand, the closed-ring isomer formed
fibers with a uniform diameter (8.2 ± 0.5 nm) without
branched structures (Figure 8d).
At the intermediate conversion ratio, the microspheres and

fibers coexisted. At a conversion ratio of 17%, microspheres
with the cocontinuous morphology were observed, as in the

case of the open-ring isomer (Supporting Information Figure
S14c). At a conversion ratio of 48%, a branched network
structure of fibers was observed, and there were nodes where
the fibers gathered (Figure 8b). The diameter of the fibers was
equal to that observed for the closed-ring isomer. The structure
of the node was similar to those of the microspheres composed
of the open-ring isomer. In the node, the water phase adopted a
sponge-like branching morphology (Supporting Information
Figure S14d). At 64% conversion, the branched network
structure was also observed, but the nodes were much smaller
than in the case of 48% conversion (Figure 8c). In this case, the
node was spherical, but the structure inside the node appeared
to consist of short fibers (Supporting Information Figure S14g).
The diameters of the fibers at 48 and 64% conversion were 8.6
± 1.0 and 9.3 ± 0.9 nm, respectively.
To obtain information on the dynamic process of the

transition from sphere to fiber states, microspheres were placed
on a TEM grid and TEM images were obtained after UV
irradiation (Figure 8e). The image shows the radial generation
of fibers with a vacancy at the center. The phase transition from
microspheres to fibers was caused by the increase in the
conversion ratio on the surface of the microsphere. The starting
material of the microsphere was used up after prolonged UV
irradiation, and a vacancy was considered to be formed. This
radial generation of fibers is consistent with the observation of
the Maltese cross in the POM image.
Then, to obtain information on the transition from fiber to

sphere states, fibers were placed on a TEM grid and TEM
images were obtained after visible-light irradiation (Figure 8f).
In the image after visible-light irradiation, the bundle of fibers
was also observed like in the image before irradiation, but
fragmentation and deformation of the fiber was discerned.
Between the fragments, a granular texture was observed and the
edge line of the fibers became obscure. This image is
considered to represent the initial stage of the transformation
from fiber to sphere state.
Figure 8e,f are the “snapshot” during the photoinduced phase

transition. Because the photoirradiation of the aqueous
suspension was carried out on the TEM grid, monitoring the
photoinduced morphological transformation was possible using
TEM. These images reveal the structure during photo-
irradiation.
Small-angle X-ray diffraction measurements were performed

on the sample with >95% 1b in water (Figure 9a,b). It is known
that axially symmetric fibers usually bundle with hexagonal
packing.72 The obtained d-spacing values of obvious peaks were
12, 6.5, 5.1, and 3.3 nm and these diffraction peaks were
indexed as (100), (110), (200), and (220) of hexagonal packing
(a/2 = d(110) = 6.5 nm), respectively. The diameter of the fiber
was 6.5 nm, which is consistent with the diameters measured
from the TEM image (8.2 nm), which may be flattened by
adhering on substrate. MM/MD simulation also showed rod-
like micelle structures with diameters of ca. 8 nm that consist of
ca. 20 molecules in one turn (Figure 10). The diffraction
pattern appeared in the perpendicular direction of shear,
suggesting the alignment of the fibers upon shearing. The
diffraction measurements were also performed on mixtures with
various conversion ratios using synchrotron radiation (Support-
ing Information Figure S13). The diffraction patterns appeared
at high conversion ratios (88%), whereas no diffraction was
observed in the case of low conversion ratios. These results also
showed that fibers were formed at high conversion ratios.

Figure 8. TEM images of supramolecular assemblies. TEM was
performed using negative staining by sodium phosphotungstate. The
conversion ratios of closed-ring isomer 1b were (a) 0% (open-ring
isomer 1a), (b) 48%, (c) 64%, and (d) 100% (closed-ring isomer 1b).
(e) TEM image of microspheres after UV irradiation on the TEM grid.
The generation of the fibers from the spheres is observed. (f) TEM
image of fibers after visible-light irradiation on the TEM grid. The
generation of the spheres from the fibers is observed.
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Wide-angle X-ray diffraction measurement was also per-
formed (Figure 9c). The diffraction peak at ca. q = 17.5 nm−1

(0.36 nm) was assigned to π−π stacking of the closed-ring
isomers. Other diffraction peaks indicate that the molecules of
1b had ordering not only in the face-to-face direction but also
in other directions. It is hypothesized that two molecules
packed in the head-to-head manner to avoid steric hindrance
caused by the out-of-plane methyl groups and the perfluoro-
cyclopentene moieties. Amorphous halo, which is caused by the
disordered packing of the neighboring molecules, was also
observed around q = 14 nm−1 (0.44 nm) as background. After
evaporation of the solvent water, only the halo was observed
(Figure 9d). This halo was observed also for the open-ring
isomer in water, which forms microsphere structure (Support-
ing Information Figure S12). These results suggest that red-
purple fibers having H-aggregate stacking structure required
hydration of hydrophilic moiety. The evaporation caused
dehydration of triethylene glycol and the orientation of
molecules of the closed-ring isomer became random. The
evaporation of the solvent water from the hydrated assembly of
the closed-ring isomer 1b also caused the color change from
red−purple to blue, which also indicates disassembly of the
fiber structure (Supporting Information Figure S11b).
Mechanism of Morphology Transition. The phase

diagram of the self-assembled amphiphilic compound has
been of interest. For example, a lyotropic liquid crystal
consisting of a monoglyceride and water was reported to
form a bicontinuous cubic phase at a higher temperature and

lamella phase at a lower temperature.73,74 In our case, similar
behavior of phase transition between coacervate and fiber
phases was observed from the temperature change and from the
photochemical isomerization of the component.
Remarkably, the effect of lowering the temperature is

equivalent to the effect of raising the ratio of the closed-ring
isomer; therefore, the fiber-state formation was observed either
upon irradiation with UV light isothermally or upon cooling the
blue-colored aggregates. The photo- and thermo-induced
morphological transformation can be interpreted by consider-
ing the phase transition between the sphere and the fiber states
(Figure 11a,b), which is defined by the temperature and the
ratio of the components.

When the UV-irradiated red-purple substance was dried, the
color changed to blue (Supporting Information Figure S11b).
This result suggests that the red-purple substance contains
water. The UV-generated fiber state is the low-temperature
phase and the original sphere state is the high-temperature
phase. Therefore, taking into account the entropic effects, the
sphere state has higher entropy than the fiber state does. It is
suggested that the fiber state has a hydrogen-bonded hydrated
structure and the sphere state has a phase-separated structure.

Figure 9. (a) Small-angle XRD pattern of >95% 1b in the hydrated
paste. (b) The diffraction image of fibers stretched by the shear stress
along the up−down direction. Wide-angle XRD pattern of >95% 1b in
the (c) hydrated and (d) dehydrated paste.

Figure 10. (a) The MM/MD-simulated fiber structure composed of
1b. (b) Top view and (c) side view. The diameter was ca. 8 nm.

Figure 11. (a) Phase diagram of the mixture of 1a and 1b. The
transition temperatures were obtained from the turbidity change upon
cooling (green open circle). Data are taken from the inset of Figure 7a
and Supporting Information Figure S10. (b) Schematic illustration of
the photoinduced morphological transformation of the supramolecular
assembly. (c) Schematic illustration of the dynamic process of the
phase transition from sphere to fiber states and (d) from fiber to
sphere states.
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The transition is considered to occur between the hydrated and
the dehydrated structures similarly to the LCST behavior often
observed in oligo(ethylene glycol) derivatives.45,75 The sphere
state showed a phase-separated coacervate structure in its TEM
image. The closed-ring isomer has rigid planar structure, so that
the aggregated fiber structure is considered to be preferable.
Figure 11c,d show the plausible mechanism of the

morphological transformation induced by photoirradiation,
which were suggested by the above measurements (POM,
TEM, XRD, and changes in the absorption spectra). Because
the photoreaction proceeds preferentially near the surface of
the aggregates owing to the absorption of light, the phase
transition from the sphere to the fiber occurred on the
microsphere surfaces. Thus, a red-purple region formed around
the microspheres as a spherocrystal. The local heterogeneity of
absorption is believed to induce the deformation and vigorous
division of the sphere. As discussed above, thermally induced
morphological changes show more gentle division and more
complete convergence than do the light-induced changes,
possibly because the temperature stimulus affected the
substance homogeneously.
In the case of the restoration of microspheres, the transition

occurs from the fibers. Initially, the nanospheres formed at the
middle of the fibers, resulting in the subsequent shrinking of the
fibers. Then, the convergence of the separated microspheres
occurred through the shrinking of fibers between the spheres.
After prolonged UV irradiation, the microspheres were no
longer connected by fibers, so the convergence of the
microspheres could not occur.

■ CONCLUSIONS
In conclusion, we have designed and synthesized amphiphilic
diarylethene 1, which formed a supramolecular assembly in
water. A reversible morphological transformation between the
microspheres and fibers was observed along with the
photochromic reaction. This transformation of the supra-
molecular structures was also observed upon changing the
temperature. These behaviors can be interpreted by considering
the phase transition between the sphere and fiber states. The
dynamic process of the phase transition was monitored by
POM, TEM, and XRD. It was revealed that the formation of
fibers upon UV irradiation occurred radially at the surface of
the sphere and the formation of spheres upon visible-light
irradiation occurred at the middle of the fiber. The unique
photoinduced mechanical motion provides useful information
for the design of sophisticated photoactuators.

■ ASSOCIATED CONTENT
*S Supporting Information
Experimental details, 1H and 13C NMR spectra, additional
figures, and movies. Movie S1. Photoinduced macroscopic
morphological transformation of the supramolecular assem-
blies. Division of microsphere induced by UV irradiation and
convergence to the original microsphere upon subsequent
irradiation with visible light (see Figure 4a,b). The movie has a
360 × 270 μm field of view for 620 s at a frame rate of 10 s/
frame by 100-fold speed of reproduction. Movie S2. Division of
microsphere induced by UV irradiation (see Figure 4c). The
movie has a 160 × 90 μm field of view for 380 s at a frame rate
of ∼4.3 s/frame by 128-fold speed of reproduction. Movie S3.
Convergence to the original microsphere upon subsequent
irradiation with visible light to the divided sample (see Figure
4d). The movie has a 160 × 90 μm field of view for 16 s at a

frame rate of ∼0.13 s/frame by 4-fold speed of reproduction.
Movie S4. Thermally induced morphological change of a well-
colored microsphere caused by fast cooling from 40 to 5 °C
(see Figure 6a). The movie has a 160 × 90 μm field of view for
ca. 160 s at a frame rate of ∼1.1 s/frame by 32-fold speed of
reproduction. Movie S5. Thermally induced morphological
change by subsequent fast heating from 5 to 40 °C to the
divided sample (see Figure 6b). The movie has a 160 × 90 μm
field of view for ca. 140 s at a frame rate of ∼1.1 s/frame by 32-
fold speed of reproduction. This material is available free of
charge via the Internet at http://pubs.acs.org.
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