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ABSTRACT: The photoinduced bending behavior of diarylethene crystals upon irradiation with 

various ultraviolet (UV) light intensities was investigated. The bending velocity of the 

photoinduced bending crystals was estimated from the curvature of the bending crystal. The initial 

velocity of curvature change (Vinit) increased in proportion to the power of the incident UV light 

even when the crystal thickness was different, which suggests that the local strain caused by 

photoisomerization makes a cumulative contribution to the bending behavior. Moreover, for all 

UV light intensities, the relationship between Vinit and the crystal thickness was well explained by 

the easily handled Timoshenko bimetal model. This result provides a validated method for the 

quantitative evaluation of the photoinduced bending velocity in various molecular crystals. 
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INTRODUCTION 

Diarylethenes are well known as photochromic compounds that can reversibly change their 

chemical and physical properties upon alternating irradiation with UV and visible light, and can 

undergo photochromic reactions even in polymer films and crystalline phases as well as in 

solution.1,2 Diarylethene crystals exhibit various photomechanical motions such as contraction,3,4 

expansion,5 bending,3,5–12 separation,13 rolling,6 and twisting.14 Other photochromic compounds 

that exhibit photomechanical motion in their crystal state, such as furylfulgides,15 azobenzenes,16,17 

salicylideneanilines,18 and anthracene carboxylates19–24 have been reported. Among these 

photochromic compounds, diarylethene derivatives are the most promising compounds that 

function as photomechanical actuators because of their rapid response, fatigue resistance, and 

thermal stability.1,2 Photomechanical motion has been attracting much attention because such 

motion enables the direct conversion of light energy to mechanical energy by an external stimuli, 

and without contact or electric wires. In particular, bending behavior is the most promising motion 

for photomechanical actuators. Thus, it is essential to investigate crystal bending behavior in more 

detail for the development of the photomechanical crystals. 

There are two types of bending direction in photoinduced crystal bending, bending away from 

ultraviolet (UV) light and bending toward UV light, which occur due to expansion and contraction 

along the long axis of the photoreacted crystal layer, respectively. In both types, photoinduced 

crystal bending is caused by heterogeneous and gradient photoconversion with respect to depth 

because of the high absorption of the crystal in the UV region. In our previous work, we have 

reported the dependence of the photoinduced bending behavior of diarylethene crystals on the 

crystal thickness.5,9 Thin crystals bend rapidly and to a greater extent. To quantitatively discuss 

the bending behavior, we have introduced the Timoshenko equation, which is known as the 
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simplified bimetal model. We have succeeded in explaining the correlation between the initial 

velocity of the curvature change and the crystal thickness by the Timoshenko bimetal model in 

both types, expansion and contraction, of the photoreacted crystal surface. However, this method 

has a drawback in that the experimental error may be large because the bending behavior was 

observed only at a certain intensity of UV light.  

Herein, we report the dependence of the photoinduced bending behavior of diarylethenes 1−3 

(Scheme 1) on the power of the incident UV light to reveal whether local strain acts cumulatively 

due to the structural changes of individual diarylethene molecules or cooperatively due to a phase 

transition or the formation of domains in the crystal.  

[Scheme 1] 
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RESULTS AND DISCUSSION 

In all diarylethenes 1−3, their rod-like crystals can be crystallized by slow evaporation of the 

solvents. X-ray crystallographic data are summarized in Table S1. Diarylethene molecules in all 

crystals of 1−3 are fixed in an antiparallel conformation and the distance between the reactive 

carbons is shorter than 4.2 Å, which is sufficiently short for photoisomerization from the open-

ring isomer to the closed-ring isomer to occur in the crystalline phase.25 UV light irradiation was 

directed to the (0 0 1) (1), (0 1 0) (2), and (0 1 1) (3) faces. The crystals of 1 bend toward the 

incident light, whereas crystals 2 and 3 bend away from the incident light, as shown in Figure 1. 

Photoisomerization of diarylethene molecules from the open-ring isomer to the closed-ring isomer 

upon UV irradiation causes contraction or expansion along the long axis of the crystal, which 

results in bending of the crystal. The bent crystals can then return to their initial straight shape 

upon irradiation with visible light. 

Figure 2 shows the crystal shapes and molecular packing diagrams for crystals 1, 2, and 3. 

The crystal systems and space groups of 1, 2, and 3 are monoclinic P21/n, triclinic P1
__

, and 

monoclinic P21/c, respectively. Crystal 1 shows that the molecules have herringbone type 

molecular packing, whereas crystals 2 and 3 do not have herringbone type molecular packing. 

Diarylethene crystals with herringbone type packing tend to exhibit crystal contraction by 

photocyclization;3,4,12,26 however, a more detailed study of the correlation between molecular 

packing and the bending direction is required. 

[Figure 1] 

[Figure 2] 



 6 

Figure 3 shows the changes in the curvature of crystals 1, 2, and 3 irradiated with various UV 

light intensities. The crystal thicknesses of crystals 1, 2, and 3 are 7.3, 6.7, and 2.7 m, respectively. 

The rod-like crystal was mounted on a glass capillary, and a fluorescent material was painted on 

the glass capillary to observe the onset of UV irradiation. Observations were conducted using a 

CCD video camera attached to a digital microscope with a frame rate of 28 fps. The irradiation 

time in Figures 3a, c, and e shows that 1 frame before the first frame with blue fluorescence on the 

glass capillary is set to 0 s. Therefore, the actual onset time is between 0 and 1/28 s. The curvature 

is significantly increased with the power of the UV light. To quantitatively evaluate the effect of 

the UV light power on the photoinduced bending velocity, the initial velocity of curvature change 

(Vinit) was determined from the initial slope of the curvature change against the UV irradiation 

time. Figure 3 also shows plots of Vinit as a function of the irradiation power of the UV light. The 

Vinit value increased in proportion to the power of the incident UV light in all cases. Therefore, the 

photoinduced bending velocity of diarylethene crystals 1−3 became larger in proportion to the 

power of the incident UV light. 

[Figure 3] 

Figure 4 shows plots of the curvature against the total energy of the incident light. Herein, the 

irradiation time was corrected using the actual onset time. The curvature gradually increased with 

the total energy of the incident light without dependence on the power of the incident light. 

Therefore, the curvature is dependent on photochromic conversion. The photocyclization reaction 

of diarylethene in the crystal state occurs by way of a one-photon absorption under irradiation 

power in the present experiment, and the possibility of a photoinduced phase transition during the 

photochromic reaction, photoinduced domain formation in the reactant area, or photoreaction by 

way of multiphoton absorption can all be excluded. Thus, the local strain that arises from the 
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photoirradiated crystal acts cumulatively due to the structural changes of individual diarylethene 

molecules. 

[Figure 4] 

The Vinit values of diarylethene crystals with various crystal thicknesses were determined upon 

irradiation with various powers of UV light, as shown in Figure 5. In all cases, the Vinit value was 

proportional to the power of the irradiated UV light, even for different crystal thicknesses. These 

results indicate that Vinit is dependent on the conversion of diarylethene molecules by 

photoisomerization from the open-ring isomer to the closed-ring isomer and the local shape change 

of each diarylethene molecule induced by photochromic reaction on the crystal surface contributes 

cumulatively to the bending behavior.  

[Figure 5] 

We have reported the dependence of the photoinduced bending behavior on the crystal 

thickness.5,9 The relationship between Vinit and the crystal thickness could be well explained by the 

easily handled Timoshenko bimetal model.27 Naumov et al. and Bardeen et al. have independently 

reported more sophisticated mathematical treatments based on a heterometry mechanism.28−30 

Such a rigorous analysis based on the experimental results is required for development of this 

research field. However, the quantitative argument of the bending velocities among different 

molecular crystals within an easily handled model is attractive. An illustration of the Timoshenko 

bimetal model and the corresponding equation are shown in Figure 6 and eq 1. 

[Figure 6] 
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where R is the curvature radius, i (i = 1, 2) are the actuation strains, hi (i = 1, 2) are the layer 

thicknesses, m = h1/h2, n = E1/E2, and Ei (i = 1, 2) are the Young’s moduli. As we have reported 

previously, the Timoshenko equation becomes quite simple through some assumptions, as shown 

in eq 2.26 In the initial stage of photoinduced bending, the correlation between the initial curvature 

change and the crystal thickness can be explained as eq 3 using 2,init, the initial velocity of 2. 

The values of h2 and 2,init can be obtained by the best fitting curve (eq 3) to the experimental data.  
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In previous work, the values of h2 and 2,init were estimated by only fitting to experimental 

data obtained with UV light irradiation at a power of 55 mW cm−2. In the present work, we have 

confirmed that the value of Vinit is proportional to the power of the irradiated UV light. Therefore, 

when light with different power is used for irradiation, the Vinit value can be normalized by dividing 

it by the power of the light (P). Table 1 shows the Vinit P
−1 values determined from the slope in 

Figure 3, together with those determined from the Vinit and P values in our previous paper.26 Figure 

7 shows the relationship between Vinit P
−1 and the crystal thickness. For all diarylethenes 1−3, the 

experimental data were well fitted by the Timoshenko bimetal model. Table 2 shows the values of 

h2 and 2,init P
−1 determined from the fitting curves shown in Figure 7 for diarylethenes 1−3. The 
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present data for diarylethenes 1 and 2 support our previous results.26 The data for diarylethene 3 

were newly determined in the present work. The apparent bending velocity correlated with the 

irradiation power for 1−3 can be compared using 2,init P
−1. The velocities for 1 and 2 are not 

different from each other. However, the velocity of diarylethene 3 is slower than those of 1 and 2 

by a factor of ca. 1.6.  

[Table 1] 

[Figure 7] 

[Table 2] 

Here we discuss the dependence of the h2 value on the bending velocity. Although the bending 

velocity can be compared using the 2,init P
−1 values, the potential capacity of the bending cannot 

be evaluated from these values. For example, the h2 value is dependent on the molar absorption 

coefficient at the irradiation wavelength; i.e., it is dependent on the molecular structure,26 

irradiation wavelength,11 and irradiated crystal face.5 In our previous paper, we reported that the 

multiplication of h2 and 2,init is constant when the same molecular structure, irradiation 

wavelength, and irradiation power are used.26 Therefore, the multiplication of h2 and 2,init 

corresponds to the potential capacity of the bending. The values of h2 2,init P
−1 are also shown in 

Table 2. The relative potential capacities of diarylethenes 1−3 were 3.0, 1.4, and 1.0, respectively. 

Therefore, the potential capacity of crystal 1 is the largest among these three compounds. We have 

thus succeeded in quantitative evaluation of the bending behavior, not only with respect to the 

crystal thickness and the value of h2, but also with respect to the normalized irradiation power. 
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EXPERIMENTAL SECTION  

General. The photoinduced bending behavior of diarylethene crystals was observed using a 

Keyence VHX-500 digital microscope. UV irradiation was conducted using a Keyence UV-LED 

UV-400 with an attached UV-50H head (365-nm light). The light power on the crystal surface was 

measured using a Neoark PM-335A power meter. Visible light irradiation was conducted using a 

halogen lamp (100 W). Single-crystal X-ray crystallographic analysis was conducted using a 

Rigaku AFC/Mercury CCD diffractometer with Mo K radiation ( = 0.71073 Å) through a 

graphite monochromator. The crystal structures were solved by a direct method using SIR92 and 

refined by the full-matrix least-squares method on F2 with anisotropic displacement parameters 

for non-hydrogen atoms using SHELXL-97. 

Determination of the Initial Velocity of the Curvature Change. The edge of a rod-like 

crystal was fixed to a glass capillary and a fluorescent material was painted on the glass capillary. 

The fluorescence of the glass capillary shows the onset time of UV irradiation. The value of the 

curvature against UV irradiation time was plotted. The initial velocity of the curvature change was 

calculated from the initial slope of the curvature change. 

Materials. Diarylethenes 1−3 were synthesized according to a procedure previously described 

in the literature.5,26,31 

 

CONCLUSIONS 

We have investigated the dependence of the photoinduced bending behavior of diarylethene 

crystals on the irradiation power of UV light. The initial velocity of curvature change was 
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proportional to the power of the UV irradiation. These results suggested that local strain acts 

cumulatively due to the structural changes of individual diarylethene molecule at the initial stage 

of the photochromic reaction. Moreover, the correlation between the bending velocity and the 

crystal thickness can be well explained by the Timoshenko bimetal model. We have succeeded in 

quantitative evaluation of the capacity of photoinduced bending velocity among different 

diarylethene crystals using the thickness of the photoreacted layer (h2) in the bimetal model and 

the value of actuation strain (2,init). 
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Scheme 1.  Diarylethene derivatives used in this work: (1) bending toward UV light; (2, 3) bending 

away from UV light.  

 

 

Figure 1.  Photoinduced bending behavior of diarylethenes (a) 1, (b) 2, and (c) 3. 
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Figure 2.  Crystal shapes and molecular packing diagrams of crystals (a) 1, (b) 2, and (c) 3. 
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Figure 3.  Curvature change as a function of UV irradiation time (a, c, e) and the initial velocity 

of curvature change (Vinit) as a function of the power of the incident UV light (b, d, f) for crystals 

1 (a, b; thickness: 7.3 m), 2 (c, d; thickness: 6.7 m), and 3 (e, f; thickness: 2.7 m). The power 

of the incident UV light was 174 ( ● ), 132 ( ■ ), 91.0 ( ◆ ), 70.2 ( ▲ ), 52.7 ( ▼ ), 44.8 ( ○ ), 

35.1 ( □ ), 26.3 ( ◇ ), 17.6 ( △ ), and 8.17 mW cm−2 ( ▽ ) for (a), (c), and (e). 
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Figure 4.  Curvature change as a function of the incident UV exposure (= multiplication of 

irradiation time and power of light) for crystals 1 (a-c), 2 (d-f), and 3 (g-i). The power of the 

incident UV light was 174 ( ● ), 132 ( ■ ), 91.0 ( ◆ ), 70.2 ( ▲ ), 52.7 ( ▼ ), 44.8 ( ○ ), 35.1 

( □ ), 26.3 ( ◇ ), 17.6 ( △ ), and 8.17 mW cm−2 ( ▽ ). 
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Figure 5.  Initial velocity of curvature change (Vinit) as a function of the power of UV light 

irradiation for diarylethene crystals (a) 1, (b) 2, and (c) 3 with various crystal thicknesses. 

 

 

 

Figure 6.  Illustration of the Timoshenko bimetal model in the case of (a) bending toward UV 

light and (b) bending away from UV light. 
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Figure 7.  Initial velocity of curvature change relative to the crystal thickness upon irradiation 

with UV light for diarylethene crystals of 1−3. The initial velocity is normalized according to the 

power of the light. The open circles indicate data cited from Ref. 26. The solid lines show fitting 

curves using the bimetal model with the h2 and 2,init parameters shown in Table 2. 
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Table 1.  Crystal thickness and Vinit P
−1 for diarylethene crystals 1–3. 

1  2  3 

Thickness 

/ m 

Vinit P
−1 

/ J−1 m 

 

Thickness 

/ m 

Vinit P
−1 

/ J−1 m 

 

Thickness 

/ m 

Vinit P
−1 

/ J−1 m 

3.88 a) 2.31 a)  0.62 a) 0 a)  2.7 2.49 

5.22 a) 1.86 a)  3.82 a) 2.71 a)  5.0 1.12 

6.33 a) 1.56 a)  5.34 a) 1.15 a)  9.9 0.348 

7.3 1.77  6.7 1.43  15 0.305 

11.7 0.743  8.6 0.785  35 0.0489 

13.2 0.615  9.6 0.464    

13.56 a) 0.536 a)  9.97 a) 0.465 a)    

   12.58 a) 0.299 a)    

   16.7 a) 0.221 a)    

a) Ref. 26 
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Table 2. h2 and 2,init P
−1 for diarylethenes 1–3. 

 
1 2 3 

h2 / m 2.8 1.2 1.5 

2,init P
−1  106 / J−1 m2 7.3 7.7 4.5 

h2 2,init P
−1  1012 / J−1 m3 21 9.5 6.8 
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Dependence of Photoinduced Bending Behavior of Diarylethene Crystals on Ultraviolet 

Irradiation Power 

Akira Hirano, Takuya Hashimoto, Daichi Kitagawa, Kenji Kono, and Seiya Kobatake 

 

 

The photoinduced bending behavior of diarylethene crystals upon irradiation with various UV light 

intensities was investigated. The initial velocity of the photoinduced bending increased in 

proportion to the power of the incident UV light, even when the crystal thickness was different. 

This result suggests that the local strain caused by photoisomerization contributes cumulatively to 

the bending behavior. 
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