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High fatigue-resistant photochromic dithienylethenes were

synthesized by controlling the oxidation state of 1,2-bis(2-

methyl-1-benzothiophene-3-yl)perfluorocyclopentene (BTF6)

and 1,2-bis(2,5-dimethylthien-3-yl)perfluorocyclopentene

(DMTF6).

Reversible photochromic reactions of diarylethenes are based on

conrotatory cyclization of hexatriene and ring opening of

cyclohexadiene derivatives.1 Upon UV illumination, the open-ring

isomer undergoes a photocyclization reaction which results in the

closed-ring isomer, and the closed-ring isomer returns to the open-

ring isomer upon visible light irradiation (Scheme 1). Currently,

there is great interest in the diarylethene type of photochromic

materials due to their potential application to photonic devices. In

particular, the synthesis of photochromic materials with high

fatigue resistance is important for the development of molecular

optoelectronic devices such as optical memory and switches.2

Among the photochromic materials, diarylethene derivatives

have a good thermal stability and high fatigue resistance.1 For

example, BTF6 has been demonstrated to exhibit high thermal

stability and fatigue resistance [read–erase >14 000 cycles in

methylcyclohexane (1.2 6 1024 M)].3 These properties can be

improved by varying the main body structure and substituent in

the aryl ring or the hetero atoms. For example, diarylethenes with

thiophene rings cease their photochromic effect in less than 200

cycles in the absence of a substituent at the 4- and 49-positions of

the thiophene rings, while the photochromic effect can be increased

in the presence of a methyl group at these positions.4 Thus, the

development of new diarylethenes with a substituent ensures a

significant impact on the practical application of these materials.

Our previous studies5 have shown that oxidation of diary-

lethenes to di-sulfone leads to an enormous increase in the

fluorescence quantum yield of the closed-ring isomer which may be

useful for nondestructive readout memory and switch applications.

Unfortunately, however, the fatigue property of the disulfone-

diarylethene was found to be slightly inferior compared with

unoxidized diarylethene.5 To develop photochromic materials with

high fatigue resistance, herein we report on the synthesis and

characterization of the fatigue properties of a new series of oxidized

diarylethene derivatives by controlling the oxidation states.

BTF6 and 1,2-bis(2-methyl-1-benzothiophene-1,1-dioxide-3-

yl)perfluorocyclopentene (BTFO4)5a were prepared according to

the procedures described in the literature. 1-(2-Methyl-1-

benzothiophene-1,1-dioxide-3-yl)-2-(2-methyl-1-benzothiophene-3-

yl)hexafluorocyclopentene (BTFO2) was prepared from the

oxidation of BTF6 using 1.0 equivalent of 3-chloroperbenzoic

acid (m-CPBA) in 30% yield.6 We also synthesized DMTF6,7

1-(2,5-dimethylthien-1,1-dioxide-3-yl)-2-(2,5-dimethylthien-3-yl)-

hexafluorocyclopentene (DMTFO2),8 and 1,2-bis(2,5-dimethyl-

thien-1,1-dioxide-3-yl)perfluorocyclopentene (DMTFO4),5b

employing the methods used for BTFO2 and BTFO4 and

characterized by 1H NMR and HRMS.6,8 To confirm the

structure of BTFO29 and DMTFO2,10 their crystal structures

were determined using a single crystal obtained from a

hexane–ethyl acetate solution. Fig. 1(A) and (B) show the
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Scheme 1 Photochromism of diarylethenes.

Fig. 1 ORTEP drawings of (A) o-BTFO2 and (B) o-DMTFO2 with

50% probability ellipsoids. Hydrogen atoms are omitted for clarity.
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ORTEP drawings of the molecular structures of the open-ring

isomers of BTFO2 (o-BTFO2) and DMTFO2 (o-DMTFO2),

respectively.

Fig. 2 shows the electronic ground-state absorption spectra of

the open-ring isomer (dashed line) and at the photostationary state

(solid line) of (A) BTF6, (B) BTFO2, and (C) BTFO4 in ethyl

acetate solutions (1.0 6 1025 M) at room temperature upon

312 nm irradiation. They undergo reversible photocyclization and

ring opening reactions upon irradiation with UV and visible light,

respectively.11 Contrary to the closed-ring isomer of BTFO4

(c-BTFO4), which shows one absorption band at 398 nm, the

closed-ring isomer of BTFO2 (c-BTFO2) shows two absorption

bands at 530 and 450 nm in the visible region which were blue

shifted compared with the closed-ring isomer of BTF6 (c-BTF6).

Upon photo-excitation with visible light, c-BTF6, c-BTFO2 and

c-BTFO4 were completely bleached back to the corresponding

open-ring isomer. The photocyclization yields of c-BTFO2,

c-BTFO4, c-DMTFO2, and c-DMTFO4 from the open-ring

isomers were 83%, 80%, 99%, and 50%, respectively, according to
1H NMR analysis, while the yields of c-BTF6 and c-DMTF6 were

40% and 68%, respectively.

It is known that an undesirable side reaction takes place to some

extent during repeated cycles of the photocyclization–cyclorever-

sion photochromic reaction, limiting the durability of the

photochromic compounds.5b,12 As a result of this irreversible

photoreaction, the absorbance feature is changed, which is

indicative of the fatigue properties of diarylethenes. To study the

fatigue properties of those diarylethenes, we examined the change

of absorption spectra as a function of UV illumination time. Fig. 3

represents the changes of the absorbance spectra of c-BTF6 (A),

c-BTFO2 (B), and c-BTFO4 (C) as a function of UV illumination

time for about 10 h. The figure shows that the absorbance of the

closed-ring isomers of these diarylethenes slowly decreased under

UV illumination implying that by-products were formed from the

closed-ring isomers.13 However, the absorbance changes of the

closed-ring isomers of these diarylethenes, which are indicative of

the relative fatigue properties of the diarylethenes, were quite

different dependent upon the oxidation state of the diarylethenes.

The absorbance change of the mono-sulfone, BTFO2 (B), by the

photoreaction was much smaller than that of BTF6 (A), whereas

that of di-sulfone, BTFO4 (C), was much more significant. Thus,

BTFO2 showed an excellent fatigue resistance against the post UV

excitation.

To examine the effect of oxidation state on the fatigue properties

of other diarylethenes, the fatigue properties were examined using

a solution of diarylethenes in ethyl acetate (1.0 6 1025 M) by UV

irradiation at room temperature. Fig. 4 illustrates the absorbance

changes of (A) BTF6 (open squares), BTFO2 (closed squares), and

BTFO4 (closed circles), (B) DMTF6 (open squares) and

DMTFO2 (closed squares) at lmax of the closed-ring isomers as

a function of UV illumination time. For DMTFO4 (closed circles),

Fig. 2 The absorption spectra of the open-ring isomer (dashed line) and

at the photostationary state (solid line) of (A) BTF6, (B) BTFO2, and (C)

BTFO4 in ethyl acetate solutions (1 6 1025 M) at room temperature.

Fig. 3 The absorbance changes of BTF6 (A), BTFO2 (B), and BTFO4

(C) in ethyl acetate solutions as a function of UV illumination time for

about 10 h (12, 20, 30, 40, 50, 60, 90, 120, 150, 210, 360, 570, 620 min).

Fig. 4 The absorbance changes of (A) BTF6 (open squares), BTFO2

(closed squares), and BTFO4 (closed circles), (B) DMTF6 (open squares)

and DMTFO2 (closed squares) at the absorption maximum of the closed-

ring isomers and fluorescence intensity changes of DMTFO4

(closed circles) as a function of UV illumination time in ethyl acetate

(1 6 1025 M) at room temperature. The data are fitted with an

exponential decay (line).
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we monitored the changes of fluorescence intensity rather than the

absorbance changes.5b As shown in Fig. 4, it is clear that the

mono-sulfone diarylethenes (BTFO2 and DMTFO2) showed a

significant improvement in the photostability compared with

unoxidized diarylethenes (BTF6 and DMTF6) and di-sulfone

diarylethenes (BTFO4 and DMTFO4). These findings are

indicative that mono-sulfone derivatives are excellent candidates

for applications requiring a good fatigue property in optical

memory and switch applications based on photochromism.

In summary, we have demonstrated a simple approach for the

synthesis of new high fatigue-resistant diarylethenes, BTFO2 and

DMTFO2, by controlling the oxidation state of BTF6 and

DMTF6, respectively. Photostability studies have shown that the

photostability of diarylethenes with mono-sulfone was significantly

improved compared with unoxidized diarylethenes. These results

could lead to the development of molecular optoelectronic devices

based on a reversible photochromic conversion with high fatigue

resistance.
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