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bstract

Unsymmetrical photochromic diarylethenes 1o–4o have been synthesized, which diarylethenes 1o–3o have a chlorine atom at ortho-, meta- and
ara-position of the terminal phenyl ring, respectively. The substituent position effect of chlorine atom on their properties, including photochromism
oth in solution and in the single crystalline phase and their electrochemical properties were investigated in detail. The results elucidated that
he chlorine atom and its substituted position had significantly affected on the absorption characteristics, photochromic reactivity as well as the
lectrochemical performances of these diarylethene compounds. When the chlorine atom was introduced into the phenyl ring of these diarylethene

ystems, the cycloreversion quantum yields were effectively depressed; but, the molar absorption coefficients of the open-ring isomer and the
ifferences of oxidation potential onsets between the open- and closed-ring isomers of these diarylethenes were significantly increased. Moreover,
he position of the chlorine atom had also influenced evidently the above optical and electrochemical features.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Photochromism is referred to as a reversible photoiso-
erization process induced at least in one direction by an

lectromagnetic radiation between two isomers having differ-
nt absorption spectra [1]. Generally, photochromic compounds
re classified into two categories, i.e., thermally reversible com-
ounds and thermally irreversible compounds [2]. Although
arious types of photochromic compounds have been reported
o date, compounds that undergo thermally irreversible pho-
ochromic reactions are limited to diarylethenes [3], fulgides
4] and phenoxynaphthacenequinones [5], etc. Among these
hotochromic compounds, diarylethene derivatives bearing two

hiophene or benzothiophene rings are the most promising can-
idates for optoelectronic devices such as optical memories,
hotoswitches and full-color displays, because of their excellent
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ical property

hermal stability in both isomers, remarkable fatigue resistance,
nd rapid response and high reactivity in the solid state [3a-d,6].

In this field, the majority of research work reported has
een devoted to the development and fundamental properties of
iarylethenes and some contents concerning substituent effect
n their photochromic performance have also been reported.
rie et al. [7] and Pu et al. [8] reported the effect of the sub-
tituents at para-positions of the terminal phenyl groups on
he photochromic property and the photochemical reactivity.
hey revealed that electron-donating substituents attached bis(3-

hienyl)ethane diarylethenes could be effective to increase the
bsorption coefficient of the closed-ring forms and to decrease
he cycloreversion quantum yield; while electron-donating
ubstituents attached bis(2-thienyl)ethane diarylethenes could
e an effective way to increase the maxima absorption of
he open-ring forms and to reduced the cyclization quan-
um yield. Tanifuji et al. [9] reported the effect of the

adical substituents on the photochromic reactivity of bis(3-
enzothiophene)perfluorocyclopentene. Morimitsu et al. [10],
akami and Irie [11] demonstrated that bulky alkoxy substituents
t 2-and 2′-positions of the thiophene rings could strongly sup-
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ress the cycloreversion quantum yield and decrease the thermal
tability of the colored closed-ring isomers at high tempera-
ure. Recently, Yamaguchi and Irie [12] reported that the bulky
lkyl chains at 2-positions of benzothiophene and/or benzofu-
an rings increased the cyclization quantum yield and induced
athochromic shifts of the absorption spectra of the closed-
ing isomers. From these publications, it can be easily drawn

conclusion that different substituent at the same position
para-position) of the terminal phenyl rings affects on the pho-
ochromic and photochemical properties of diarylethenes, or
ifferent substituents at the same position (2- or 3-position)
f the heterocyclic aryl rings affects on the photochromic per-
ormance of diarylethenes. Yamamoto et al. [13] had ever
nvestigated photochromism of diarylethenes bearing carboxyl
roups at the ortho-, meta- and para-positions of both terminal
henyl groups. But, they especially emphasized the effect of the
ntermolecular hydrogen bonding on the photochromic perfor-

ance of these diarylethenes in the single-crystalline phase. Up
o date, investigative studies concerning of the substituent posi-
ion effect of the same functional group on the optoelectronic
roperties of diarylethenes are very rare.

In a previous paper, we reported the substituent position
ffect on the optoelectronic properties of three symmetrical
hotochromic diarylethenes bearing fluorine atoms of both ter-
inal phenyl rings. We found that the position of fluorine atom

ad remarkable impacts on molar absorption coefficient of the
losed-ring isomers of diarylethenes, quantum yields of cycliza-
ion and cycloreversion reactions, fluorescence intensity, as well
s oxidation potential [14]. We have also reported the electron-
onating methoxyl group position effect on the properties of
iarylethenes with a pyrazole unit and found that introduction
f methoxyl group at different positions of the terminal phenyl
ing could strongly influence the optical and electrochemical
roperties [15]. These results are very interesting and impor-
ant, and they also enlighten us do a series of consecutive
esearch works in the near future. In this paper, in order to
lucidate the chlorine atom position effect on the optoelectronic
haracteristics of diarylethene derivatives, we have developed
our unsymmetrical photochromic diarylethenes, i.e., {1-(2,
-dimethyl-3-thienyl)-2-[2-methyl-5-(2-chlorophenyl)-3-thien-
l]}perfluorocyclopentene (1o), {1-(2,5-dimethyl-3-thienyl)-
-[2-methyl-5-(3-chlorophenyl)-3-thienyl]}perfluorocyclopen-
ene (2o), {1-(2,5-dimethyl-3-thienyl)-2-[2-methyl-5-(4-chlo-
ophenyl)-3-thienyl]}perfluorocyclopentene (3o) and {1-(2,
-dimethyl-3-thienyl)-2-(2-methyl-5-phenyl-3-thienyl)}perflu-
rocyclopentene (4o). The four compounds show favorable
hotochromic performance in solution as well as in the single
rystalline phase. The photochromic scheme of diarylethenes
–4 which are discussed in this work is shown in Scheme 1.

. Results and discussion

.1. Synthesis of the diarylethene derivatives
The synthesis route for diarylethenes 1o–4o is shown
n Scheme 2. Suzuki coupling of four bromoben-
ene derivatives with thiophene boronic acid (5) [16]

t
r
s
r

Scheme 1. Photochromism of diarylethenes 1–4.

ave chlorophenylthiophene derivatives (6a–6c) and
-bromo-2-methyl-5-phenylthiophene (6d). 2,5-dimethyl-
-thienylperfluorocyclopentene (8) was prepared according
o the same procedure described previously [17]. Finally,
ompounds 6a–6d was separately lithiated and then coupled
ith compound 8 to give diarylethenes 1o–4o, respectively.
he structures of 1o–4o were confirmed by NMR, IR, and mass
pectrometry, elemental analysis, and X-ray crystallographic
nalysis (Section 4).

.2. Photochromic reactions in hexane solution

The photochromic reactivity of diarylethenes 1–4 was exam-
ned in hexane, and their absorption spectral changes induced by
lternating irradiation with UV and visible light were shown in
ig. 1. As shown in Fig. 1(A), the colorless solution containing

he open-ring isomer 1o, which shows the maximum absorp-
ion at 269 nm, turned magenta upon irradiation with 297 nm
ight. The color changes could be attributed to the formation
f the closed-ring isomer 1c, in which the absorption maxi-
um was observed at 530 nm. The conversion from 1o to 1c
as 91% under irradiation with 297 nm light in the photosta-

ionary state, separated and detected by LC chromatography.
pon irradiation with visible light of wavelength longer than
50 nm, the colored solution returned to their original color-
ess form. Just as diarylethene 1o, compounds 2o–4o also show
hotochromism in hexane solution (Fig. 1(B)–(D)). The absorp-
ion characteristics of 2–4 were similar to that of diarylethene
. Upon irradiation with 297 nm light, absorption bands in the
isible region appeared and the solutions turned magenta as
result of the cyclization reactions to produce 2c–4c; all the

olutions of 2c–4c can be decolorized by irradiating them with
isible light of wavelength longer than 450 nm induced the
ycloreversion reactions to reproduce 2o–4o. In the photosta-
ionary state, the conversion from the open-ring isomer to the
losed-ring isomer was 95% for 2, 98% for 3 and 83% for 4,
espectively.

Table 1 shows the absorption maxima and their coefficients
f the open- and closed-ring isomers, and the cyclization and
ycloreversion quantum yields of diarylethenes 1–4. The data
n Table 1 shows that the chlorine atom position effect on

he absorption properties and photo-reactivity of both open-
ing and closed-ring isomers of diarylethenes 1–3 are very
ignificant. The absorption characteristics and photochromic
eactivity of diarylethenes 1–3 displayed a well regular change.
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Scheme 2. Synthetic ro

mong diarylethenes 1–3, the absorption maxima and the
olar absorption coefficients of the open- and closed-ring iso-
ers and the cyclization quantum yield of the para-substituted

erivative (compound 3) are the biggest; while those of the ortho-

ubstituted derivative (compound 1) are the smallest. The values
f the meta-substituted derivative (compound 2) are in between
hose of the para- and ortho-substituted derivatives. These data
hows a relatively remarkable increase with the chlorine atom

t
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Fig. 1. Absorption spectral changes of diarylethenes 1–4 in hexane solution (C
r diarylethenes 1o–4o.

ubstituting hydrogen atom of the benzene ring from at ortho-
o at para-position. The absorption maxima of 3o and 3c are
5 and 11 nm longer than those of 1o and 1c in hexane, and
he cyclization quantum yield of diarylethene 3 is 0.18 larger

han that of diarylethene 1. However, the changing trend of the
ycloreversion quantum yield showed a minor decreasing trend
ith the chlorine atom substituting hydrogen atom of the ben-

ene ring from at ortho- to at para-position. Among 1–3, the

= 2.0 × 10−5 mol/L) at room temperature: (A) 1, (B) 2, (C) 3, and (D) 4.
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Table 1
Absorption characteristics and photochromic reactivity of diarylethenes 1–4 in
hexane at 2.0 × 10−5 mol/L

Compound λo,max (nm)a, ε

(L mol−1 cm−1)
λc,max (nm)b, ε

(L mol−1 cm−1)
Φc

Φo–c Φc–o

1 269, 1.77 × 104 530, 6.95 × 103 0.50 0.014
2 275, 1.95 × 104 541, 8.35 × 103 0.52 0.011
3 294, 2.36 × 104 542, 9.51 × 103 0.68 0.0086
4 289, 2.47 × 104 541, 3.68 × 103 0.53 0.119

a Absorption maxima of open-ring forms.
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b Absorption maxima of closed-ring forms.
c Quantum yields of cyclization reaction (Φo–c) and cycloreversion reaction

Φc–o), respectively.

ycloreversion quantum yield of 3 is the smallest (Φc–o = 0.0086)
nd that of 1 is the biggest (Φc–o = 0.014). Compared to com-
ounds 1–3, the absorption characteristic and photo-reactivity
f non-chlorine atom derivative (compound 4) is evidently dif-
erent. Among the four compounds, the cycloreversion quantum
ield and the molar absorption coefficient of its open-ring isomer
re the biggest (Φc–o = 0.119, ε = 2.47 × 104 L mol cm−1), but
he molar absorption coefficient of its closed-ring isomer is the
mallest (ε = 3.68 × 103 L mol cm−1). As described previously,
t can be drawn a conclusion that the cycloreversion quantum
ield could be effectively depressed and the molar absorption
oefficient could be significantly enhanced when the chlorine

tom was introduced into the benzene ring of diarylethene sys-
ems. The result is remarkably distinguished from those reported
n our previous papers [14,15]. The electron-withdrawing flu-
rine substituent position does not affect significantly on the

r
r
(
s

able 2
rystal data for diarylethenes 1o–4o

Compound

1o 2o

ormula C22H15ClF6S2 C22

ormula weight 492.91 492
emperature (K) 294 (2) 294
rystal system Monoclinic Mo
pace group P21/n P21

nit cell dimensions
a (Å) 6.9539 (12) 12.0
b (Å) 21.661 (4) 49.4
c (Å) 14.543 (2) 15.4
α (◦) 90.00 90.0
β (◦) 94.278 (3) 106
γ (◦) 90.00 90.0
Volume (Å3) 2184.5 (6) 880
Z 4 16
Density (calcd.) (g/cm3) 1.499 1.48
Goodness-of-fit on F2 1.062 1.03

inal R indices [I/2σ(I)]
R1 0.0403 0.07
wR2 0.0996 0.16

indices (all data)
R1 0.0732 0.22
wR2 0.1185 0.22
tobiology A: Chemistry 196 (2008) 84–93 87

olar absorption coefficient of symmetrical dithienylethene
erivatives [14]; while the electron-donating methoxyl sub-
tituent position can effectively enhance the cycloreversion
uantum yield of unsymmetrical diarylethenes bearing a pyra-
ole unit [15].

.3. Crystal structures and photochromic reactions in the
rystalline phase

Colorless crystals of 1o–4o suitable for X-ray analysis were
btained by the slow evaporation in hexane. In order to know
etter the relationship between the conformation and the pho-
ochromic reactivity of diarylethenes 1o–4o in the crystalline
hase, final structural confirmations of 1o–4o were provided by
-ray crystallographic analysis. Table 2 shows the X-ray crys-

allographic analysis data and Fig. 2 shows the ORTEP drawings
f the single crystals 1o–4o. In previous papers [18], we reported
he structures determinations of 1o and 3o by X-ray crystallog-
aphy (Fig. 2(A) and (F)). The molecules of the two compounds
re packed in a photoactive anti-parallel conformation, and the
istances between the reactive carbon atoms (C5. . .C13 for 1o
nd C5. . .C8 for 3o) are 3.582 (4) Å (1o) and 3.612 (6) Å (3o).
s shown in Fig. 2(B)–(E), for diarylethene 2o, there were

our independent molecules in the asymmetric unit and all of
hem were packed in a photoactive anti-parallel conformation
n the crystalline phase, which can undergo photo-cyclization

eaction [19]. The intramolecular distances between the two
eactive carbon atoms for molecules I–IV are 3.665 (6), 3.750
5), 3.753 (3) and 3.677 (5) Å, respectively (Table 3). Fig. 2(G)
hows the ORTEP drawing of 4o, indicating that it also packed

3o 4o

H15ClF6S2 C22H15ClF6S2 C22H16F6S2

.91 492.91 458.47
(2) 294 (2) 291 (2)

noclinic Monoclinic Monoclinic
/c P21/c P21/c

46 (2) 21.232 (3) 13.586 (3)
71 (9) 9.0912 (13) 18.419 (4)
29 (3) 11.1534 (17) 8.6071 (17)
0 90.00 90.00
.687 (3) 98.243 (2) 105.440 (2)
0 90.00 90.00
8.0 (3) 2130.6 (5) 2076.2 (7)

4 4
7 1.537 1.467
9 1.008 1.019

50 0.0395 0.0350
64 0.0975 0.0948

49 0.0761 0.0408
33 0.11144 0.1011
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ig. 2. ORTEP drawings of crystals 1o–4o, showing 35% probability displace
II, (E) 2o molecule IV, (F) 3o, and (G) 4o.

n an anti-parallel conformation in the crystalline phase. The
ntramolecular distance between the two reactive carbon atoms
or 4o is 3.555 (4) Å. From Fig. 2, one can easily see that both
f the methyl groups attached to the reactive carbon atoms in
ach molecule are located on opposite sides of the double bonds
nd thus trans with respect to the double bond. Such a confor-
ation is crucial for the compound to exhibit photochromic and
hoto-induced properties [20]. All distances between the poten-
ially reactive carbon atoms and dihedral angles between the two
djacent planar rings of 1o–4o are summarized in Table 3. As
hown in Fig. 2 and Table 3, all molecules of crystals 1o–4o are

s
e
c
U

ellipsoids: (A) 1o, (B) 2o molecule I, (C) 2o molecule II, (D) 2o molecule

xed in an anti-parallel mode in the crystalline phase and the
istances of the two reactive carbon atoms are less than 4.2 Å
hich is close enough for the reaction to take place, indicat-

ng that they can be expected to undergo photochromism in the
ingle crystalline phase.

Generally, the color and the absorption band changes are
ainly dependent on the �-conjugation length in molecular
tructure [21]. The arrangement described above was very ben-
ficial to form the extended �-conjugation. The �-conjugation
an extend throughout the whole molecule upon irradiation with
V light, and its absorption spectrum displays drastic changes
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Table 3
Distances between the reacting carbon atoms d (Å) and dihedral angles θ (◦) of
diarylethenes 1o–4o

Compound d (Å) θ (◦)a

θ1 θ2 θ3

1o C5. . .C13 3.582 (4) 41.0 (5) 52.1 (5) 39.9 (5)

2o C5. . .C13 3.665 (6) 46.0 (7) 54.0 (7) 10.4 (7)
C27. . .C35 3.750 (5) 49.8 (6) 58.2 (5) 9.3 (6)
C49. . .C57 3.753 (3) 51.8 (4) 54.1 (4) 5.3 (4)
C71. . .C79 3.677 (5) 44.5 (3) 56.7 (3) 7.2 (3)

3o C5. . .C8 3.612 (6) 40.9 (5) 41.2 (5) 27.8 (4)
4o C1. . .C12 3.555 (4) 42.4 (7) 44.3 (7) 39.0 (7)

a θ1, Dihedral angle between the cyclopentene ring and 2,5-dimethylthiophene
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diarylethene compounds. For ortho-, meta- and para-position
substitution of the chlorine atom, the oxidation potential onset
showed a remarkable difference with 
Vo–c greater than 0.6 V
ing; θ2, dihedral angle between the cyclopentene ring and the thiophene ring
ttached to a benzene ring; θ3, dihedral angle between the thiophene ring and
he adjacent benzene ring.

esulting in displaying remarkable different color [22]. Crys-
als of 1o–4o shows photochromic reaction, in accordance with
he expected ring closure, to form 1c–4c. Their color changes
pon photo-irradiation are shown in Fig. 3. Upon irradiation
ith 297 nm light, the colorless crystal of 1o–4o turned to
agenta quickly. When the magenta crystal was dissolved sep-

rately in hexane, the solution immediately turned to magenta,
nd a new broad absorption band was appeared at visible light
egion, which was the same as that of the closed-ring isomer
c–4c, respectively. Alternatively, the magenta colored solution
everted to the colorless one upon irradiation with appropri-
ted wavelength visible light (λ > 450 nm). Furthermore, these
iarylethenes crystals exhibited remarkable fatigue resistance
nd their colors remained stable very long time in the dark.
o, these crystals will be the promising candidates for opto-
lectronic applications, such as high density three-dimensional
ptical recording media, optical switches and color displays, etc.
23].

.4. Electrochemical properties
It was well known that diarylethene compounds underwent
eversible photochromic reactions between colorless and col-
red isomers when stimulated by alternate irradiation with UV
nd visible light. Because of the remarkable differences in the

ig. 3. Photographs of photochromic processes of diarylethenes 1–4 in the
rystalline phase.

f

tobiology A: Chemistry 196 (2008) 84–93 89

ature of �-conjugation between the two isomers, these pho-
oresponsive systems offer several choices of changes not only
n optical properties but also in electrochemical properties, both
f which are useful for optoelectronic device applications [24].
esides their excellent photochromic performance, the electro-
hemical behaviors of diarylethenes also attract much attention
25]. The electrochemical properties of diarylethenes are being
sed for molecular switches and can be potentially applied
o molecular-scale electronic switches. Recently, the electro-
hemical reaction of diarylethenes has received considerable
ttention in reports of electrochemical ring opening and clos-
ng [26]. In order to investigate the chlorine atom position effect
n the electrochemical characteristics of diarylethenes, we car-
ied out electrochemical examinations by linear sweep method
nder the same experimental conditions using diarylethenes
o–4o, respectively. The method and experimental details were
escribed in Section 4. The typical electrolyte was acetoni-
rile (5 mL) containing 0.15 mol/L LiClO4 and 4 × 10−3 mol/L
iarylethene sample. All solution were deaerated by a dry argon
tream and maintained at a slight argon overpressure during elec-
rochemical experiments. The anodic polarization curves of the
pen-ring and the closed-ring isomers of diarylethenes 1–4 were
hown in Fig. 4. It can be clearly seen from Fig. 4 that the oxi-
ation of 1o, 1c, 2o, 2c, 3o, 3c, 4o and 4c was initiated at 1.05,
.38, 1.16, 0.40, 0.96, 0.32, 1.01 and 0.89 V, respectively. These
ata together with those shown in Fig. 4 show that the oxidation
nsets of the open-ring isomers of diarylethenes 1–4 are higher
han those of the corresponding closed-ring isomers, indicating
hat the electronic-withdrawing effect of the chlorine atom is

ore significant in the closed-ring isomer. Moreover, the dif-
erence of oxidation onset between the open- and closed-ring
somers of diarylethenes 1–4 (
Vo–c) was 0.67 for 1, 0.76 for 2,
.64 for 3, and 0.12 V for 4, respectively. It can be drawn a con-
lusion that the chlorine atom and its substituted position have
reatly affected on the electrochemical performances of these
or diarylethenes 1–3. On the other hand, the oxidation potential

Fig. 4. The anodic polarization curves of diarylethenes 1–4.
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cheme 3. Redox and photochemical processes observed for diarylethenes 1–4.

nsets of 4o and 4c were similar to each other when the chlo-
ine atom was substituted by a hydrogen atom (
Vo–c = 0.12 V).
mong these four compounds, the 
Vo–c of meta-position
erivative (2) is the biggest and that of non-chlorine atom sub-
tituted derivative (4) is the smallest. The result is evidently
ifferent from those reported in our previous papers [14,15].
hen the weak electron-withdrawing chlorine atom was substi-

uted by the fluorine atom, the 
Vo–c of para-position derivative
s the biggest (
Vo–c = 0.18 V) and that of ortho-position deriva-
ive is the smallest (
Vo–c = 0.03 V) [14]; while the 
Vo–c of
eta-position derivative is the biggest (
Vo–c = 0.24 V) and

hat of para-position derivative is the smallest (
Vo–c = 0.05 V)
hen the chlorine atom was substituted by the strong electron-
onating methoxyl groups in diarylethenes with a pyrazole unit
15]. The great differences were possible contributed to the dif-
erent diarylethene systems and the effect of different substitutes
ith different electron-withdrawing or electron-donating ability.
detailed explanation requires further examination.
In addition, the redox and photochemical processes for
iarylethenes 1–4 are summarized in Scheme 3. It is clear from
he reversibility at higher scan rates that the oxidation process
1o–4o → 1o+–4o+) is reversible. As shown in Fig. 4, The oxi-
ation waves of diarylethenes 1o–4o were observed at 1.18,

a
s
w
u

tobiology A: Chemistry 196 (2008) 84–93

.30, 1.10, and 1.20 V, respectively, which were assigned to the
nique oxidation of the chlorophenyl groups of diarylethenes
o–4o (1o+, 2o+, 3o+ and 4o+, Scheme 3). Compared to those of
iarylethenes 1o–4o, the first oxidation waves of 1c–4c observed
t 0.46, 0.48, 0.39 and 0.50 V were assigned to the thienyl ring
ollowed by formation of the closed-ring form 1c–4c, which
ndergoes intramolecular electron transfer from the phenyl-
ubstituted groups to form +2 valence particles (1c2+, 2c2+, 3c2+

nd 4c2+, Scheme 3) [26b]. The second oxidation waves of 1c–4c
bserved at 1.27, 1.32, 1.21 and 1.24 V were assigned to form
3 valance particle (1c3+, 2c3+, 3c3+, 4c3+, Scheme 3), although

he oxidation waves of 1c–4c are unconspicuous (Fig. 4).

. Conclusions

In the present work, four unsymmetrical diarylethenes were
ynthesized and their structures were established by X-ray
rystallographic analysis. All derivatives undergo good pho-
ochromism both in solution and in the single crystalline phase.
he absorption characteristics, photochromic reactivity and
lectrochemical properties of these compounds were signif-
cantly dependent on the substituent position effect of the
hlorine atom attached to the terminal phenyl rings. In compar-
son of those of diarylethenes 1–3, which contained a chlorine
tom at ortho-, meta- and para-position of the terminal phenyl
ing, respectively, the cycloreversion quantum yield of the non-
hlorine atom substituted derivative 4 was increased remarkably,
ut its molar absorption coefficients and the difference of oxida-
ion potential onsets between the open- and closed-ring isomers
ere significantly decreased. The results of this study are useful

or the design of efficient photoactive and good photochromic
iarylethene derivatives.

. Experimental

.1. General

The solvents were purified by distillation before use. NMR
pectra were recorded on Bruker AV400 (400 MHz) spectrome-
er with CDCl3 as the solvent and tetramethylsilane as an internal
tandard. IR spectra were recorded on Bruker Vertex-70 spec-
rometer and mass spectra were measured with Agilent MS
rap VL spectrometer. The absorption spectra were measured
sing a Agilent 8453 UV–vis spectrometer. Photo-irradiation
as carried out using SHG-200 UV lamp, CX-21 ultraviolet flu-
rescence analysis cabinet and BMH-250 Visible lamp. Light of
ppropriate wavelengths was isolated by different light filters.
he quantum yields were determined by comparing the reaction
ields of the dithienylethenes in hexane against 1,2-bis(2-
ethyl-5-phenyl-3-thienyl)perfluorocyclopentene in hexane

7c]. Electrochemical examinations were performed in a one-
ompartment cell by using a Model 263 potentiostat–galvanostat
EG&G Princeton Applied Research) under computer control

t room temperature. Platinum-electrodes (diameter 0.5 mm)
erved as working electrode and counter electrode. Platinum
ire served as a quasi-reference electrode. It was calibrated
sing the ferrocene (Fc/Fc+) redox couple which has a formal
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6.73 (s, 1H, thienyl–H), 7.23 (s, 1H, thienyl–H), 7.35 (d, 2H,
J = 8.5 Hz, phenyl–H), 7.46 (d, 2H, J = 8.5 Hz, phenyl–H); 13C
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otential E1/2 = +0.35 V versus platinum wire. The typical elec-
rolyte was acetonitrile (5 mL) containing 0.15 mol/L LiClO4
nd a diarylethene sample (C = 4 × 10−3 mol/L). All solutions
ere deaerated by a dry argon stream and maintained at a slight

rgon overpressure during electrochemical experiments.

.2. Synthesis

The synthesis method of diarylethenes 1o–4o was shown in
cheme 2 and experimental details were carried out as following.

.2.1. 3-Bromo-2-methyl-5-(2-chlorophenyl)thiophene (6a)
Compound 6a was prepared by reacting 3-bromo-2-methyl-

-thienylboronic acid (5) [16b] (2.21 g, 10.0 mmol) with
-bromo-2-chlorobenzene (1.92 g, 10.0 mmol) in the presence of
d(PPh3)4 (0.40 g) and Na2CO3 (3.18 g, 30.0 mmol) in tetrahy-
rofuran (THF) (40 mL containing 10% water) for 15 h at 70 ◦C.
a was purified by column chromatography on SiO2 using hex-
ne as the eluent and 2.34 g obtained as buffer oil in 81% yield.
H NMR (400 MHz, CDCl3): δ 2.44 (s, 3H, –CH3), 7.18 (s, H,
hienyl–H), 7.25–7.47 (m, 4H, phenyl–H).

.2.2. 3-Bromo-2-methyl-5-(3-chlorophenyl)thiophene (6b)
6b was prepared by a method similar to that used for 6a

nd obtained as buffer solid in 89% yield. 1H NMR (400 MHz,
DCl3): δ 2.42 (s, 3H, –CH3), 7.12 (s, 1H, thienyl–H), 7.24–7.32

m, 2H, phenyl–H), 7.49 (s, 1H, phenyl–H).

.2.3. 3-Bromo-2-methyl-5-(3-chlorophenyl)thiophene (6c)
6c was prepared by a method similar to that used for 6a

nd obtained as buffer solid in 88% yield. 1H NMR (400 MHz,
DCl3): δ 2.44 (s, 3H, –CH3), 7.109 (s, 1H, thienyl–H), 7.36 (d,
= 8.4, 2H, phenyl–H), 7.445 (d, J = 8.4, 2H, phenyl–H).

.2.4. 3-Bromo-2-methyl-5-phenylthiophene (6d)
6d was prepared by a method similar to that used for 6a

nd obtained as buff solid in 70% yield. 1H NMR (400 MHz,
DCl3) δ 2.28 (s, 3H, –CH3), 6.84 (s, 1H, phenyl–H), 7.12 (s,
H, thienyl–H), 7.34 (d, 2H, J = 8.0 Hz, phenyl–H), 7.57 (d, 2H,
= 8.0 Hz, phenyl–H).

.2.5. (2,5-Dimethyl-3-thienyl)perfluorocyclopentene (8)
To a stirred solution of 3-iodo-2,5-dimethylthiophene (7)

18.20 g, 76.5 mmol) in THF was added dropwise a 1.6 mol/L
-BuLi/hexane solution (50 mL, 80 mmol) at −78 ◦C under
rgon atmosphere. Stirring was continued for 30 min at this low
emperature. Perfluorocyclopentene (10.3 mL, 76.5 mmol) was
dded to the reaction mixture, and the mixture was stirred for
nother 2 h at −78 ◦C, then the reaction was warned sponta-
eously to the room temperature. The reaction was stopped by
he addition of methanol (5 mL). The product was extracted with
ther. The organic layer was washed with 1 M HCl aqueous solu-
ion and water, respectively. The organic layer was dried over
gSO4, filtrated, and evaporated. The crude product was puri-
ed by column chromatography on SiO2 using hexane as the
luent and 15.3 g of 8 obtained as yellow oil in 66% yield. 19F
MR (376 MHz, CDCl3) δ 108.53 (2F), 117.84 (2F), 128.22

N
1
1
1
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1F), 129.90 (2F). 1H NMR (400 MHz, CDCl3) δ 2.28 (s, 3H,
CH3), 2.234 (s, 3H, –CH3), 6.54 (s, 1H, thienyl–H).

.2.6. {1-(2,5-dimethyl-3-thienyl)-2-[2-methyl-5-
2-chlorophenyl)-3-thienyl]}perfluorocyclopentene (1o)

To a stirred anhydrous THF containing 6a (2.30 g, 8.0 mmol)
as added dropwise a 2.5 mol/L n-BuLi/hexane solution

3.3 mL) at −78 ◦C under argon atmosphere. After the mixture
as been stirred for 30 min, compound 8 (2.43 g, 8.0 mmol) in
olvent of anhydrous THF was added. The reaction was fur-
her stirred at −78 ◦C for 2 h, and the reaction was allowed to
lowly warn to the room temperature. The reaction was quenched
ith distilled water. The product was extracted with ether, dried
ith MgSO4, and concentrated under reduced pressure. The

rude product was purified by column chromatography using
etroleum ether as the eluent to afford to 2.51 g in 51% yield of
o as white solid. Melting point 80.8–81.9 ◦C; Anal. Calcd for
22H15ClF6S2 (%): Calcd C, 53.61; H, 3.07. Found C, 53.92; H,
.37; 1H NMR (400 MHz, CDCl3): δ 1.89 (s, 3H, –CH3), 1.98 (s,
H, –CH3), 2.43 (s, 3H, –CH3), 6.75 (s, 1H, thienyl–H), 7.24 (s,
H, thienyl–H), 7.28 (t, 2H, J = 7.4 Hz, phenyl–H), 7.16 (s, 2H,
henyl–H); 13C NMR (100 MHz, CDCl3): δ 14.16, 14.21, 15.1,
24.4, 125.2, 127.0, 127.6, 129.0, 130.5, 131.1, 132.3, 132.4,
37.7, 137.8, 139.8, 142.3; IR (KBr, ν, cm−1): 739, 764, 825,
55, 893, 983, 1049, 1115, 1191, 1273, 1336, 1442, 1487, 1630,
919.

.2.7. {1-(2,5-dimethyl-3-thienyl)-2-[2-methyl-5-
3-chlorophenyl)-3-thienyl]}perfluorocyclopentene (2o)

2o was prepared by a method similar to that used for 1o and
btained as solid in 53% yield. Melting point 104.4–106.2 ◦C;
nal. Calcd for C22H15ClF6S2 (%): Calcd C, 53.61; H, 3.07.
ound C, 53.83; H, 3.25; 1H NMR (400 MHz, CDCl3): δ 1.86
s, 3H, –CH3), 1.94 (s, 3H, –CH3), 2.43 (s, 3H, –CH3), 6.73 (s,
H, thienyl–H), 7.26 (s, 1H, thienyl–H), 7.31 (t, 2H, J = 7.8 Hz,
henyl–H), 7.41 (d, 1H, J = 7.4 Hz, phenyl–H), 7.51 (s, 1H,
henyl–H); 13C NMR (100 MHz, CDCl3): δ 14.2, 14.4, 15.1,
23.4, 123.7, 124.5, 124.6, 125.6, 126.2, 127.7, 130.2, 135.0,
35.2, 137.9, 139.8, 140.4, 141.9; IR (KBr, ν, cm−1): 745, 776,
23, 836, 892, 977, 1051, 1108, 1189, 1273, 1336, 1445, 1492,
571, 1594, 2924.

.2.8. {1-(2,5-dimethyl-3-thienyl)-2-[2-methyl-5-
4-chlorophenyl)-3-thienyl]}perfluorocyclopentene (3o)

3o was prepared by a method similar to that used for 1o and
btained as solid in 55% yield. Melting point 145.1–145.4 ◦C;
nal. Calcd for C22H15ClF6S2 (%): Calcd C, 53.61; H, 3.07.
ound C, 53.35; H, 3.04; 1H NMR (400 MHz, CDCl3): δ

.86 (s, 3H, –CH3), 1.92 (s, 3H, –CH3), 2.42 (s, 3H, –CH3),
MR (100 MHz, CDCl3): δ 14.3, 14.5, 15.1, 122.9, 124.5,
24.6,126.2, 126.8, 129.2, 131.9, 133.7, 137.9, 139.8, 140.7,
41.5; IR (KBr, ν, cm−1): 727, 819, 888, 984, 1049, 1103, 1187,
265, 1336, 1440, 1489, 1550, 1622, 2922.
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.2.9. {1-(2,5-dimethyl-3-thienyl)-2-(2-methyl-5-phenyl-3-
hienyl)}perfluorocyclopentene (4o)

4o was prepared by a method similar to that used for 1o
nd obtained as solid in 57% yield. Melting point 89.0–90.1 ◦C;
nal. Calcd for C22H16F6S2 (%): Calcd C, 57.63; H, 3.52. Found
, 57.59; H, 3.47; 1H NMR (400 MHz, CDCl3): δ 1.90 (s, 3H,
CH3), 1.96 (s, 3H, –CH3), 2.45 (s, 3H, –CH3), 6.75 (s, 1H,
hienyl–H), 7.276 (s, 1H, thienyl–H), 7.32 (t, 1H, J = 7.4 Hz,
henyl–H), 7.40 (t, 2H, J = 7.6 Hz, phenyl–H), 7.556 (d, 2H,
= 7.6 Hz, phenyl–H). 13C NMR (100 MHz, CDCl3): δ 13.7,
3.8, 14.5, 122.1, 124.1, 124.2, 125.1, 125.5, 127.3, 128.5,
33.0, 137.2, 139.2, 140.6, 141.5; IR (KBr, ν, cm−1): 736, 759,
21, 890, 986, 1049, 1087, 1114, 1133, 1189, 1271, 1335, 1384,
439, 1627.

.2.10. Crystallography
Crystal data diarylethenes 1o–4o were collected by a

ruker SMART APEX2 CCD area-detector equipped with
raphite monochromatized Mo K� radiation at room tem-
erature (λ = 0.71073 Å). The linear absorption coefficient μ

f diarylethenes 1o–4o for Mo K� radiation was 4.24, 4.20,
.34 and 3.15 cm−1. Direct phase determination yielded the
ositions of all non-hydrogen atoms. All non-hydrogen atoms
ere subjected to anisotropic refinement. All hydrogen atoms
ere generated geometrically with C–H bond distances of
.93–0.96 Å according to criteria described in the SHELXTL
anual. They were included in the refinement with Uiso

H) = 1.2 Uequiv. (C) or 1.5 Uequiv. (methyl C). Further details
n the crystal structure investigation have been deposited with
he Cambridge Crystallographic Data Centre as supplemen-

ary publication number CCDC 615590, 615589, 615588 and
41706 for 1o, 2o, 3o and 4o. These data can be obtained
ree of charge via http://www.ccdc.cam.ac.uk/data request/cif,
y emailing data request@ccdc.cam.ac.uk, or by contacting The
ambridge Crystallographic Data Centre, 12 Union Road, Cam-
ridge CB2 1EZ, UK; fax: +44 1223 336033.
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