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Invisible photochromism of diarylethene derivativest
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Diarylethene derivatives with oxidized thiophene rings shift their
absorption band to a shorter wavelength in the UV region upon
photocyclization; no color change was observed during the
photochromic reaction, and the invisible photochromism is ad-
vantageous for devices used under room light.

Photochromism is defined as ““a reversible transformation of a
chemical species induced in one or both directions by absorp-
tion of light between two forms, A (before) and B (after),
having different absorption spectra”.!

' A

In general, photochromic molecules are initially in a colorless
or pale yellow form (A) and convert to a colored form (B)
upon photoirradiation. Although the color changes are the
most eminent performance of photochromic molecules, the
molecules can modulate or switch not only the color but also
other properties, such as m-conjugation length,? refractive
indices,® geometrical structures,* chiral properties,’ and solu-
bility.® These property changes are applied to photo-switches
of conductance and magnetic interactions,” light-driven ac-
tuators,® photoresponsive liquid crystals®!® and others. For
such applications, the color changes are not necessary condi-
tions and perturb the performance in some cases. Therefore,
the development of photochromic systems, in which both
isomers are colorless, is of significance.!' The insensitivity to
visible light is also advantageous for devices used under room
light. To realize such invisible photochromic systems, both the
A and B isomers should have their longest absorption bands in
the UV region, and A and B should be exchanged repeatedly
by UV light irradiation with different wavelengths.
Diarylethenes undergo thermally irreversible and fatigue
resistant photochromic reactions.!? There exist two types of
diarylethene derivatives, 3- and 2-thienylethene derivatives, as
shown in Scheme 1. The color change in diarylethene deriva-
tives is based on the change in the n-conjugation length along
with the photocyclization/photocycloreversion reactions. As
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Scheme 1 Photochromism of bis(3-thienyl)ethene and bis(2-thienyl)-
ethene derivatives.

the m-conjugation length becomes longer, the absorption
maximum shifts to a longer wavelength. Therefore, it is
anticipated that the absorption band of 3-thienylethene deri-
vatives shifts to a longer wavelength upon photocyclization,
while the band of 2-thienylethene derivatives shifts to a shorter
wavelength. Predictions based on the chemical structure
changes are not always correct. All photochromic 2-thienyl-
ethene derivatives so far reported showed bathchromic shifts
upon UV irradiation (see Table S1, ESI¥)."?

Here we report on unusual photochromic diarylethene
derivatives, which shift the absorption band to a shorter
wavelength in the UV region upon photocyclization. We have
synthesized diarylethene derivatives, in which oxidized thio-
phene rings are attached to the ethene moiety through the 2-
positions (1 and 2) (Scheme 2), and have examined the
photochromic behavior in detail.

Compounds 1 and 2 were prepared by oxidation of 1,2-bis-
(3-methyl-5-phenyl-2-thienyl)perfluorocyclopentene and 1,2-
bis-(3,5-dimethyl-2-thienyl)perfluorocyclopentene using
3-chloroperoxybenzoic acid (m-CPBA) in 85% and 79%
yields, respectively.'* The structures were identified by 'H
NMR spectroscopy, MS spectra, elemental analysis, and X-
ray crystallographic analysis (see ESIT).

Fig. 1 shows the absorption spectral change of 1 in
1,4-dioxane solution upon irradiation with visible (4 > 430
nm) and UV light. Before photoirradiation, the absorption

1a: R =Ph
2a: R = CHj

Scheme 2 Molecular structures and photochromism of the oxidized
bis(2-thienyl)ethene derivatives (1 and 2).
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Fig. 1 Absorption spectra of the open-ring isomer (solid line), the
photostationary state under irradiation with 430 nm light (dashed
line), and the closed-ring isomer (broken line) of 1 in 1,4-dioxane
solutions (2.4 x 107> M) at room temperature. The conversion from
the open- to the closed-ring isomer under irradiation with 430 nm light
was estimated to be 92%. Inset: photographs of the solution of 1a and
the photostationary state upon irradiation with 430 nm light.
maximum was observed at 356 nm (¢ = 1.5 x 10* M~! cm™!
and the solution was pale yellow as shown in the inset of
Fig. 1. Upon irradiation with visible light (A > 430 nm), the
pale yellow color disappeared and a new absorption band
grew up in the UV region at 260 nm. Upon irradiation with
UV (313 nm) light, the colorless solution returned to yellow
and the absorption band at 356 nm was restored. The photo-
generated isomer was stable even at 80 °C and the spectral
change could be repeated for more than 100 times.

The molecular structures of both isomers were determined
using X-ray crystallographic analysis. The yellow colored
isomer (i.e. before visible light irradiation) and the photogen-
erated colorless isomer were isolated by HPLC and their
respective single crystals were obtained by recrystallization
from methanol. Fig. 2a shows ORTEP drawings for the yellow
colored isomer. There exist two conformers and both isomers

a) Conformer A (anti-paraliel)

Top View

Side View

b) Top View Side View

Fig.2 ORTEP drawings of (a) 1a, conformer A (anti-parallel) and B
(parallel) and (b) 1b showing 50% probability displacement ellipsoids.
Hydrogen atoms and minor structures have been omitted for clarity.

are the open-ring isomer (la). Fig. 2b shows the ORTEP
drawings of the photogenerated isomer. The photogenerated
isomer is the closed-ring isomer (1b). The result clearly in-
dicates that 1a undergoes a photocyclization reaction to give
the closed-ring isomer (1b), which has an absorption band at a
shorter wavelength compared to that of the open-ring isomer
(1a).

Similar and more marked absorption change was observed
for compound 2 in 1,4-dioxane, as shown in Fig. 3. Before
photoirradiation, the absorption maximum was observed at
317 nm (¢ = 5 x 10> M~' em™!) and the solution was
colorless. Upon irradiation with 390 nm light, the absorption
at 317 nm gradually decreased and a new absorption appeared
at 284 nm. Upon UV light (284 nm) irradiation, the initial
absorption band was restored. The spectral changes could be
repeated more than 100 times. In compound 2, no color
change was observed along with the photocyclization and
photocycloreversion reactions. The photochromic behaviour
can be termed as “invisible photochromism”.

The molecular structures of both isomers of 2 were also
determined from X-ray crystallographic analysis. The single
crystals of both isomers were obtained by recrystallization
from a methanol solution. Fig. 4 shows ORTEP drawings of
both isomers of 2. The analysis confirmed that the initial
isomer with the absorption band at 317 nm is the open-ring
isomer and the photogenerated isomer is the closed-ring
isomer.

The photocyclization and photocycloreversion quantum
yields were determined by applying the standard procedure.'’
The results are summarized, along with the absorption char-
acteristics of both open- and closed-ring isomers, in Table 1.
Although the quantum yield of the cyclization reaction of 1a is
quite low, the value of 2a is moderate. The low yield of 1a is
attributed to the extended m-conjugation in the open-ring
isomer.>

In conclusion, we have prepared diarylethene derivatives (1
and 2), which exhibit thermally irreversible inverse photochro-
mic reactions. The absorption maxima shift to shorter wave-
lengths with the photocyclization reactions. In compound 2, no
color change was observed during the photochromic reaction.
This photochromic performance is termed “invisible
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Fig. 3 Absorption spectra of the open-ring isomer (solid line), the
photostationary state under irradiation with 390 nm light (dashed
line), and the closed-ring isomer (broken line) of 2 in 1,4-dioxane
solutions (1.5 x 10™* M) at room temperature. The conversion from
the open- to the closed-ring isomer under irradiation with 390 nm light
was estimated to be 83%. Inset: photographs of the solution of 2a and
the photostationary state upon irradiation with 390 nm light.
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Fig. 4 ORTEP drawings of (a) 2a and (b) 2b showing 50% prob-
ability displacement ellipsoids. Only one half of 2a is independent. The
CF, groups in the cyclopentene ring of 2a and the reaction center of 2b
were disordered. Hydrogen atoms and minor structures have been
omitted for clarity.

Table 1 Absorption coefficients (¢) at absorption maxima and the
quantum yields of photocyclization and photocycloreversion of 1 and
2 in 1,4-dioxane

g/107* M em ™' Quantum yields

a b Cyclization Cycloreversion
1 1.5 2.9 1.9 x 107%  0.55¢

(356 nm) (260 nm)
2 0.5 0.6 0.01¢ 0.19°

(317 nm) (284 nm)

“ Absorption coefficient. > Quantum yield was measured at 356 nm.
¢ Quantum vyield was measured at 313 nm. ¢ Quantum yield was
measured at 366 nm. ¢ Quantum yield was measured at 284 nm.

photochromism’. The invisible photochromism is advantageous
for opto- and electromolecular devices used under room light.
This work was partly supported by the Grant-In-Aid for
Fundamental Research Program (S) (No. 15105006), Grant-
in-Aids for Young Scientist (B) (No. 18750119), Grant-in-Aids
for Scientific Research on Priority Areas (471) (No. 19050009)
from the Ministry of Education, Culture, Sports, Science, and
Technology (MEXT) of Japanese Government and also by the
Grant-in-Aid for The Global COE Program, “Future Mole-
cular Systems” from the Ministry of Education, Culture,
Science, Sports and Technology of Japan. L. Kuroki also
acknowledges the Grant-in-Aid for JSPS Fellows.

Notes and references

1 G. H. Brown, Photochromism, Wiley-Interscience, New York,
1971H. Diirr and H. Bouas-Laurent, Photochromism Molecules
and Systems, Elsevier, Amsterdam, 1990H. Bouas-Laurent and H.
Dirr, Pure Appl. Chem., 2001, 73, 639.
M. Irie, T. Eriguchi, T. Takada and K. Uchida, Tetrahedron, 1997,
53, 12263; A. T. Bens, D. Frewert, K. Kodatis, C. Kryschi, H.-D.
Martin and H. P. Trommsdorf, Eur. J. Org. Chem., 1998, 2333.
3 N. Tanio and M. Irie, Jpn. J. Appl. Phys., 1994, 33, 1550; T.
Kawai, T. Koshido and K. Yoshino, Appl. Phys. Lett., 1995, 67,
795; A. Shishido, O. Tsutsumi, A. Kanazawa, T. Shiono, T. Ikeda
and N. Tamai, J. Phys. Chem. B, 1997, 101, 2806; K. Kinoshita, K.

N

10

13

15

Horie, S. Morino and T. Nishikubo, Appl. Phys. Lett., 1997, 70,
2940; K. Sasaki and T. Nagamura, Appl. Phys. Lett., 1997, 71, 434;
J. Biteau, F. Chaput, K. Lahlil, J.-P. Boilot, G. M. Tsivgoulis,
J.-M. Lehn, B. Darracp, C. Marois and Y. Lévy, Chem. Mater.,
1998, 10, 1945; A. Toriumi, S. Kawata and M. Gu, Opt. Lett.,
1998, 23, 1924; E. Kim, Y.-K. Choi and M.-H. Lee, Macromole-
cules, 1999, 32, 4855; J. Chauvin, T. Kawai and M. Irie, Jpn. J.
Appl. Phys., Part 1, 2001, 40, 2518.

T. Muraoka, K. Kinbara, Y. Kobayashi and T. Aida, J. Am.
Chem. Soc., 2003, 125, 5612; Y. Norikane and N. Tamaoki, Org.
Lett., 2004, 6, 2595; K. Morimitsu, S. Kobatake and M. Irie,
Tetrahedron Lett., 2004, 45, 1155; A. Koger, M. Walko, W.
Meijberg and B. L. Feringa, Science, 2005, 309, 755; M. Volgraf,
P. Gorostiza, R. Numano, R. H. Kramer, E. Y. Isacoff, D.
Trauner, A. Koger, M. Walko, W. Meijberg and B. L. Feringa,
Nat. Chem. Biol., 2006, 2, 47.

B. L. Feringa, R. A. van Delden, N. Koumura and E. M.
Geertsema, Chem. Rev., 2000, 100, 1789; Y. Yokoyama, S. Uchida,
Y. Yokoyama, Y. Sugawara and Y. Kurita, J. Am. Chem. Soc.,
1996, 118, 3100; T. Yamaguchi, K. Uchida and M. Irie, J. Am.
Chem. Soc., 1997, 119, 6066; T. Kodani, K. Matsuda, T. Yamada,
S. Kobatake and M. Irie, J. Am. Chem. Soc., 2000, 122, 9631; E.
Murguly, T. B. Norsten and N. R. Branda, Angew. Chem., Int. Ed.,
2001, 40, 1752; J.J. D. de Jong, L. N. Lucas, R. M. Kellogg, J. H.
van Esch and B. L. Feringa, Science, 2004, 304, 278.

A. Fissi and O. Pieroni, Macromolecules, 1989, 22, 1115; T.
Bosanac, J. Yang and C. S. Wilcox, Angew. Chem., Int. Ed.,
2001, 40, 1875.

B. L. Feringa, Molecular Switches, Wiley-VCH, Weinheim, 2001A.
P. de Silva, Electron Transfer in Chemistry, Part 1. Molecular-Level
Electronics, Wiley-VCH, Weinheim, 2001V. Balzani, M. Venturi
and A. Credi, Molecular Devices and Machines-A Journey into the
World, Wiley-VCH, Weinheim, 2003M. Irie, T. Fukaminato, T.
Sasaki, N. Tamai and T. Kawai, Nature, 2002, 420, 759; D. Dulic,
S.J. van der Molen, T. Kudernac, H. T. Jonkman, J. J. D. de Jong,
T. N. Bowden, J. van Esch, B. L. Feringa and B. J. van Wees, Phys.
Rev. Lett., 2003, 91, 207402-1; K. Matsuda and M. Irie, J.
Photochem. Photobiol., C, 2004, 5, 169.

M. Irie, S. Kobatake and M. Horichi, Science, 2001, 291, 1769; T.
Hugel, N. B. Holland, A. Cattani, L. Moroder, M. Seitz and H. E.
Gaub, Science, 2002, 296, 1103; R. O. Al-Kaysi, A. M. Muller and
C. J. Bardeen, J. Am. Chem. Soc., 2006, 128, 15938; S. Kobatake,
S. Takami, H. Muto, T. Ishikawa and M. Irie, Nature, 2007, 446,
778.

S. Z. Janicki and G. B. Schuster, J. Am. Chem. Soc., 1995, 117,
8524; B. L. Feringa, N. P. M. Huck and H. A. van Doren, J. Am.
Chem. Soc., 1995, 117, 9929; T. Sagisaka and Y. Yokoyama, Bull.
Chem. Soc. Jpn., 2000, 73, 191; J. Vicario, N. Katsonis, B. S.
Ramon, C. W. M. Bastiaansen, D. J. Broer and B. L. Feringa,
Nature, 2006, 440, 163.

H. Finkelmann, E. Nishikawa, G. G. Pereira and M. Warner,
Phys. Rev. Lett., 2001, 87, 015501-1; M. Camacho-Lopez, H.
Finkelmann, P. Palffy-Muhoray and M. Shelley, Nat. Mater.,
2004, 3, 307; M.-H. Li, P. Keller, B. Li, X. Wang and M. Brunet,
Adv. Mater., 2003, 15, 569; Y. Yu, M. Nakano and T. Ikeda,
Nature, 2003, 425, 145; M. Kondo, Y. Yu and T. Ikeda, Angew.
Chem., Int. Ed., 2006, 45, 1378.

Although stilbene undergoes stealth photochromism, it has a
drawback in that it forms phenanthrene, which is a dead end, by
way of oxidation of the photogenerated dihydrophenanthrene.
M. Irie, Chem. Rev., 2000, 100, 1685; K. Uchida, M. Nakayama
and M. Irie, Bull. Chem. Soc. Jpn., 1990, 63, 1311; H. Tian and S.
Yang, Chem. Soc. Rev., 2004, 33, 85; S. Takami, S. Kobatake, T.
Kawai and M. Irie, Chem. Lett., 2003, 32, 892.

K. Uchida and M. Irie, Chem. Lett., 1995, 24, 969; K. Uchida, T.
Matsuoka, S. Kobatake, T. Yamaguchi and M. Irie, Tetrahedron,
2001, 57, 4559; T. Fukaminato, T. Kawai, S. Kobatake and M.
Irie, J. Phys. Chem. B, 2003, 107, 8372.

Y.-C. Jeong, S. I. Yang, K.-H. Ahn and E. Kim, Chem. Commun.,
2005, 2503; Y.-C. Jeong, S. I. Yang, E. Kim and K.-H. Ahn,
Tetrahedron, 2006, 62, 5855; Y.-C. Jeong, J. P. Han, Y. Kim, E.
Kim, S. I. Yang and K.-H. Ahn, Tetrahedron, 2007, 63, 3173.

Y. Yokoyama and Y. Kurita, J. Synth. Org. Chem., Jpn., 1991, 49,
364; H. G. Heller and J. R. Langan, J. Chem. Soc., Perkin Trans. 2,
1981, 341.

3926 | Chem. Commun., 2008, 3924-3926

This journal is © The Royal Society of Chemistry 2008



