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ABSTRACT: A new fluorescent photochromic diarylethene
that can be activated by irradiation with 405 nm light was
synthesized. The turn-on mode switching of fluorescence with
visible light is favorable for application to biological systems.
The fluorescence quantum yield of the photogenerated closed-
ring isomer was as high as 0.8 in less or medium polar solvents,
and even in polar acetonitrile the yield was higher than 0.6.

luorescence is the most convenient tool to detect small

amounts of molecules.' Even single molecules can be
detected using fluorescence.” Therefore, fluorescence is widely
used for microanalysis’ and bioimaging.* Although highly
fluorescent chromophores have already been applied in various
fields, their application is expected to be further extended when
additional photoswitching property is provided to the
chromophores.” The photoswitchable fluorescent chromo-
phores offer the opportunity to monitor dynamic processes in
real time,” to store optical information in memory media,””’
and also to increase the resolution of bioimaging such as
PALM® (photoactivatable localization microscopy) and RE-
SOLFT” (reversible saturable optical fluorescence transition).

Reversible photoisomerization of photochromic molecules
between two isomers induces an electronic structure change,
and the change in the electronic structure influences the
fluorescent property. Therefore, in principle, photochromic
molecules are inherently photoswitchable fluorescent chromo-
phores.'” However, most of photochromic molecules are non-
or weakly fluorescent. A convenient and frequently used
approach to provide the fluorescent property is to combine a
fluorescent unit to the photochromic molecule.”'" The
photochromic composite is initially fluorescent, while the
fluorescence is switched off by energy-transfer or electron-
transfer processes upon irradiation with UV light. The turn-off
mode switching of fluorescence can be applied to optical
memory media, but hardly applied to PALM, because the
imaging method requires an initial dark background.

In previous papers,'” we reported new turn-on mode highly
fluorescent diarylethene derivatives, 1,2-bis(2-alkyl-6-phenyl-1-
benzothiophene-1,1-dioxide-3-yl)perfluorocyclopentenes. They
are initially nonluminous and dark under irradiation with visible
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405 nm

(A > 450 nm) light, while they are activated to emit strong
fluorescence (fluorescence quantum yield > 0.8) upon UV
irradiation. Although they fulfill the PALM switching require-
ment to generate the fluorescent state in the dark background,
they can not be activated by visible (4 > 400 nm) light. Here,
we report on a new photoswitchable fluorescent diarylethene
derivative that can be activated upon irradiation with visible
light. The visible light responsive property is favorable for the
application to biological systems. -

Diarylethenes are composed of heterocyclic aryl groups, such
as thiophenes, thiazoles, or benzothiophenes, and an ethene
bridge, such as perfluorocyclopentene, cyclopentene, dicyano-
ethene, or maleic anhydride.'’ The absorption spectra of the
derivatives are dependent not only on the aryl groups but also
on the ethene bridge. The absorption tails of 1,2-bis(2-methyl-
1-benzothiophen-3-yl)ethenes having cyclopentene,'* perfluor-
ocyclopentene,'” dicyanoethene,'® and maleic anhydride'” as
the bridge unit are observed at 310, 370, 460, and 500 nm,
respectively. We employed dicyanoethene as the bridge unit to
shift the absorption tail of sulfur-oxidized 1,2-bis(2-ethyl-6-
phenyl-1-benzothiophen-3-yl)ethene to a visible wavelength
region.

Compound 1 (1,2-dicyano-1,2-bis(2-ethyl-6-phenyl-1-benzo-
thiophene-1,1-dioxide-3-yl)ethane, Schemel) was prepared
from 1,2-dicyano-1,2-bis(2-ethyl-1-benzothiophen-3-yl)-
ethene.'® The details of the synthesis are shown in the
Supporting Information. The final product showed a molecular
weight of 614 by mass spectrometry, which indicates that 1 was
synthesized, though the configuration was not known. Figure 1
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Scheme 1. Photoisomerization of Diarylethene 1
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Figure 1. (a) Absorption spectra of lcis (black solid line), ltrans
(black dashed line), and 1c (orange line) and fluorescence spectrum of
1c (green line, uncorrected) in 1,4-dioxane. (b) Absorption tails of
Icis (black solid line) and Itrans (black dashed line). These three
isomers were isolated by HPLC, and the spectra correspond to the
isolated isomers.

shows the absorption spectra of 1 in the cis-configuration
(Lcis), 1 the trans-configuration (ltrans), and closed-ring
isomer 1c and the fluorescence spectrum of lc. These three
isomers were isolated from UV (365 nm)-irradiated 1,4-dioxane
solutions containing product 1 by using high-performance
liquid chromatography (HPLC) (see Figure S1). As described
in detail next, upon UV irradiation lcis undergoes photo-
isomerization reactions to produce Itrans and closed-ring
isomer 1c. The three fractions isolated by HPLC were
identified by their absorption and NMR spectra and also by
X-ray crystallographic analysis.

The absorption spectral measurement indicated that the
third fraction is ascribed to lc because it has a strong
absorption band around 440 nm, which is typical of the closed-
ring isomer. The first and second fractions showed very similar
absorption spectra below 460 nm. NMR measurements
indicated that these two fractions are due to the open-ring
isomers, but it was difficult to definitely identify the fractions to
Icis and ltrans. Therefore, we carried out X-ray crystallo-
graphic analysis to discriminate the two fractions. Fortunately,
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we succeeded in preparing single crystals of the second fraction
suitable for X-ray analysis. The X-ray structure analysis
indicated that the second fraction is ascribed to Icis, as
shown in Figure 2a. Inferring from the results, the first, second,
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Figure 2. Crystal structures of (a) lcis and (b) 1c.

and third fractions were identified as ltrans, lcis, and lc,
respectively. The structure of 1c was also confirmed by X-ray
crystallographic analysis of the single crystal of 1c, as shown in
Figure 2b.

The molar absorption coeflicients of these three isomers
were determined by isolation of the fractions by HPLC. The
coefficient of the cis-isomer is larger than that of the trans-
isomer, which agrees with the result reported for 1,2-dicyano-
1,2-bis(2,4,5-trimethyl-3-theinylethene.'” The absorption tails
of the cis- and trans-isomers are also shown in Figure 1. The
tails extend to 460 nm. This indicates both cis- and trans-
isomers can absorb visible 405 nm light and undergo
photoisomerization reactions. Figure 3 shows the absorption
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Figure 3. Absorption and fluorescence spectral changes of 1cis upon
irradiation with 405 nm light (1 mW/cm?) in 1,4-dioxane (2.2 X 107
M). The irradiation time for each step was 1 min. The excitation
wavelength of the fluorescence was 450 nm.

and fluorescence spectral changes of lcis upon irradiation with
405 nm light. New absorption and fluorescence bands appear in
the wavelength region of 400—500 and 500—600 nm,
respectively. The new bands are ascribed to closed-ring isomer
1c. The present dicyanoethene derivative 1cis can be activated
upon irradiation with visible 405 nm light.

The closed-ring isomer 1c gave relatively strong fluorescence
at around 510 nm. The fluorescence quantum yields in 1,4-
dioxane, chloroform, dichloromethane, and acetonitrile were
measured to be 0.78 (z; = 3.01 ns), 0.81, 0.82 (z; = 2.98 ns),
and 0.62 (7; = 2.81 ns), respectively. These values are similar to
those observed for 1,2-bis(2-ethyl-6-phenyl-1-benzothiophene-
1,1-dioxide-3-yl)perfluorocyclopentene.'” As described above,
photoexcitation of Icis results in the formation of 1lc. At the
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same time, lcis can undergo photoisomerization reaction to
produce Itrans. For the use of compound 1 as a photo-
switchable fluorescent chromophore it is indispensable to know
the reaction processes to produce fluorescent lc.

Parts a and b of Figure 4 show the changes of the contents of
Icis, 1trans, and 1c upon irradiation with 313 nm light starting
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Figure 4. Changes in the contents of Lcis (black circles), Itrans (open
circles), and 1c (red circles) upon irradiation with 313 nm light (0.1
mW/cm?) started from (a) Icis and (b) 1trans. The solid and broken
lines were calculated on the basis of the reaction kinetic equations (for
details, see the Supporting Information).

from 1cis and 1trans, respectively. The contents of 1cis, 1trans,
and 1c were measured by using HPLC. As can be seen from
Figure 4, 1cis to ltrans as well as 1trans to lcis isomerization
efficiently takes place. In both cases, however, the final product
is closed-ring isomer lc. From these reaction processes, we
determined the reaction quantum yields of cis to trans
((Dcis—trans)l trans to cis ((Dtrans—cis)) C}’dization ((I)cis-close)l and
cycloreversion (®g.is) reactions (for details, see the
Supporting Information), as shown in Table 1L @ e

Table 1. Photophysical Properties of 1 in 1,4-Dioxane

/1,2“ (nm)
(/10" M™ em™) @ ine Peivctose Prranscis oy
lcis 314 (2.60) 055 028
Ltrans 312 (2.04) 034
1c 266 (2.81), 1.7 x 107
318 (1.17),
436 (4.49)
D ons—civ and Dig o are relatively large, while @ is very

low. This is the reason why the final product is the fluorescent
closed-ring isomer lc. Similar changes in the contents were
observed when irradiated with 405 nm light (see the
Supporting Information). lcis was soluble in a water/1,4-
dioxane (50/50 volume ratio) mixed solvent and turned on to
fluorescent 1c upon irradiation with 405 nm light.

In conclusion, a new photoswitchable fluorescent diaryl-
ethene that can be activated by irradiation with 405 nm light
was prepared. The photogenerated closed-ring isomer emitted
strong fluorescence. The fluorescence quantum yield was as
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high as 0.8 in less or medium polar solvents, and even in polar
acetonitrile the yield was higher than 0.6. The photoswitchable
diarylethene can be potentially used to monitor dynamic
processes in real time as well as to reconstruct images with
nanometer-scale resolution, such as PALM and RESOLFT.
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