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Abstract:

A new type of photoswitchable fluorescent diarylethenes, which have no fluorophore unit but
emit strong fluorescence (®; ~ 0.9) in the closed-ring isomers, has been developed. They are
sulfone derivatives of 1,2-bis(2-alkyl-4-methyl-5-phenyl-3-thienyl)perfluorocyclopentenes and
1,2-bis(2-alkyl-1-benzothiophen-3-yl)perfluorocyclopentenes. By chemical modifications of the
structures their switching response was tuned to meet the requirements for super-resolution
fluorescence microscopies. The water-soluble derivatives have been successfully applied to

acquire super-resolution bioimages using a single-wavelength visible beam.



Fluorescence is the most convenient tool to detect small amounts of molecules.' Even single
molecules can be detected using the fluorescence owing to remarkable progress of optical
detection techniques.” ~ * Various types of highly fluorescent chromophores have been
synthesized and widely applied in materials and life sciences, such as microanalysis and
bioimaging.” = ° Their application is expected to be further extended when an additional
switching property is provided to the chromophores.' The changes in fluorescence spectra
and/or intensity by external stimuli, such as chemicals, electrons (or holes) or photons, are
ingeniously adopted for the analysis and the imaging. When the fluorescence is photoactivated
or switched on and off upon photoirradiation, the fluorescence modulation offers the

opportunities to monitor diffusion processes in real time,'' ~'* store optical information in
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memory media, and increase the resolution in imaging.

There are two types of fluorescence switching molecules, photoactivatable and
photoswitchable ones. The photoactivatable molecules irreversibly switch from non-fluorescent
to fluorescent states, while photoswitchable ones undergo reversible switching between
fluorescent and non-fluorescent states. The reversibly photoswitchable molecules can be
designed and constructed by integrating both photochromic and fluorescent chromophores in a
molecule." ~?° Based on this strategy numerous photoswitchable fluorescent molecules have
been synthesized. Even limited to molecules having a photochromic diarylethene derivative as a

photoswitching unit, a number of derivatives having a fluorescent unit, such as triphenyl
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imidazole,** anthracene, perylenebisimide, '’ or indacene,”® have been prepared.
The molecules are initially fluorescent, while the fluorescence is quenched by an energy or an
electron transfer mechanism when the diarylethene unit converts from the open- to the
closed-ring isomer upon UV irradiation. The fluorescence switching from fluorescent to
non-fluorescent states can be applied to optical memory media but is hardly applicable to
super-resolution bioimaging, which visualizes and tracks microstructures and molecular events
in cells.”

Recent progress of fluorescent microscopies has revolutionized the optical imaging,
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especially spatial resolution. The diffraction limit no longer restricts the spatial resolution in

optical microscopy; it was overcome by using photoswitching of fluorescent probes between
dark and emitting states. The super-resolution techniques are usually grouped into two
categories, coordinate-targeted and coordinate-stochastic methods. In coordinate-targeted
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methods (stimulated emission depression (STED)* ~** and reversible saturable (switchable)

optical linear fluorescence transition (RESOLFT) microscopies” *°

), the position of the on and
off states is determined by a doughnut-shaped pattern of light inducing a turn-on or a turn-off
transition in the sample, except at the central position with vanishing intensity. In

coordinate-stochastic super-resolution microscopies (photoactivated localization microscopy



(PALM)*"** and stochastic optical reconstruction microscopy (STORM)*"*°

), fluorescence off~
on events take place molecules by molecules, with the molecules located at random positions.
PALM and STORM are based on the technique to detect single fluorescent molecules.

The reversibly photoswitchable fluorescent molecules can be applied to both RESOLFT
microscopy and PALM/STORM, while the irreversibly photoactivatable molecules can be used
only for PALM/STORM. The application of turn-off mode photoswitchable fluorescent
molecules to PALM/STORM is limited, because the fluorescence quenching, in many cases, is
imperfect and the imaging technique requires a dark background to detect single fluorescent
molecules. For the application, it is strongly desired to develop turn-on mode photoswitchable
fluorescent molecules, which can efficiently and instantaneously activated upon
photoirradiation.

Although several turn-on mode photoactivatable fluorophores, such as dihydrofuran,*
coumarine,” fluorescein,” rhodamine® and anthracene,” have been reported, their
photoactivation quantum yields are relatively low and the reactions are irreversible. Recently, a
new type of turn-on mode photoswitchable fluorescent molecules have been developed. They
are sulfone derivatives of 1,2-bis(2-alkyl-4-methyl-5-phenyl-3-thienyl)perfluorocyclopentenes*®
and 1,2-bis(2-alkyl-1-benzothiophen-3-yl)perfluorocyclopentenes.*’ Although they are initially
non-luminous under excitation with visible light, they emit strong fluorescence upon irradiation
with UV light.

In this account we describe how to improve the photochemical and photophysical properties
of the sulfone derivatives by chemical modifications to meet the requirements for
super-resolution fluorescence microscopies. New molecular photoswitches with improved and
outstanding properties will surely contribute to the progress of super-resolution fluorescence

bioimaging.

1. Photoswitchable highly fluorescent diarylethenes

Sulfone derivatives of 1,2-bis(2-alkyl-4-methyl-5-phenyl-3-thienyl)perfluorocyclopentenes.
1,2-Bis(2,4-dimethyl-5-phenyl-3-thienyl)perfluorocyclopentene (1) is one of typical
photochromic diarylethenes.*® *° The open-ring 1a isomer converts to the closed-ring 1b isomer
upon irradiation with UV light. The colorless n-hexane solution containing 1a (An.x = 268 nm,
e=28x10*M"! cm_l) turns to blue due to the formation of 1b (A = 562 nm, ¢ = 1.1 X 10*
M em™). Upon irradiation with visible light (1 > 450 nm) 1b returns back to 1a and the blue
color disappears. The cyclization and cycloreversion quantum yields were determined to be 0.45
and 0.018, respectively. Although 1 exhibits an excellent color change, both isomers are
non-fluorescent.

During the course of study on the fatigue property of diarylethene derivatives Ahn and



co-workers’' ~ > found that oxidation of sulfur atoms to sulfones is effective to provide a
fluorescent property to the derivatives. Following up the research the synthesis of a
dithienylperfluorocyclopentene derivative having thiophene 1,1-dioxide groups was examined.*”
% As expected the derivative,
1,2-bis(2,4-dimethyl-5-phenylthiophene-1,1-dioxide-3-yl)perfluorocyclopentene (2), switched
to a fluorescent dye upon UV irradiation. Upon irradiation with UV light the open-ring 2a
isomer converted to the closed-ring 2b isomer and the photogenerated 2b emitted fluorescence
under excitation with 423 nm light. The fluorescence quantum yield was, however, as low as
0.03 in 2-methylteterahydrofuran. Although 2 exhibits the turn-on mode fluorescence property,
the low fluorescence quantum yield prevents its practical use. To improve the fluorescence
performance chemical modifications were made and it was found that introduction of short alkyl
chains at 2- and 2’-positions of the thiophene 1,1-dioxide groups is effective to increase the
fluorescence quantum yield.*®

Scheme 1 shows the structures of derivatives prepared. Figure 1 shows the absorption and
fluorescence spectra of 3-6 in 1,4-dioxane. The 1,4-dioxane solutions of 3a-6a are colorless and
have no absorption in the visible-wavelength region, while upon irradiation with UV light 3a-6a
converted to 3b-6b and the solutions turned yellow. The closed-ring 3b-6b isomers emit green
fluorescence around 530 nm upon excitation with 430 nm light. Subsequent irradiation with
visible light (4 > 450 nm) caused the cycloreversion reactions from 3b-6b to 3a-6a and the
absorption and fluorescence spectra decreased. Thus, 3-6 undergo cyclization/cycloreversion
reactions and fluorescence switching upon alternate irradiation with UV and visible light.

[Scheme 1]
[Figure 1]

Table 1 summarizes photophysical and photochemical properties of diarylethenes 2-6 in
1,4-dioxane. Alkyl substitution at 2- and 2’-positions markedly affected the fluorescence
quantum yield and the cycloreversion reaction. When methyl substituents were replaced with
ethyl, n-propyl, isopropyl and isobutyl substituents, the fluorescence quantum yield increased
dramatically from 0.07 to 0.42 — 0.50. The fluorescence quantum yield was significantly
improved by replacing the methyl substituents with longer or branched alkyl ones.
Photocyclization and photocycloreversion quantum yields are also shown in Table 1. The
cyclization quantum yields of 2a-6a are moderate and almost in the range of 0.1-0.2. The alkyl
substituents scarcely affected the photocyclization reactivity. The cycloreversion quantum yields
of 2b-5b are in the order of 10, which are much lower than the yield of non-oxidized
diarylethene 1b (0.018).° When sulfur atoms were oxidized to sulfones, the cycloreversion
reaction was strongly suppressed. It is worth to note that the cycloreversion quantum yield of 6b,

which has isobutyl substituents at 2- and 2’-positions, increases to 2.1 x 10, which is 81 times



larger than that of 5b. Although the origin of the effect of isobutyl substitution is not clear at
present, this result indicates that introduction of isobutyl substituents at the reactive carbons is
useful to increase the cycloreversion quantum yield.

[Table 1]

Figure 2 shows the relationship between the quantum yields and the dielectric constants of
the solvents. Methyl substituted derivative 2b shows relatively high fluorescence quantum yield
in non-polar n-hexane, while the yield dramatically decreases to 0.07 in 1,4-dioxane and further
decreases to 0.02 in ethanol. In contrast, diarylethenes 3b-6b keep relatively high yields even in
ethanol. In ethanol the yields of ethyl and n-propyl substituted derivatives (3b and 4b) are 0.18
and 0.19, respectively. The derivatives having branched alkyl substituents (5b and 6b) show
higher values (5b: 0.32, 6b: 0.27). These results indicate that introduction of branched alkyl
substituents into the reactive carbon atoms is effective to improve the fluorescent performance
in polar solvents.

[Figure 2]

Sulfone derivatives of 1,2-bis(2-alkyl-6-aryl-1-benzothiophen-3-yl)perfluorocyclopentenes.

1,2-Bis(2-methyl-1-benzothiophen-3-yl)perfluoropentene  (7) is also one of typical
photochromic diarylethenes, which undergo thermally irreversible and fatigue resistant
photochromic reactions.*®**"-* The open-ring 7a isomer converts to the closed-ring 7b isomer
upon irradiation with UV light. The colorless n-hexane solution containing 7a (Ama.x = 258 nm,
e=15x10"M" cmﬁl) turns red due to the formation of 7b (Apx = 516 nm, & = 1.0 x 10°M™!
cm ). Upon irradiation with visible light (1 > 450 nm) 7b turns back to 7a and the red color
disappears. The cyclization and cycloreversion quantum yields were determined to be 0.31 and
0.29, respectively. In contrast to dithienylethene 1 both open- and closed-ring isomers of 7
exhibit weak fluorescence. The quantum yields of the open- and closed-ring isomers are
reported to be 0.012 and ~0.0001, respectively.”

Oxidation of the sulfur atoms to sulfones improved the fluorescent property. Figure 3 shows
the absorption and fluorescence spectra of
1,2-bis(2-methyl-1-benzothiophen-1,1-dioxide-3-yl)perfluorocyclopentene (8) in ethyl acetate.”'
The absorption spectrum of the open-ring 8a isomer is in the UV region and the ethyl acetate
solution is colorless, while the closed-ring 8b isomer generated by irradiation with UV light has
absorption at 398 nm and the solution is pale yellow. The absorption band shows a significant
hypsochromic shift in comparison with that of non-oxidized 7b. Upon excitation with 400 nm
light 8b exhibits fluorescence. The fluorescence quantum yields of the open- and closed-ring
isomers are reported to be 0.025 and 0.011, respectively.”

[Figure 3]



Although both non-oxidized derivative 7 and oxidized sulfone derivative 8 possess the
turn-on mode fluorescence switching property, their fluorescence quantum yields are too low to
be applied to super-resolution fluorescence microscopies. For the application it is required to
improve the fluorescence performance: (i) increase in the absorption coefficient, (ii)
bathochromic shift of the absorption and fluorescence spectra, and (iii) increase in the
fluorescence quantum yield.

Just as examined in sulfone derivatives of 1,2-bisthienylethenes linear or branched alkyl
chains were substituted at 2- and 2’-positions of the benzothiophene 1,1-oxide groups.”* Aryl
substituents were also introduced at 6- and 6’-positions. Scheme 2 shows the structures of the
modified sulfone derivatives. Both alkyl and aryl substituents markedly influenced the
photochromic performance and the fluorescence property. Figure 4 shows the absorption and
fluorescence spectra of 9 having methyl substituents at 2- and 2’-positions and 12 having
n-butyl substituents in 1,4-dioxane. The open-ring 9a and 12a isomers have no absorption in the
visible wavelength region (4 > 400 nm) and convert to the closed-ring 9b and 12b isomers
having absorption in the visible wavelength region upon irradiation with UV (330 nm) light.
The absorption maxima of 9a and 12a are observed at 296 nm and 298 nm, respectively, while
those of 9b and 12b show the maxima at 443 nm and 456 nm, respectively. The absorption
maxima of the closed-ring isomers of these aryl substituted derivatives showed a significant
bathochromic shift in comparison with that of non-substituted derivative 8b. In addition, the
absorption coefficients increased two or three times. Both closed-ring isomers exhibited brilliant
green fluorescence at around 540 nm. The fluorescence quantum yield was found to increase
from 0.011 up to 0.89 in 1,4-dioxane by introducing n-propyl substituents at 2- and 2’-positions
and phenyl substituents at 6- and 6’-positions.

[Scheme 2]
[Figure 4]

Table 2 summarizes photophysical and photochemical properties of the derivatives having
various alkyl substituents. As can be seen from Table 2 the absorption maxima of the open-ring
isomers are similar, but the absorption maxima of the closed-ring isomers show significant
bathochromic shifts when substituents are altered from methyl to ethyl, n-propyl, n-butyl or
isobutyl substituents.

[Table 2]

Solvent polarity dependence of the fluorescence quantum yields of 9b-13b was examined as
shown in Figure 5. The quantum yield of 9b having methyl substituents dramatically decreases
with increase in the solvent polarity, while the decrease is moderate for ethyl, n-propyl, n-butyl
and isobutyl substituted derivatives 10b-13b. The ethyl-substituted derivative 10b keeps the

quantum yield of 0.70 even in polar acetonitrile, while the methyl-substituted derivative 9b



decreases the yield to 0.15. The different behavior can be explained as follows. In polar solvents,
intermolecular interactions between the sulfone moieties and polar solvent molecules are
considered to accelerate the non-radiative decay process. When bulky alkyl substituents are
introduced at the connecting carbon atoms, they can defend the sulfone moieties from the attack
of polar solvent molecules and suppress the non-radiative decay process. Thus, the derivatives
having bulky alkyl substituents keep the relatively high fluorescence quantum yield even in
polar solvents.
[Figure 5]

Figure 6 shows the absorption and fluorescence spectra of 14 in 1,4-dioxane.*® Replacement
of phenyl substituents at 6- and 6’-positions with thiophene rings shifts the absorption
maximum of the closed-ring 14b isomer to 506 nm (¢ = 5.8 x 10* M™' cm ™). The closed-ring
isomer can be excited by irradiation with 532 nm light and emits brilliant orange fluorescence.
The fluorescence quantum yield was measured to be 0.78 in 1,4-dioxane. 14b is thermally as
well as photochemically stable and hardly return back to the open-ring 14a isomer by irradiation
with visible light (the cycloreversion quantum yield < 107°). Figure 7 shows photographs of the
fluorescence switching of 1,4-dioxane solutions containing 10 and 14 upon irradiation with 365
nm light under excitation with 488 nm (left-side solution containing 10) and 532 nm light
(right-side solution containing 14). Before UV irradiation both solutions are non-luminous,
while brilliant green and orange fluorescence emissions instantaneously appear upon UV
irradiation. The emissions are attributable to the formation of fluorescent 10b and 14b isomers.

[Figure 6]
[Figure 7]

2. Control of Cycloreversion Quantum Yields
Coordinate-targeted super-resolution fluorescence microscopy, such as RESOLFT microscopy
claims easy photoswitching of probe molecules from on-states to off-states upon irradiation with

a doughnut-shaped low-power laser beam.*> % ¢

Therefore, it is required to develop
photoswitchable fluorescent molecules with high switching-off (cycloreversion) efficiency.
According to numerical simulations,” the resolution of images increases with increasing the
switching-off quantum yield. However, if the quantum yield is too high, the irradiation that is
required to probe the residual fluorescence will also deplete the fluorescence emission. To avoid
the reduction in the fluorescence intensity during the probe phase, the quantum yield less than
107 is preferable. Taking into consideration of these factors, the optimal switching-off quantum
yield is concluded to be in the order of 107~ 107",

To obtain the desirable cycloreversion quantum yield for the RESOLFT microscopy, various

substituents were introduced at 6- and 6’-positions of the sulfone derivatives of



1,2-bis(2-ethyl-1-benzothiophen-3-yl)perfluorocyclopentene.” The structures of the substituted
derivatives are shown in Scheme 3. Although the cycloreversion quantum yield of unsubstituted
sulfone derivative 15b is 0.18,* introduction of phenyl substituents at 6- and 6’-positions, such
as 10b, decreases the yield to 5.9 x 107*. This result suggests that the cycloreversion quantum
yield can be controlled by changing the aryl substituents, which affect the n-conjugation length
and the coplanarity of the closed-ring isomers. In other words, the dihedral angle between the
phenyl ring at 6-position (or 6’-position) and the oxidized benzothiophene is considered to
influence the cycloreversion quantum yield.
[Scheme 3]

The absorption maxima of the open-ring isomers 15a, 16a, 17a and 18a were observed at
275 nm and 310 nm (15a), 293 nm and 328 nm (16a), 289 nm and 326 nm (17a), and 285 nm
and 320 nm (18a), while those of the closed-ring isomers 15b, 16b, 17b, and 18b were observed
at 414 nm, 445 nm, 441 nm, and 430 nm, respectively. The absorption maxima of the
closed-ring isomers having ortho-substituted phenyl rings, 16b, 17b, and 18b, showed a small
but significant hypsochromic shift in comparison with that of 10b (456 nm). The fluorescence
quantum yields of 10b, 16b, 17b, and 18b were determined to be 0.87, 0.79, 0.84 and 0.79 in
1,4-dioxane, respectively. The yields are very similar and the ortho-substitution scarcely affects
the fluorescence process.

Table 3 shows the cyclization and cycloreversion quantum yields of the derivatives having
ortho-substituted phenyl rings. As shown in Tables 2 and 3, the cyclization quantum yields of
the four derivatives, 10a, 16a, 17a, and 18a, are similar each other. On the other hand, the
cycloreversion quantum yields are strongly dependent on the ortho-substitution. As described
the previous section, the yield of 10b is as low as 5.9 x 10, while the yield increases to 2.8 x
107 (16b), 3.2 x 10~ (17b), and 1.8 x 107 (18b) by introducing fluorine or methyl group(s) at
ortho-position(s) of the phenyl rings. By replacing ortho-hydrogen with fluorine the yield
increased by 5 times. The introduction of ortho-dimethyl substituents increased the yield by as
large as 30 times. Ortho-substitution is very effective to increase the cycloreversion quantum
yield to 102 - 107",

[Table 3]

Ortho-substitution is considered to decrease the coplanarity of the closed-ring isomers.
Table 3 also shows the dihedral angles between the phenyl rings and the oxidized
benzothiophene, which were measured by X-ray crystallographic analysis. When
ortho-hydrogen is replaced with fluorine atom, such as 16b, the dihedral angle increases from
30.2° to 35.9°. It further increases to 61.0° by introducing a methyl group. The dihedral angle of
the derivative having ortho-dimethyl substituted phenyl ring is as large as 65.7°. The increase in

the dihedral angle loses the coplanarity of the closed-ring isomer and decreases the extension of



m-conjugation length, resulting in the hypsochromic shift of the absorption spectrum and the
increase in the cycloreversion quantum yield.

Figure 8 shows the correlation between absorption maxima of the closed-ring isomers and
cyclization/cycloreversion quantum yields in less polar 1,4-dioxane and polar ethanol.
Fluorescence quantum yields of the closed-ring isomers are also shown. Although the shift of
the absorption maxima of the closed-ring isomers by ortho-substitutions scarcely affects the
fluorescence quantum yields as well as cyclization quantum yields, it strongly increases the
cycloreversion quantum yields by as large as 30 times. The photogenerated closed-ring isomers,
16b, 17b, and 18b, exhibit brilliant green fluorescence with quantum yields higher than 0.79
and their cyclization quantum yields are higher than 0.58 in 1,4-dioxane. In addition, the
cycloreversion quantum yields are in the range of 2.8 x 10~ — 1.8 x 107 These compounds
fulfill the necessary requirements for RESOLFT super-resolution microscopy.

[Figure 8]

Another strategy to increase the cycloreversion quantum yield is to introduce isobutyl
substituents at reactive carbon atoms. As shown in Tables 1 and 2, the cyclization quantum
yields of 6b and 13b having isobutyl substituents at 2- and 2’-positions of thiophene 1,1-dioxide
or benzothiophene 1,1-dioxide are larger than the values of the derivative having ethyl
substituents. The yields of 6b and 13b are more than one order of magnitude (19 — 55 times)
larger than those of 3b and 10b. The cycloreversion quantum yields of these derivatives in the

range of 10— 107 are favorable for the application to RESOLFT microscopy.

3. Reversible Fluorescence Photoswitching by Irradiation with Single-Wavelength Visible
Light *

As described in Introduction, localization super-resolution fluorescence microscopies, such as
PALM and STORM, are based on single-molecule fluorescence detection. The large majority of
probe molecules must be in the off states, except for a very sparse population that is in the on
states. Both techniques require a dark background to detect single fluorescent molecules and
need to turn on and off independently the emission of fluorophores positioned within the same
diffraction limit. By adjusting the irradiation conditions on intensities of photoactivation as well
as photobleaching only a sparse population of probe molecules is maintained in the emissive
state during the image reconstruction sequence. Each localized probe at the single-molecular
level is visualized in the form of a diffraction pattern and the center of the pattern can be
approximated as the center of the molecule. The coordinate of each localized probe can then be
stored and accumulated. This sequence of events, activation, localization and bleaching, is
reiterated multiple times, until enough coordinates become available to reconstruct a complete

image of the sample.



The diarylethenes so far synthesized, except several specially designed derivatives,” =%

cannot be activated with visible light (> 400 nm). The visible light responsive property is
favorable for the application to biological systems. During the course of study of
photoswitchable diarylethenes we have discovered unprecedented photoreactions upon
irradiation with single-wavelength visible light. Upon irradiation with the visible light both
cyclization and cycloreversion reactions simultaneously take place and a very sparse population
of molecules is reversibly activated to on states.

Upon irradiation with UV light (365 nm light) the open-ring 10a isomers readily converted
to the closed-ring 10b isomers, which have absorption at 456 nm and give fluorescence at
around 550 nm under excitation with 450 nm light. The photogenerated 10b isomers were
bleached upon irradiation with 450 nm light and reverted back to the open-ring 10a isomers.
Although both absorption and fluorescence spectra considerably decreased, noticeable intensity
of fluorescence ascribed to 10b remained even after prolonged irradiation with 450 nm light.
10a has no apparent absorption at 450 nm. This means that all closed 10b isomers are expected
to completely revert back to the open-ring 10a isomers by irradiation with 450 nm light. But, a
small amount of 10b survived. This result indicates that 450 nm light induces the cyclization
reaction of 10a in addition to the cycloreversion reaction.

We assumed that the reversible photoisomerizations are induced by irradiation with

single-wavelength (1) light.

A
Open-ring isomer 10a _4,1: Closed-ring isomer 10b @8
dcy
= = (@apenCy — PpagpCp)F (2)
F _ 1_6—(8ACA+£BCB)d X 10310

eaCa+eCp d
where ®ap, Opa, €4, €8, Ca, Cp, d, and I, are the cyclization quantum yield, the cycloreversion
quantum yield, the absorption coefficient of 10a at A, the absorption coefficient of 10b at A, the
concentration of 10a (mol/L), the concentration of 1b (mol/L), the cell length (cm), and the light
intensity (einstein/cmz-s), respectively. When €,Cy + €gCp << 1, the formation of the

closed-ring isomers is expressed as follows, where Co is the total concentration of 10a and 10b.

_ __ Dagea —(Dppep+Dpacy) X103t
CB—WCO(l_e (PapeA+DPpaER) 0) (3)
ABEATDPBAER

In the photostationary state,

Cg _  Dppep
Co  Dppeat+Dpacp

“

Figure 9 shows the formation of 10b from pure 10a in n-hexane and CCly upon irradiation

10



with 450 nm light. To detect a very small amount of 10b, less than 10~ M, fluorescence was
used to measure the concentration. The formation curves were analyzed according to eq. (3). It
is possible to determine the very weak absorption coefficients of 10a at 450 nm from the
concentration ratios of 10a and 10b in the photostationary state from eq. (4). Based on
numerical simulations of the formation process of 10b from 10a the absorption coefficients at
450 nm in n-hexane and CCl, were estimated to be 0.084 M' ¢cm ' and 0.19 M cm’,
respectively. Although the absorption coefficients were very low, the formation of 10b was
clearly observed upon irradiation with 450 nm light. This is attributed to very low
cycloreversion quantum yields of 10b in n-hexane and CCly,
[Figure 9]

According to Wondrazek et al.®® and Kinoshita et al.® the absorption spectra (or the
emission excitation spectra) of fluorescent dyes, such as coumarin 7 and rhodamine 6G, show
an exponential frequency dependence in the off-resonance region of the absorption tails at room

temperature. The tails have been reported to obey the Urbach rule known in the absorption

spectra of solid materials, as expressed by the following formula.®® -7
Ego—F
e(E) < g(Egp)exp [— %} (5)

where ¢, kg , T, and o are the absorption coefficient, the Boltzmann constant, the absolute
temperature of the sample and the steepness parameter, respectively.

The absorption coefficients estimated from eq. (4) were plotted in Figure 10 along with the
absorption tails of the open-ring 10a isomer. As can be seen in Figure 10 the coefficients obey
the exponential frequency dependence at the wavelengths longer than ~ 415 nm (~ 24000 cm ™).
The exponential frequency dependence indicates that the photoreactions with the visible light in
the far-resonance region of the absorption edge are caused by the absorption of hot bands or
Urbach tails. The open-ring 10a isomers in the vibrationally excited states undergo optical
transition into electronically excited states by absorbing the very weak hot bands and the
cyclization reaction from 10a to 10b takes place. The reversible fluorescence photoswitching
with single-wavelength visible light is advantageously applicable to super-resolution
microscopies, as shown in the next section.

[Figure 10]
4. Application to Super-resolution Bioimaging >~
As already being discussed in the previous sections, properly designed sulfone derivatives of
bisthienylethenes and bisbenzothienylethenes fulfill the requirements for the application to
super-resolution fluorescence microscopies. For the application to bioimaging another

indispensable property is water solubility. Several approaches to provide water solubility to

11



diarylethenes have been reported.”” In order to give both the water solubility and bioconjugation
ability we introduced several carboxylic acid groups to the fluorescent diarylethenes. The
presence of eight caroboxylates provided a fairly good solubility at pH > 5 and inhibited
aggregation even after photocyclization. One of the carboxylates can be conveniently
transformed into any reactive group for bioconjugation. Remarkably, the bioconjugates retain
the photoswitching and fluorescent properties of the derivatives. The caroboxylated diarylethene

19 was applied to RESOLFT bioimaging.

To demonstrate the applicability of 19 for RESOLFT microscopy, fixed immunolabeled
Vero cells were imaged using a modified IC RESOLFT QUAD Scanning microscope (Abberior
Instruments, Géttingen). The imaging was performed by applying the following pulse sequence:
switching the diarylethenes to their closed-ring isomers with 355 nm light (130 W ¢cm?) for 50
us, 200 ps delay, application of the doughnut-shaped 488 nm beam (36 kW c¢cm ) for 1.2 ms to
switch the diarylethenes in the periphery of the focal spot to their non-fluorescent open-ring
isomers. Finally, the remaining area with the fluorescent isomers was probed for 80 us with a
Gaussian shaped 488 nm light beam (9.7 kW c¢m ?). The confocal image was obtained by the
same pulse sequence without the off-switching. Using this imaging scheme, it was possible to
acquire RESOLFT images with a resolution of 74 nm FWHM (full width at half minimum) and
confocal images of 175 nm FWHM. Figure 11 shows the RESOLFT and confocal images.

[Figure 11]

The success of the use of the diarylethene for RESOLFT is attributed to the relatively large
cycloreversion quantum yield. The yield of 19b was measured to be 2.0 x 107 + 3 x 107*. 19b
was switched off in 1.5 ms. The resolution achieved in RESOLFT is limited mainly by the
photobleaching rate and not by the residual fluorescence after off-switching. RESOLFT
microscopy requires the cycloreversion quantum yield in the order of 10— 10>,

On the contrary, coordinate-stochastic super-resolution fluorescence microscopies, such as
PALM and STORM, require a low cycloreversion quantum yield, because the resolution of
these techniques depends on the localization process. Two important requirements for the probes
are (i) a high number of photons detected during the on state to ensure a high localization
accuracy, and (ii) the possibility to achieve a high [off]/[on] ratio to allow for a high labeling
density. The second requirement is inherent to diarylethenes, because a complete conversion to
open-ring isomers is achieved when the irradiation wavelength is properly selected to avoid
excitation of hot bands or Urbach tails. The first requirement is dependent on both the ratio of
emission efficiency (®y) and the cycloreversion quantum yield (®@g,). 19b used in the above
RESOLFT microscopy presents ®y®pa < 300. This means that only 30 photons are expected to

be detected during the on state in average, because a photon collection efficiency is around 10%.
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To increase the localization accuracy, it is required to increase ®¢/®g, one order of magnitude.
The preferable cycloreversion quantum yield is in the order of 107 or less. A sulfone derivative
20 having methoxy substituents and eight carboxylates in both sides was prepared and used for
STORM. The cycloreversion and the fluorescence yields of 20b were measured to be 1.8 x 107
and 0.45, respectively. ®¢/Dg, increased to 2500.

The standard labeling protocol provided a reproducible control of the degree of labeling.
The obtained bioconjugate was stable and showed no precipitation or aggregation after several
months. The diarylethene retained the photoswitching ability even after bioconjugation with
secondary antibodies and presented no reduction in the emission efficiency of the closed-ring
isomer. Figure 12 shows the demonstration of wide-field STORM images. Photoactivation was
carried out with 405 or 375 nm laser. Remarkably, it was possible to acquire up to - 200000
frames before any additional photoactivation with UV light. In other words, the on and off’
fluorescence switching of a sparse population of probe molecules can be attained by irradiation
with only 488 nm laser. This imaging technique, which uses a single-wavelength visible beam
without harmful UV light, is favorable for the application to biological systems. As described in
the previous section, the activation in the absence of UV light is ascribed to the optical
transition induced by the absorption of very weak hot bands or Urbach tails. Images acquired
without and with UV photoactivation laser (375 nm) were identical within experimental error, as
shown in Figure 12(b).

[Figure 12]

Here, super-resolution fluorescence imaging using photoswitchable fluorescent

diarylethenes was demonstrated. By properly tuning the structures the derivatives were

successfully applied to RESOLFT microscopy and STORM.

5. Summary and Future Prospect

A new type of turn-on mode fluorescent diarylethenes, which have no fluorophore unit but emit
strong fluorescence (@~ 0.9) in the closed-ring isomers, has been synthesized and successfully
applied to super-resolution fluorescence imaging, such as RESOLFT microscopy and
PALM/STORM. Oxidation of sulfur atoms of
1,2-bis(2-alkyl-4-methyl-5-phenyl-3-thienyl)perfluorocyclopentenes and
1,2-bis(2-alkyl-1-benzothiophen-3-yl)perfluorocyclopentenes was effective to provide a highly
fluorescent property to the closed-ring isomers. By chemical modifications of the structures the
physical and chemical properties of the diarylethenes were tuned to meet the requirements for
the microcopies. RESOLFT microcopy requires the cycloreversion quantum yield in the order
of 10— 107, while the yield in the order of 10~ or less is claimed in PALM/STORM imaging.

The cycloreversion as well as fluorescence quantum yields were optimized by introducing

13



appropriate alkyl and aryl substituents to thiophene 1,1-dioxide and benzothiophene 1,1-dioxide
groups. The water-soluble derivatives have been applied to acquire super-resolution bioimages
using a single-wavelength visible beam.

The super-resolution microscopies using photoswitchable diarylethenes can be applied not
only to biological systems but also to materials science. It is capable of resolving apolar
nano-structures in cylindrical micelles formed by amphiphilic block copolymers by using
super-resolution PALM.”* The progress of super-resolution microscopy technique is continuing.
Recently, Hell and co-workers” reported a new nanometer-resolution imaging method named
MINFLUX. The method can image individual molecules separated by just 1 nm. The present
photoswitchable diarylethenes have a potential to be used in the MINFLUX microscopy.
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3a

4a:
5a:

6a

R =-CHs 2b: R = -CHy
‘R= -CH2CH3 3b:R= -CH20H3
R= -CHQCHQCH3 4b: R = -CH20H2CH3
R = -CH(CHa), 5b: R = -CH(CH,),
R= -CHQCH(CH;;)z 6b: R = -CH20H(CH3)2

Scheme 1. Photoisomerization of diarylethenes 1-6.
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9a:

10a
11a
12a
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R=-CH,
:R= -CH2CH3
‘R = —CHchQCHg

R= -CHQCH2CH20H3
R = -CH;CH(CH3),

uv

Vis.

uv

Vis.

9b: R=-CHj

10b: R = -CH,CH;

11b: R = —CH2CH2CH3
12b: R = -CHQCHQCHQCH:.;
13b: R = -CH,CH(CH3),

14a: R = -CH,CHj

14b: R = -CH,CHj3

Scheme 2. Photoisomerization of diarylethenes 7-14.
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Me Me

Scheme 3. Photoisomerization of diarylethenes 15-18.
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Table 1. Photophysical and photochemical properties of 2—6 in 1,4-dioxane. A,,: absorption maximum, &:
molar absorption coefficient, @, cyclization quantum yield under irradiation with 313 nm light, ®.,:
cycloreversion quantum yield under irradiation with 450 nm light, @ fluorescence quantum yield under
irradiation at the absorption maximum.

Open-ring isomer, a Closed-ring isomer, b
(e/ f (';‘a}//rringm*‘) Poc (c/ 1A (;:‘aiv/rrtnclm*‘) Peo s
2 296 (0.79) 0.14 424 (2.4) 35x107 0.07
3 297 (0.79) 0.09 433 (2.2) 3.8x107 0.42
4 298 (0.80) 0.10 434 (2.1) 7.1x107° 0.42
5 301 (0.79) 0.21 427 (1.8) 2.6x107 0.42
6 299 (0.83) 0.12 438 (2.1) 2.1x107° 0.50
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Table 2. Photophysical and photochemical properties of 8-14. .. absorption maximum, & molar
absorption coefficient, @,.: cyclization quantum yield, ®@.,: cycloreversion quantum yield, @y fluorescence
quantum yield. Ethyl acetate and 1,4-dioxane were used as solvents for 8 and 9-14, respectively.

Open-ring isomer, a Closed-ring isomer, b
(e/ fgjxl\;f‘fz‘m,l) Poc (e/ f 0 Xl\gncqm*) Peo ®r
8 276 (0.37),308 (0.41) 022 398 (2.10) 0.061 ¢ 0.011
9 296 (1.8), 335 (1.4) 0.61"¢ 443 (5.1) 12x 107348 0.64
10 298 (1.9), 336 (1.5) 0.62 P2 456 (4.6) 59x 1078 0.87
11 297(2.0), 336 (1.6) 0.58 “¢ 456 (4.5) 9.0x 10748 0.89
12 298(2.0), 336 (1.6) 0.56 °¢ 456 (4.5) 12x 107348 0.85
13 300 (1.6), 336 (1.4) 0.62° 460 (3.7) 1.1x1072°¢ 0.80
14 330(2.4),374(2.5) 0.23 ¢ 506 (5.8) <1.0x107°%% 0.78

“ Under irradiation with 312 nm light.

b Under irradiation with 313 nm light.

¢ Under irradiation with 330 nm light.

4 Under irradiation at A, of closed-ring isomer.

¢ Under irradiation with 450 nm light.

/ Under irradiation with 488 nm light.

¢ Re-examined using a photoreaction quantum yield measuring system (Shimadzu, QYM-01) with a
corrected power meter.
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Table 3. Photophysical photochemical properties of 15-18 in 1,4-dioxane. Ap.: absorption maximum, &: absorption
coefficient, @ cyclization quantum yield, ®@.: cycloreversion quantum yield, ®¢ fluorescence quantum yield, t¢
fluorescence lifetime. ®: averaged dihedral angle between the phenyl ring and the oxidized benzothiophene observed by
X-ray crystallographic analysis.

Open-ring isomer, a Closed-ring isomer, b
®/°
(e/ fgf‘ml\ﬁlgr:m*‘) Do (e/ f (r;“axlxj[?‘nclm*l) Peo O v/ ns
15  275(0.52),310(0.52)  0.28¢ 414 (1.8) 0.18°¢ 0.22 12 -
16 293 (1.7), 328 (1.4) 0.58° 445 (4.2) 2.8x107°4 0.79 3.0 35.9
17 289 (1.2), 326 (1.0) 0.63° 441 (3.7) 32x107 0.84 3.1 61.0
18 285(0.97), 320 (0.82) 0.59° 430 (3.5) 1.8x10727 0.79 32 65.7

“ Under irradiation with 313 nm light.
b Under irradiation with 330 nm light.
¢ Under irradiation with 405 nm light.
 Under irradiation with 450 nm light.
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Figure 1. Absorption and fluorescence spectra of 3 (a), 4 (b), 5 (¢), and 6 (d) in
1,4-dioxane (3.0 x 10~ M). Black dashed lines: absorption spectra of open-ring isomers
3a-6a, black solid lines: absorption spectra of closed-ring isomers 3b—6b, green solid

lines: fluorescence spectra (uncorrected) of closed-ring isomers 3b—6b.
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Figure 2. Relationship between fluorescence quantum yields (®f) of closed-ring
isomers 2b—6b and the relative dielectric constants (g;) of the solvents. The solvents
used are n-hexane (g = 1.89), 1,4-dioxane (g = 2.22), 2-methyltetrahydrofuran (g, =
6.97), 2-propanol (g; = 20.2), and ethanol (g, = 25.3).
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Figure 3. (a) Absorption spectra of 8a (solid line) and 8b (dashed line) in ethyl acetate
(1.0 x 10~ M). (b) Fluorescence spectra of 8a (solid line) and 8b (dashed line) in ethyl

acetate (1.0 x 10~ M) under photo-excitation at the absorption maxima. Reproduced

from ref. 51 with permission from The Royal Society of Chemistry.
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Figure 4. Absorption spectra of open-ring isomers (black dot-dashed line), closed-ring
isomers (black solid line) and photostationary states under irradiation with 330 nm light
(black dotted line) and fluorescence spectra of closed-ring isomers under irradiation
with 450 nm light (green solid line, uncorrected) in 1,4-dioxane (2.0 x 10> M). (a) 9,
(b) 12. Reproduced from ref. 60 with permission of The Royal Society of Chemistry
(RSC) on behalf of the Centre National de la Recherche Scientifique (CNRS) and the
RSC.
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Figure 5. Relationship between fluorescence quantum yields (®y) and relative dielectric
constants of the solvents (g;, hexane: 1.89, 1,4-dioxane: 2.22, dichloromethane: 8.93,
ethanol: 25.3, acetonitrile: 36.64). Red circles: 9b, blue squares: 10b, green triangles:
11b, black circles: 12b, orange squares: 13b. Adapted from ref. 60 with permission of
The Royal Society of Chemistry (RSC) on behalf of the Centre National de la
Recherche Scientifique (CNRS) and the RSC.
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Figure 6. Absorption spectra of 14a (black dot-dashed line), 14b (black solid line) and
photostationary state under irradiation with 365 nm light in 1,4-dioxane (1.0 x 10> M)
and fluorescence spectrum of 14b (red solid line) under excitation with 532 nm light.
The photostationary spectrum overlaps with the spectrum of 14b due to 100%
photoconversion. Reprinted with permission from ref. 47. Copyright 2011 American

Chemical Society.
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Figure 7. Photographs of 1,4-dioxane solutions containing 10 and 14 before and after
irradiation with 365 nm light under excitation with 488 nm blue light (left-side solution
containing 10) and 532 nm green light (right-side solution containing 14). Reprinted
with permission from ref. 47. Copyright 2011 American Chemical Society.
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Figure 8. Correlation between absorption maxima of the closed-ring isomers (Amax) and
quantum yields of cycloreversion (®,, blue) and cyclization (®,, red) of 10 (e,0), 16
(V.,V), 17 (m,0), and 18 (A ,A) in 1,4-dioxane (closed marks) and ethanol (open marks).
Fluorescence quantum yields (®y, green) of the closed-ring isomers of 10 (e,0), 16
(V¥,V), 17 (m,0), and 18 (A ,A) in 1,4-dioxane (closed marks) and ethanol (open marks)
were also plotted. Reprinted from ref. 63, Copyright 2017, with permission from

Elsevier.
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Figure 9. Formations of closed-ring isomer 10b from pure 10a (1.0 x 10~ M) in
n-hexane (a) and CCly (b) upon irradiation with monochromatic 450 nm light. The two
formation curves were measured by changing the light intensity, 100% (blue) and 25%
(red), respectively. Solid lines were simulated by using eq. (3). Reprinted with
permission from ref. 64. Copyright 2017 American Chemical Society.
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Figure 10. Logarithmic plot of molar absorption coefficients of 10a (€4) in n-hexane
(red) and CCly (blue) obtained from absorption spectra of 10a (closed circles) and
fluorescence intensities of 10b in the photostationary states under irradiation with

monochromatic visible light (open circles). Reprinted with permission from ref. 64.
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Copyright 2017 American Chemical Society.
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Figure 11. RESOLFT images of the whole fixed Vero cells immunostained with
primary antibodies against o-Tubulin and with the diarylethene 19 attached to the
secondary antibodies. The RESOLFT images were recorded before confocal images.
Scale bar: 1 pm. The line profiles A-D (averaged over ten adjacent lines) display the
regions indicated in the RESOLFT image. The data (dots) was fitted with a Lorentzian
function (solid line) for the RESOLFT (red) and the confocal (blue) image. Adapted
with permission from ref. 73. Copyright 2016 Wiley-VCH Verlag GmbH & Co. KGaA,
Weinheim.
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Figure 12. (a) Super-resolution image (STORM) without activation light of Vero cells
immunostained with a primary antibody against tubulin and a secondary antibody
labeled with compound 20 (DOL = 3.5). Mounting medium used was PBS (pH 7.4). A
wide-field image, generated as the sum of all frames, is overlaid on the upper part of the
image. Scale bar, 1 pm; image frames, 200000; localizations, ~1 x 10°% (b)
Super-resolution images (STORM) of Vero cells labeled with compound 20 without (A)
and with (B) UV activation. Mounting medium used was PBS (pH 7.4). Scale bar, 1
pum; image frames (raw), 50 000 each case; localizations, ~ 90 000 each. Reprinted with

permission from ref. 76. Copyright 2017 American Chemical Society.
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