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A fluorescent photochromic diarylethene based on
naphthalic anhydride with strong
solvatochromism-

Shangjun Chen, €2 *2 Xin Li® and Liwen Song®

A novel “push—pull” diarylethene molecule consisting of an electron withdrawing ethene bridge (18-
naphthalic anhydride) and two moderate electron donating side chains (2,5-dimethylthiophene) has been
designed and synthesized. The photochromism study, together with density functional theory
calculations, revealed that the molecule exhibits reversible fluorescence switching capacity upon photo-
isomerization and remarkable solvatochromism with red shift of the fluorescence maximum by more
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Introduction

Research on bistable diarylethenes has received much attention
on account of their photo-isomerization states with distinct
absorption spectra, promising fatigue resistance, and excellent
thermal stability."® In particular, diarylethene compounds
exhibiting fluorescence modulation properties, in which the
fluorescence could be switched on and off reversibly via the
photochromic isomerization between the open- and closed-ring
isomers, are desirable for their potential applications in logic
gates, information storage and biological sensing by taking the
advantages of fluorescence such as sensitivity, convenience, and
relative cheapness.”™?

Rational molecular structure designs, whether on the side
chains or the ethene bridge of the diarylethenes, aiming at
regulating the fluorescence have been well reported.'*>* One of
the efficient approaches is to replace the traditional ethene
bridges (usually perfluorocyclopentene or cyclopentene) with
new aromatic fluorophore building blocks.>*?* Owing to the
diversity of the fluorophores as well as the remarkable structure
changes of the aromatic fluorophore groups during photo-
chromic processes, the fluorescence of the diarylethenes can be
regulated efficiently and versatility. For example, an interesting
fluorescence turn-on photochromic system in which the closed
ring-isomer shows unusual intense fluorescence has been re-
ported, with help of a modulated thiophene ring as ethene
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than 150 nm owing to intramolecular charge transfer.

bridge.””*®* Employing coumarin chromophore as the central
ethene bridge, Yokoyama's group have achieved an amazing
photochromic fluorescence photoswitching controlled by both
photochromic reactions and pH.* Recently, our group has also
advanced multiple responsive photochromic fluorescence
systems, which can be trigged by stimuli such as solvent, ions,
electrochemical oxidation and reduction, by introducing six-
membered ring based ethene bridges such as naphthalimide
or benzothiadiazoles into molecular framework of
diarylethenes.

Solvatochromism, which usually describes the distinct
change of the absorption and emission spectra that accom-
panies a change in solvent polarity, is commonly used in
chemical and biological research areas to monitor microenvi-
ronmental polarity or to study the conformation of proteins.**3**
A compound exhibiting evident solvatochromism typically
possesses an electron donor and an acceptor, which makes the
intramolecular charge-transfer (ICT) extremely sensitive to even
small changes in local microenvironment that originates from
the variation of solvent polarity. Recently, by introducing
different electron-accepting moieties onto the molecule skel-
eton of tetraphenylethene, Tang et al. developed a series of
aggregation-induced emission molecules with remarkable sol-
vatochromism for the construction of light-emitting diodes or
fluorescent visualizers for intracellular imaging.**** More
recently, in order to fluorescently distinguish two types of
amyloids in tissue, an aminonaphthalene 2-cyanoacrylate
(ANCA) derivative with 20 nm maximal emission wavelength
shift when bound to amyloid deposits has been reported.*”
However, diarylethene molecules with strong solvatochromism
and photoswitching properties are relatively rare.

Naphthalic anhydrides are one kinds of widely used fluo-
rescent chromophores with high fluorescence efficiency and
chemical stability. Moreover, it is expected that connection of
electron donating groups at the C-4 or C-5 positions of the
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naphthalic ring would generate a “push-pull” molecule with an
ICT excited state and considerable dipole character.*®?*® Aim at
constructing new diarylethene molecule with novel photo-
switchable fluorescence properties and distinguished sol-
vatochromism, a new diarylethene compound, BTE-O, was
designed by directly incorporating a fluorescent moiety of 1,8-
naphthalic anhydrides as a six-membered aryl unit for the
center ethene bridge and further introducing two moderate
electron donating units 2,5-dimethylthiophene as the side
chains. The easily obtained new compound displayed reversible
fluorescence switching capacity upon photo-isomerization and
exhibits strong ICT character between the naphthalic anhydride
based ethene bridge and two substituted thiophene groups,
leading to strong solvatochromism with a red shift of the fluo-
rescence maximum greater than 150 nm.

Experimental
Materials and methods

NMR spectra were recorded on a Bruker AM-400 spectrometer
using tetramethylsilane (TMS) as the internal reference. CDCl;
was used as the solvent. HRMS spectra were measured on
a Waters LCT Premier XE spectrometer using methanol or
acetonitrile as solvents. UV-vis absorption spectra and fluores-
cence spectra were recorded on a Varian Cary 100 spectropho-
tometer and a Varian Cary Eclipse fluorescence
spectrophotometer, respectively. Fluorescence quantum yields
of BTE-O in different solvents were determined relative to
standard quinine sulphate (@; = 0.55) within an error of +5%.
Fluorescence lifetimes were obtained on an Edinburgh
Lifespec-Ps spectrofluorometer (FL920). The photochromic
reaction was conducted in situ by continuous irradiation using
an Hg/Xe lamp (Hamamatsu, LC8 Lightningcure, 200 W)
equipped with a narrow-band interference filter (Shenyang HB
optical Technology) for A;, = 365 nm and a broad-band inter-
ference filter (Shenyang HB optical Technology) for A, >
500 nm. Absorption changes were monitored using a CCD
camera mounted on a Princeton spectrometer instrument. The
photochromic reaction quantum yields were evaluated by the
standard procedures using 3,3'-(perfluorocyclopent-1-ene-1,2-
diyl) bis(2-methylbenzo[b]thiophene (BTF6) as the reference
for photocyclization. The rates of isomerization in the initial
stage of the reaction (0-5%) were compared to a reference
whose @,_. (35%) in hexane was known, which resulted in 5%
uncertainties in the calculations of the quantum yields.*

Synthesis

All the chemicals were of analytical grade and commercially
available unless otherwise stated and used as received without
further purification. All organic solvents were purified by stan-
dard methods prior to use. The intermediate BTE-N (Scheme 1)
was prepared according to our established methods previously
reported.’® BTF6 was obtained by procedures similar to those in
ref. 41.

Synthesis of BTE-O. BTE-N (100 mg, 0.3 mmol), KOH
(700 mg, 12.5 mmol), and 5 mL of isopropanol were added to
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Scheme 1 Synthetic rout of BTE-O.

a 50 mL bottle. The resulting mixture was refluxed under
a nitrogen atmosphere in the dark for 48 h and cooled to room
temperature. Then, the mixture was poured into 100 mL 10% (v/
v) HCI solution, yellow solid was obtained and washed with
water three times (20 mL x 3). The solid was dissolved in
a small amount of alcohol. After concentration, the compound
was purified by column chromatography on silica (petroleum:
ethyl acetate, 5 : 1, v/v) to yield a yellow solid (57%). '"H NMR
(400 MHz, CDCl;, ppm): 6 = 8.62 (d, J = 7.3 Hz, 1H,
naphthalene-H), 8.59 (s, 1H, naphthalene-H), 8.17 (d,J = 8.5 Hz,
1H, naphthalene-H), 7.74 (t, ] = 7.4 Hz, 1H, naphthalene-H),
6.43 (s, 1H, thienyl-H), 6.20 (s, 1H, thienyl-H), 2.44 (s, 1H,
-CHj), 2.34 (s, 1H, -CHj,), 2.20 (s, 1H, -CH,), 1.90 (s, 1H, -CH,).
BC NMR (100 MHz, CDCl;, ppm): 6 160.87, 160.59, 142.06,
136.71, 136.45, 135.97, 135.69, 135.51, 134.71, 133.91, 132.87,
132.68, 132.01, 129.57, 127.64, 127.43, 126.84, 118.78, 117.42,
15.20, 15.06, 13.85. Mass spectrometry (the ESI positive ion
mode for [M + H]"): calculated C,,H;50;S,, 419.0776, found:
419.0779.

Computational details

Density functional theory (DFT) calculations were employed to
optimize the ground state geometries of BTE-O and the ring-
closed isomer of BTE-O (c-BTE-O), using the B3LYP functional*?
and the 6-31G(d) basis set.”* The polarizable continuum model**
was used to model the solvent effects of cyclohexane. At the
optimized geometries, the excitation energies and oscillator
strengths were calculated by time-dependent DFT (TDDFT)
calculations using the CAM-B3LYP functional*® and the 6-
311+G(d,p) basis set,” and the absorption spectra were ob-
tained by Gaussian broadening of the stick spectra with a full-
width at half-maximum of 0.175 eV. All calculations were
carried out using the Gaussian09 program package.”

Results and discussion
Molecule design and synthesis

As shown in Scheme 1, BTE-O was conventionally obtained by
alkali treatment of BTE-N with potassium hydroxide. The
chemical structure of BTE-O was well confirmed by 'H NMR, **C
NMR and HRMS (see the electronic ESIT for details).

RSC Adv., 2017, 7, 29854-29859 | 29855
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Photochromism of BTE-O in solvents

BTE-O was found to dissolve easily in both cyclohexane and
acetonitrile to give similar colorless solutions characterised by
an intense absorption band in the range of 230-250 nm and
a moderately intense band at 270-350 nm. Irradiating the
solutions with 365 nm light induced obvious changes in the
colour of the solutions from colorless to light green in cyclo-
hexane and deep green in acetonitrile, respectively (Fig. 1),
thereby resulting in broad absorption bands centered at 412
and 645 nm (cyclohexane), as well as 414 and 665 nm (aceto-
nitrile) in the visible range. The colour changes of the solutions
were due to the formation of ¢-BTE-O, a ring-closed isomer of
BTE-O with an extended conjugation system, as shown in
Scheme 2.

In fact, due to the large chemical environment changes
between the ring-open and -closed forms, distinct 'H NMR
spectroscopic changes were also observed for BTE-O before and
after 365 nm photo-irradiation in C¢De, which further confirm
the typical photocyclization process. The proton signals of the
methylene moieties on thiophene rings located at 6 = 1.72, 1.96
(Hn, H;), and 6 = 2.06, 2.08 ppm (Hj, Hy) for BTE-O in C¢Dg,
respectively (Fig. S1t). The different chemical shifts of the two
groups of methyl protons are on account of the asymmetric
organic framework of the central ethene bridge 1,8-naphthalic
anhydride. When irradiated at 365 nm, BTE-O was converted to
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Fig. 1 Absorption spectra changes of BTE-O upon irradiation at
365 nm in different solutions (5.0 x 107> M) (A) cyclohexane and (B)
acetonitrile. Insets: photographic images of BTE-O in (A) cyclohexane
and (B) acetonitrile before (left) and after (right) photochromism (5.0 x
107% M),
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Scheme 2 Chemical structure and photochromism of BTE-O.

¢-BTE-O, and new signals of H'y,, H';, H'j, and H' located at 6 =
1.59, 1.70, 2.16, and 2.24 ppm after photocyclization with
respect to that of the open form were observed. More obvious
signal changes were found for the hydrogens attached to on the
thiophene rings and the ethene bridge due to 7 delocalization
of 1,8-naphthalic anhydride. It is generally accepted that the
proton resonances on the six-membered heterocycles ethene
bridges shift upfield after photocyclization reaction of diary-
lethene due to the aromaticity loss of heterocycles.*®*** As ex-
pected, the two hydrogen protons located on thiophene (H, Hy)
in BTE-O shifted from § = 6.29 and 6.18 ppm to 6 = 5.88 and
5.36 ppm, respectively. In addition, the NMR signals of H,, Hy,
H, and Hg on 1,8-naphthalic anhydride also shifts upfield after
photocyclization.

Moreover, a high-performance liquid chromatography (HPLC)
analysis was also used to monitor the photocyclization reaction.
The conversion ratio from BTE-O to ¢-BTE-O in the photosta-
tionary state (365 nm) in cyclohexane was 75%, obtained from
the corresponding integrated areas of HPLC peaks detected at the
isobestic wavelength of 348 nm. The cyclization quantum yield
was estimated to be 21.5% according to that of BTF6.

Fluorescence switching and solvatochromism

BTE-O exhibited intense fluorescence in both polar and
nonpolar solution due to the existence of the fluorophore unit
1,8-naphthalic anhydride (Fig. 2). Moreover, the fluorescence
can be reversibly switched on and off via the photochromic
reactions between the ring-open and closed isomers of BTE-O.
Upon irradiation at 365 nm, fluorescence of BTE-O is quenched
in both nonpolar cyclohexane and polar acetonitrile, as re-
flected by the fluorescence intensity drop by more than 95% at
the photostationary state. The disappearance of fluorescence
could be ascribed to the possible quenching channel of Forster
resonance energy transfer (FRET) between the ring-open and
closed isomers due to the spectra overlap between the absorp-
tion and fluorescence spectra.*® Upon further irradiation with
visible light (>500 nm), which transfer ¢-BTE-O to the original
open isomer, the fluorescence could be recovered. The fluo-
rescence quantum yield of BTE-O was found to be 0.011 in
cyclohexane. A decrease in fluorescence quantum yield was
observed as the solvent polarity increases. The fluorescence
quantum yields of BTE-O were measured to be 0.009, 0.007, and
0.004 in tetrahydrofuran, dichloromethane, and acetonitrile,
respectively.

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Fluorescence spectra changes of BTE-O upon irradiation at
365 nm in (A) cyclohexane and (B) acetonitrile. Inset: fluorescent
photographic images in (A) cyclohexane and (B) acetonitrile before
(left) and after (right) photoirradiation (excitation wavelength: 380 nm,
5.0 x 107> M).

More interestingly, a remarkable change of emission char-
acteristics both in terms of the position of spectroscopic emis-
sion peak as well as fluorescence lifetime induced by polarity of
the solvents, which is commonly reckoned as a special type of
solvatochromism, was observed for BTE-O.** As shown in
Fig. 3A, the fluorescence maximum of BTE-O gradually red
shifted from 438 nm in nonpolar cyclohexane to 511 nm in
chloroform, 520 nm in tetrahydrofuran, 533 nm in dichloro-
methane, 577 nm in acetone, and 591 nm in polar acetonitrile.
The solvent polarity trigged a significant bathochromic shift
(153 nm) of the luminescent wavelength of BTE-O with
increasing solvent polarity from cyclohexane to acetonitrile.

Meanwhile, the fluorescence lifetime was measure to be 0.35
ns (34.56%) and 5.27 ns (65.44%) fitted with double exponential
decaying with x> of 1.199 in cyclohexane, while in acetone, the
value was prolonged to 0.98 ns (77.07%) and 6.34 ns (22.93%)
with x> of 1.308. Based on our previous investigation, the
distinct solvatochromic shifts as well as the increase on the
fluorescence lifetime of BTE-O in different solvents could be
attributed to the ICT effect.”®* In general, the ICT excited state
is stabilized by the presence of polar solvent molecules, leading
to lowered excitation energy and hence remarkable red-shift of
the maximal emission peak. The difference in dipole moments
between the excited and the ground states was estimated by the
Lippert-Mataga equation, which shows the solvent dependence
of the Stokes' shift for a compound. The difference in the
maximum absorption and emission wavelengths, is fitted to the
following equations:

This journal is © The Royal Society of Chemistry 2017

View Article Online

RSC Advances
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Fig. 3 Normalized fluorescence spectra (A) and Lippert—Mataga plot
(B) of BTE-O in solvents with different polarity (excitation wavelength:
380 nm, 5.0 x 107> M): (a) cyclohexane Amax = 438 nm), (b) chloroform
Amax = 511 nm), (c) tetrahydrofuran An.x = 520 nm), (d) dichloro-
methane Amax = 533 nm), (e) acetone Anax = 577 nm), and (f) aceto-
nitrile Amax = 591 Nm).
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v/ 2e4+1 2n241 )

where, 7, and 7 are the wavenumbers (cm ") of the absorbance
and fluorescence emission, # is Plank's constant, ¢ is the
velocity of light, ¢ and n are the solvent dielectric constant and
refraction index. Af is known as orientation polarizability. u.
and u, are the dipole moments of the excited and the ground
states.”»*® As illustrated in Fig. 3B, the Lippert-Mataga plot of
the Stokes shift (A7) as a function of orientation polarizability
(Af) shows a good linear relationship, which strongly suggests
that the spectral behaviour of BTE-O emission is indeed related
to ICT characteristic.>*

Density functional theory (DFT) calculations

To further understand the impressive solvatochromism of BTE-
O, density functional theory (DFT) calculations and time-
dependent DFT (TDDFT) performed using the
Gaussian09 program package. The simulated absorption
spectra of BTE-O and c¢-BTE-O in cyclohexane are shown in
Fig. S2.T Compared with experimental measurement, the exci-
tation energies are slightly overestimated by TDDFT calcula-
tions using the CAM-B3LYP functional. As shown in Fig. S3,}
the HOMO and LUMO of BTE-O are located on the thiophene

were

RSC Adv., 2017, 7, 29854-29859 | 29857
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and the 1,8-naphthalic anhydride units, respectively, forming
an efficient charge-transfer excitation. Based on the TDDFT
results, the absorption bands in 300-400 nm region for BTE-O
are attributed to electronic excitations from the occupied
orbitals (mainly HOMO-2 and HOMO) to LUMO (Fig. S3 and
Table S1f). For BTE-O, HOMO—2 — LUMO is a mixture
between local excitation and charge-transfer excitation, whereas
HOMO — LUMO is pure charge-transfer excitation. After pho-
toisomerization, the new absorption band at around 645 nm is
attributed to HOMO — LUMO of ¢-BTE-O, which is a local
excitation (Fig. S4 and Table S1t). The new bands at around
400 nm are contributed by HOMO — LUMO+1 and HOMO—-1
— LUMO excitations of ¢-BTE-O. Although the absorption
spectra of BTE-O show only minor solvent polarity dependence,
the experimentally measured emission of BTE-O shows signifi-
cant red-shift as the polarity of solvent increases (Fig. 3a). The
linear relationship between the emission wavenumber and the
relationship between the emission wavenumber and the solvent
polarity is plotted in Fig. 4. According to methods reported by
Pasman et al., the excited state dipole moment of BTE-O is
estimated as 26.8 Debye, assuming a solvent radius shell of 5.84
A as determined by DFT calculations.®® This is in fair agreement
with the excited state dipole moment calculated by TDDFT in
cyclohexane (20.5 Debye) and in acetonitrile (24.0 Debye). When
the excited state has a large dipole, the excited molecule is
notably stabilized by polar solvent. Consequently, the excitation
energy decreases and the fluorescence maximum wavelength
increases.

Conclusions

In summary, a novel “push-pull” diarylethene molecule BTE-O
containing an 1,8-naphthalic anhydride ethene bridge and two
substituted 2,5-dimethylthiophene groups is reported. BTE-O
exhibits intense fluorescence owing to the existence of aromatic
naphthalic ring and the fluorescence can be switched on and off
reversibly upon photo-isomerization between the ring-open and
-closed isomers of BTE-O. In addition, as demonstrated by
experimental data and theoretical calculations, the fluorescence
is highly solvent dependent due to intermolecular charge
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transfer between the electron donating side chains and the
electron withdrawing ethene bridge. This provides sol-
vatochromic fluorescence emission with very large shift
exceeding 150 nm, which is of interest for potential applications
such as monitoring microenvironmental polarity in chemical
and biological systems.
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