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a b s t r a c t

Some terpyridyl-based dithienylethenes were synthesized and their structures were confirmed by NMR
spectroscopy, mass spectroscopy and elemental analysis. The photochromic properties and fluorescence
behaviors of these compounds have been measured upon irradiation with UV or visible light in solution.
UV/vis absorption spectra and fluorescence spectra indicated that the dithienylethenes displayed obvious
photochromism and fluorescent switch properties. Specially, when compared with other terpyridyl-
based dithienylethenes, the triphenylamine and terpyridyl-based dithienylethene showed the
photocyclization-dependent ratiometric fluorescent switch behaviors. Density functional theory indi-
cated that the photocyclization-dependent ratiometric fluorescent changes were due to the donor-
acceptor system of the switch.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Photochromism refers to a reversible change in the properties of
a molecule in response to light [1,2]. Photochromic compounds,
such as spiropyrans, azobenzene, fulgides and diarylethenes have
been extensively investigated because of their potential applica-
tions in photonic devices such as memory media and optical
switching [3e6]. Recently, there has been an increasing interest in
photochromic dithienylethene derivatives due to their remarkable
fatigue resistance, excellent irreversible thermal properties, high
sensitivity and switchable fluorescent character [7e16].

The photochromic dithienylethene fluorescence switches have
been the most extensively studied because of their potential ap-
plications in biological imaging materials [17e20]. However, with
regard to photocyclization, most of their fluorescence intensity was
quenched, which was bad for the measuring accuracy in the bio-
logical imaging [21e25]. It is well-known that the ratiometric
), chshliu@mail.ccnu.edu.cn
fluorescent switch would make the measuring accuracy eliminate
some influences from micro environment [26e29]. Therefore,
developing the dithienylethene-based ratiometric fluorescent
switch is significant for applying in bio-imaging. At present, several
main strategies have been employed to design the ratiometric
fluorescent switch, which include electronic interaction, and
intramolecular excimer formation [23,30]. For example, professor
He Tian et al. introduced the perylene diimide group acting as a
bridge to connect the two dithienylethenes [23]. In the open isomer
of dithienylethene, there was a strong electronic interaction be-
tween the perylene diimide group and two dithienylethene units,
and the fluorescence was very weak. In the closed isomer of the
switch, the electronic interaction between themwas hold back, and
the fluorescence was increased. Subsequently, Liu's group reported
a triazole-bridged dithienylethene compound with two pyrene
units, and found the open-ring isomer showed intramolecular
pyrene excimer fluorescence, but the closed-ring isomer showed
pyrene monomer fluorescence [30]. However, these compounds
usually had poor solubility, and were reported rarely. On the basis
of our previous work, herein we present an unprecedented
example of the triphenylamine and terpyridyl-based dithienyle-
thene by introducing donor�p�acceptor (D�p�A) dye [31] moi-
eties into the two sides of the dithienylethene backbone. As shown
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in Scheme 1B, the triphenylamine and terpyridyl-based dithieny-
lethene (I-5o) shows the photocyclization-dependent ratiometric
fluorescent switch behaviors, affording the ring-closed isomer (I-
5c). It is worth mentioning that other dithienylethenes (by intro-
ducing donor�p (D�p), p�acceptor (p�A), donor�p�donor
(D�p�D) [32] and acceptor�p�acceptor (A�p�A) dye moieties
into the two sides of the switch) undergo photocyclization reaction
with the fluorescent quenching (Scheme 1A).

2. Materials and methods

2.1. Experimental

General: All manipulations were carried out under a nitrogen
atmosphere by using standard Schlenk techniques unless other-
wise stated. Solvents were distilled under nitrogen from sodium-
benzophenone (diethyl ether, THF) or calcium hydride (dichloro-
methane). Methanol was freshly distilled over magnesium-iodine.
Triethylamine were freshly distilled over KOH pellets. The Start-
ing materials 1, 2 and 3 were prepared according to the previously
reportedmethods [33]. The photochromic dithienylethenes I-1 [34]
and I-2 [35] were prepared according to literature reports.
Elemental analyses (C, H, and N) were performed by the Microan-
alytical Services, College of Chemistry, CCNU. 1H and 13C NMR
spectra were collected on American Varian Mercury Plus 400
spectrometer (400 MHz). 1H and 13C NMR chemical shifts are
relative to TMS. UVeVis spectra were obtained on U-3310 UV
spectrophotometer. UV light was irradiated using ZF5 UV lamp
(302 nm), and visible light irradiation (l > 420 nm) was carried out
by using a LZG 220 V 500 W tungsten lamp with cutoff filters. The
quantum yields were determined by comparing the reaction yields
of the diarylethenes against 1, 2-bis (2-methyl-5-phenyl-3-thienyl)
cyclopentene.

2.2. Synthesis

2.2.1. Synthesis of the terpyridyl-based dithienylethenes (I-1 to I-5)
2.2.1.1. Synthesis of I-3. Compound 1 (2.64 g, 8.0 mmol) was dis-
solved in 15 mL of anhydrous THF under nitrogen and cooled
to�78 �C. n-BuLi (3.20 mL, 2.5 M, 8.0 mmol) was slowly added and
the mixture was stirred for 20 min. Then B(OBu)3 (3.20 mL,
8.0 mmol) was added and stirring was continued at room tem-
perature for 3 h. Then in another flask added compound 3 (2.20 g,
6.8 mmol), Pd(PPh3)4 (0.55 g, 7% mol) and Na2CO3(aq) (24 mL, 20%
Scheme 1. The structure of other dithienylethenes (A) and the triphenylamine and
terpyridyl-based dithienylethene (B).
wt) under nitrogen, then the above systemwas added to the second
flask quickly under nitrogen, and stirring was continued for 17 h at
50 �C. The reaction mixture was then allowed to reach ambient
temperature, filtrate, and extracted with dichloromethane. The
combined organic layers were dried (Na2SO4), concentrated and the
product was purified by silica gel column chromatography using
(petroleum ether and dichloromethane, v/v¼ 10:1) as the eluent to
give 1.65 g of the product. Yield: 45%. 1H NMR (400 MHz, CDCl3):
d 7.35 (d, J ¼ 8.5 Hz, Ar-2H), 7.25 (t, J ¼ 7.7 Hz, Ar-4H), 7.10 (d,
J ¼ 7.8 Hz, Ar-4H), 7.06e6.99 (m, Ar-4H), 6.90 (s, 1H, thiophene-H),
6.62 (s, 1H, thiophene-H), 2.89e2.77 (m, 2H, CH2), 2.76e2.65 (m,
2H, CH2), 2.10e2.01 (m, 2H, CH2), 1.97 (s, 3H, CH3), 1.88 (s, 3H, CH3).
13C NMR (100 MHz, CDCl3): d 147.49 (s), 146.76 (s), 139.61 (s),
137.33e134.95 (m), 133.60 (d, J ¼ 10.2 Hz), 133.18 (s), 129.23 (s),
128.63 (s), 126.42 (d, J ¼ 74.4 Hz), 124.58 (d, J ¼ 61.9 Hz), 123.90 (s),
122.88 (s), 77.32 (s), 77.00 (s), 76.68 (s), 38.37 (d, J ¼ 10.4 Hz), 22.86
(s), 14.28 (d, J ¼ 17.1 Hz). MS:m/z ¼ 537.1346 (Mþ), calculated exact
mass: 537.1352. Anal.calcd for C33H28ClNS2: C, 73.65; H, 5.24; N,
2.60. Found: C, 73.60; H, 5.20; N, 2.60.

2.2.1.2. Synthesis of I-4. The synthesis procedure is similar to I-3.
The product was purified by silica gel column chromatography
using (petroleum ether and dichloromethane, v/v ¼ 10:1) as the
eluent to give the product. Yield: 40%. 1H NMR (400 MHz, CDCl3):
d 7.36 (d, J ¼ 8.6 Hz, 4H, AreH), 7.28e7.20 (m, 8H, AreH), 7.15e7.07
(m, 8H, AreH), 7.02 (dd, J ¼ 11.1, 4.4 Hz, 8H, AreH), 6.95 (s, 2H,
thiophene-H), 2.83 (t, J ¼ 7.4 Hz, 4H, CH2), 2.11e2.04 (m, 2H, CH2),
1.97 (s, 6H, CH3). 13C NMR (100 MHz, CDCl3): d 147.47 (s), 146.63 (s),
139.35 (s), 136.57 (s), 134.45 (s), 133.62 (s), 128.97 (d, J ¼ 43.9 Hz),
128.74e126.74 (m), 126.03 (s), 124.06 (d, J ¼ 31.5 Hz),
123.74e123.67 (m), 123.74e123.67 (m), 122.94 (d, J ¼ 26.7 Hz),
77.29 (s), 77.23e77.09 (m), 76.82 (d, J¼ 31.9 Hz), 38.46 (s), 22.94 (s),
14.43 (s). MS: m/z ¼ 746.10 (Mþ), calculated exact mass: 746.28
(Mþ). Anal.calcd for C51H42N2S2: C, 82.00; H, 5.67; N, 3.75. Found: C,
82.01; H, 5.64; N, 3.70.

2.2.1.3. Synthesis of I-1. The synthesis procedure is similar to I-3.
The product was purified by silica gel column chromatography
using (petroleum ether and acetone, v/v ¼ 20:1) as the eluent to
give the product. Yield: 40%. 1H NMR (400 MHz, CDCl3):
d 8.75e8.66 (m, 6H, pyridine-H), 7.87 (dd, J ¼ 15.5, 7.9 Hz, 4H,
pyridine-H), 7.76 (d, J ¼ 8.4 Hz, 2H, AreH), 7.32 (t, J ¼ 19.7 Hz, 2H,
AreH), 7.09 (s, 1H, thiophene-H), 6.64 (s, 1H, thiophene-H),
2.96e2.79 (m, 2H, CH2), 2.79e2.67 (m, 2H, CH2), 2.13e1.97 (m,
5H, CH2eCH3), 1.90 (s, 3H, CH3). 13C NMR (100 MHz, CDCl3):
d 156.51 (s), 156.03 (dd, J ¼ 30.5, 12.5 Hz), 149.22 (d, J ¼ 34.5 Hz),
136.83 (s), 135.09 (s), 132.00 (s), 128.79 (s), 127.61 (s), 126.73 (s),
125.88 (d, J ¼ 58.3 Hz), 125.59 (s), 125.53 (s), 125.72e123.41 (m),
121.31 (s), 118.38 (d, J ¼ 10.9 Hz), 77.29 (s), 76.81 (d, J ¼ 32.0 Hz),
76.41e76.11 (m), 38.35 (d, J ¼ 9.6 Hz), 22.84 (s), 14.43 (s), 14.18 (s).
MS: m/z ¼ 601.02 (Mþ), calculated exact mass: 601.14 (Mþ). Anal.-
calcd for C36H28ClNS2: C, 71.80; H, 4.69; N, 6.98. Found: C, 71.77; H,
4.64; N, 6.97.

2.2.1.4. Synthesis of I-2. The synthesis procedure is similar to I-3.
The product was purified by silica gel column chromatography
using (petroleum ether and acetone, v/v ¼ 10:1) as the eluent to
give the product. Yield: 30%. 1H NMR (400 MHz, CDCl3):
d 8.79e8.69 (m, 8H, pyridine-H), 8.64 (d, J¼ 7.9 Hz, 4H, pyridine-H),
7.92e7.81 (m, 8H, pyridine-H), 7.63 (d, J ¼ 8.3 Hz, 4H, AreH),
7.36e7.29 (m, 4H, AreH), 7.16 (s, 2H, thiophene-H), 2.89 (t,
J ¼ 7.3 Hz, 4H, CH2), 2.12 (dd, J ¼ 14.6, 7.6 Hz, 2H, CH2), 2.04 (s, 6H,
CH3). 13C NMR (100 MHz, CDCl3): d 155.95 (d, J ¼ 31.2 Hz), 149.39
(s), 149.01 (s), 138.91 (s), 136.79 (t, J¼ 22.1 Hz), 135.13 (s), 134.59 (s),
127.62 (s), 125.55 (s), 124.43 (s), 123.73 (s), 121.28 (s), 118.33 (s),



Scheme 2. The synthetic routes of terpyridyl-based dithienylethenes.
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78.08e76.22 (m), 76.82 (d, J¼ 32.0 Hz), 76.82 (d, J¼ 32.0 Hz), 38.48
(s), 31.53 (s), 22.97 (s), 14.31 (d, J¼ 43.1 Hz). MS:m/z¼ 874.20 (Mþ),
calculated exact mass: 874.29 (Mþ). Anal.calcd for C57H42N6S2: C,
78.23; H, 4.84; N, 9.60. Found: C, 78.20; H, 4.85; N, 9.60.

2.2.1.5. Synthesis of I-5. The synthesis procedure is similar to I-3.
The product was purified by silica gel column chromatography
using (petroleum ether and acetone, v/v ¼ 20:1) as the eluent to
give the product. Yield: 35%. 1H NMR (400 MHz, CDCl3):
d 8.90e8.56 (m, 6H, pyridine-H), 7.87 (s, 4H, pyridine-H), 7.62 (d,
J ¼ 5.1 Hz, 2H, AreH), 7.33 (dd, J ¼ 34.9, 24.2 Hz, 8H, AreH),
7.16e6.92 (m, 10H, AreH, thiophene-H), 2.85 (s, 4H, CH2), 2.09 (s,
2H, CH2), 2.00 (s, 6H, CH3). 13C NMR (100 MHz, CDCl3): d 156.17 (s),
155.87 (s), 151.67e150.48 (m), 149.26 (d, J ¼ 37.3 Hz), 148.02 (s),
Fig. 1. Single crystal structure of triphen
147.09 (d, J ¼ 80.0 Hz), 139.51 (s), 138.80 (s), 136.85 (d, J ¼ 7.1 Hz),
136.59 (s), 135.23 (d, J ¼ 19.0 Hz), 134.89 (dd, J ¼ 68.1, 35.5 Hz),
133.67 (s), 128.97 (d, J ¼ 47.2 Hz), 127.62 (s), 127.42e124.36 (m),
124.36e123.48 (m), 122.93 (d, J ¼ 21.7 Hz), 121.31 (s), 118.35 (s),
77.30 (s), 76.99 (s), 76.67 (s), 38.47 (s), 22.97 (s), 14.48 (d, J¼ 7.4 Hz).
MS: m/z ¼ 811.2908 (M þ H) þ, calculated exact mass:
810.2851(M)þ. Anal.calcd for C54H42N4S2: C, 79.97; H, 5.22; N, 6.91.
Found: C, 79.93; H, 5.25; N, 6.90.

3. Results and discussion

3.1. Synthesis

Triphenylamine served as an electron donor, and was widely
ylamine-based dithienylethene I-3.



Scheme 3. Photochromism and photograph of the color of compound I-5 in THF (2.0 � 10-5 mol/L).

Fig. 2. Absorption spectral changes (A) and emission intensity changes (lex ¼ 340 nm) (B) of I-5 by photoirradiation in THF (2.0 � 10�5 mol/L).

Fig. 3. Absorption spectral changes of I-1 (A), I-2 (B), I-3 (C) and I-4 (D) by photoirradiation in THF (2.0 � 10�5 mol/L).

Table 1
Absorption characteristics and photochromic quantum yields of the terpyridyl-based dithienylethenes in THF (2.0 � 10�5 mol/L).

Compound lmax
Abs /nma (ε � 10�4) lmax

Abs /nmb (ε � 10�4) Fc

(Open) (PSS) 4o-c (l/nm) 4c-o (l/nm)

I-1 282(6.65) 512(2.15) 0.43(512) 0.006(282)
I-2 286(7.30) 566(3.15) 0.49(566) 0.011(286)
I-3 352(3.90) 504(2.75) 0.48 (504) 0.007(352)
I-4 354(4.90) 552(2.80) 0.48 (552) 0.006 (354)
I-5 284(6.30) 565(2.55) 0.43(565) 0.005(284)

a Absorption maxima of open-ring isomers.
b Absorption maxima of closed-ring isomers.
c Quantum yields of open-ring (4c-o) and closed-ring isomers (4o-c), respectively.
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Fig. 4. Emission intensity changes of I-5 at 407 nm, 496 nm and 530 nm in THF
(2.0 � 10�5 mol/L) with UV light irradiation (lex ¼ 340 nm).

Fig. 5. Fluorescence intensity and the fluorescence change of I-5 before (black line)
and after (red line) UV irradiation in THF (2.0 � 10�5 mol/L). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)
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used in memory storage. A terpyridyl unit was chosen as the
electron acceptor because of its electron-deficient properties and
good rigid plane. Hence, the photochromic dithienylethenes I-1 to
Fig. 6. Emission intensity changes of I-1 (A), I-2 (B), I-3 (C) and I-4 (D) in
I-5 bearing triphenylamine and terpyridine functionality were
synthesized as shown in Scheme 2. They were prepared by modi-
fication of a literature procedure [36e40]. All of the newly syn-
thesized triphenylamine and terpyridyl-based dithienylethenes
were characterized by 1H and 13C NMR spectroscopy, EI mass
spectroscopy and elemental analysis. The structure of I-3 was also
verified by X-ray crystallography (Fig. 1). The crystal data and
structure refinement for I-3 are summarized in Table S1. A single
crystal of I-3 suitable for X-ray diffraction analysis was grown by
slow diffusion of hexane into a solution of this complex in
dichloromethane.
3.2. Photochromism of the terpyridyl-based dithienylethenes

The photoisomerization behaviors of I-5 induced by photo-
irradiation in THF were measured at room temperature. It under-
went photoisomerization between the ring-opened isomer and
ring-closed isomer upon alternating irradiation with UV light
(l¼ 302 nm) and visible light (l > 402 nm) (Scheme 3). As shown in
Fig. 2A, the absorption maximum of terpyridyl-based dithienyle-
thene with triphenylamine I-5 was observed at 284 nm
(ε ¼ 6.30 � 104 L mol�1 cm�1) as a result of a p-p* transition [41].
This colorless solution turned purple and a new absorption band
centered at 565 nm (ε¼ 2.55� 104 Lmol�1 cm�1) appearedwhen it
was irradiated with 302 nm UV light. Upon irradiation with visible
light (l > 402 nm), the colored ring-closed isomer of I-5 underwent
a cycloreversion reaction to give the initial colorless ring-opened
isomer (Scheme 3). The cyclization and cycloreversion quantum
yields of I-5 were 0.43 and 0.005, respectively. Similar photo-
isomerization behaviors were also observed for solutions of I-1, I-2,
I-3 and I-4, as shown in Fig. 3. The photochromic parameters of I-1
to I-5 are summarized in Table 1. From this data, it was found that
the symmetry of molecular structure had an effect on their ab-
sorption wavelength. When compared with the absorption
maximum of unilateral derivatives in the visible region, the cor-
responding bilateral derivatives displayed a red shift of ~50 nm.
Fig. S1 and Fig. S2 show that all of them have good fatigue resis-
tance and thermal stability. The response times of I-1 to I-5 are
shown in Fig. S3.
THF (2.0 � 10�5 mol/L) with UV/vis light irradiation (lex ¼ 340 nm).



Table 2
Fluorescence emission characteristics and fluorescent quantum yields of the
terpyridyl-based dithienylethenes before and after UV irradiation in THF
(2.0 � 10�5 mol/L).

Compound lmax
f /nma lmax

f /nmb 4f

I-1 435 435 0.034
I-2 423 446 0.039
I-3 413 413 0.033
I-4 416 421 0.038
I-5 407, 530 496 0.026

4
f Fluorescent quantum yields of open-ring.
a Emission maxima of open-ring isomers.
b Emission maxima of closed-ring isomers.
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3.3. Fluorescence of the terpyridyl-based dithienylethenes

The change in fluorescence for I-5 induced by photo-irradiation
in THF was measured at room temperature (Fig. 2B). It was sur-
prising that the emission intensity at 407 nm and 530 nm of I-5
rapidly decreased and a new emission band at 496 nm slowly
appeared with a change in color from yellow to blue upon irradi-
ation with UV light at 302 nm (Figs. 2B, 4 and 5). Irradiation with
visible light (l > 402 nm) resulted in a cycloreversion reaction and
restored the original emission spectrum. The photocyclization-
dependent ratiometric fluorescent switch behaviors of I-5 were
almost different from the conventional photochromic fluorescence
switches, most of whose fluorescence intensity was quenched with
regard to photocyclization (Scheme 1A) [14e19,42]. But different
fluorescent properties were observed for solutions of I-1 to I-4
upon irradiation with UV light at 302 nm (in Fig. 6). As shown in
Fig. 6A, I-1 exhibited blue fluorescent emission at 435 nm in THF.
The emission intensity of dithienylethene I-1 rapidly decreased
upon irradiation with UV light at 302 nm with the structure
changing from the open isomer to the closed isomer. Moreover, a
switch-on fluorescence could be found when the closed-ring iso-
mers underwent visible light irradiation. Similar fluorescent
properties were also observed for solutions of I-2, I-3 and I-4, as
Fig. 7. The optimized structures and plots of HOMO and LUMO of I-5
shown in Fig. 6. Their fluorescence changes were in good agree-
ment with conventional photochromic fluorescence switches
(Scheme 1A). In comparison to the corresponding unilateral and
bilateral derivatives I-1 to I-4, dithienylethene I-5 shows obvious
fluorescence color change characteristics induced by photo-
irradiation. It means the triphenylamine and terpyridyl-based
dithienylethene I-5 showed the photocyclization-dependent
ratiometric fluorescent switch behaviors (Scheme 1B and Fig. 5).
Fluorescence emission characteristics and fluorescent quantum
yields of I-1 to I-5 are summarized in Table 2. When compared with
the emission maxima of open-ring isomers of I-1o to I-4o, two
emissionmaximawere observed in I-5o, which was possible due to
the donor-acceptor system.

3.4. The density functional theory calculations of the terpyridyl-
based dithienylethenes

In order to further investigate the photocyclization-dependent
ratiometric fluorescent switch behaviors of I-5, density functional
theory calculations at the B3LYP/6e31G* level using the Gaussian 09
program were used, as presented in Fig. 7. From the frontier mo-
lecular orbitals, we could observe the electron density. For I-5o, the
electron density chiefly located in the triphenylamine group in
HOMO orbitals, and the LUMO of I-5o was distributed over the
terpyridyl group possible due to the donor-acceptor system of I-5o.
The energy level gap was 3.24 eV. However, the HOMO of I-5c was
distributed over the photochromic molecule and parts of triphe-
nylamine group, and the LUMO of I-5c was distributed over the
photochromic molecule and parts of terpyridyl and triphenylamine
groups. The energy level gap was 2.30 eV. Furthermore, the pho-
toisomerization also influenced the molecular donor-acceptor
system, which resulted in the photocyclization-dependent ratio-
metric fluorescent switch behaviors. However, from the frontier
molecular orbitals of I-1 to I-4, we observed their electron density
was different from the donor-acceptor system of I-5. As shown in
Fig. S4, we found that HOMO of terpyridyl-based dithienylethenes
o and I-5c at B3LYP/6-31G* level, by using Gaussian 09 program.
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I-1o and I-2owas distributed over the photochromic molecule, but
the LUMO of them was distributed over the terpyridyl unit. Their
energy level gap was 3.77 eV and 3.73 eV, respectively. However,
both HOMO and LUMO of their closed forms were distributed over
the dithienylethene and part of terpyridyl group. For the
triphenylamine-based dithienylethenes I-3o and I-4o, their HOMO
and LUMO were distributed over the triphenylamine group, and
HOMO and LUMO of their closed forms were distributed over the
dithienylethene and part of triphenylamine unit. Specially,
comparing with the corresponding unilateral and bilateral de-
rivatives I-1 to I-4, the energy level gap of I-5 both in the open form
and closed form was the smallest.

4. Conclusions

In summary, we have reported some terpyridyl-based dithie-
nylethenes. Their structures were well characterized by NMR
spectroscopy and mass spectrometry. Their photoisomerization
and changes in emission properties have been fully investigated.
UV/vis absorption spectra and fluorescence spectra indicated that
these dithienylethenes displayed obvious photochromism and
fluorescent switch properties. Specially, I-5 showed the
photocyclization-dependent ratiometric fluorescent switch be-
haviors. Density functional theory indicated that the
photocyclization-dependent ratiometric florescent changes due to
the donor-acceptor system of I-5. This work provides an alternative
strategy for designing the photocyclization-dependent ratiometric
fluorescent switch.
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