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a b s t r a c t

Four novel imidazole-based dithienylethenes have been successfully synthesized in good yields. Their
structures have been confirmed by NMR spectrometry, mass spectrometry, and elemental analyses.
UV/Vis absorption spectra indicated that these dithienylethenes can easily isomerize between the open-
ring and closed-ring isomers upon irradiation with UV or visible light in solution, and that the respective
closed-ring isomers show decreased fluorescence properties compared with the open-ring isomers.
Moreover, the open-ring and closed-ring isomers display high selectivity toward Fe3þ, such that the
addition of Fe3þ obviously suppresses their fluorescence intensity.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Photochromic dithienylethenes are considered to be among the
most promising systems for applications in optical memory media
and switching devices due to their excellent photochromic proper-
ties coupledwith thermal stability, fatigue resistance, and sensitivity
[1e7]. Cyclopentenes and derivatives bearing thiophene substitu-
ents attached via their 2- and 3-positions have been extensively
investigated [8e11]. Therefore, current research interest is focused
on the introduction of heterocycles to obtain novel photochromic
materialswith excellent properties. Imidazole as a building block has
beenwidely used inmany fields, such as biology [12], medicine [13],
ionic liquids [14] as well as electronic and optical materials [15e17]
due to its biological activity and available sites for further function-
alization. Furthermore, the imidazole moiety has also been widely
applied in supramolecular chemistry. For example, the imidazole NH
has been used as a hydrogen-bond donor in anion sensors [18e23].
Moreover, imidazole shows excellent coordinative abilities toward
metal ions [24e31], so imidazole derivatives have also been applied
in environmental monitoring, industrial process control, metal-
loneurochemistry, and biomedical diagnostics [32e34].

Therefore, the imidazole ring has been incorporated into the
photochromic dithienylethene unit with a view to optimizing the
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photochromism and giving rise to some novel properties. There
have been some recent reports in the field of dithienylethenes.
For example, Huang et al. and others have reported imidazole-
substituted thiophene cyclopentenes [35e37]. Recently, we also
synthesized a series of imidazole-substituted thiophene cyclo-
pentenes [26,38]. At the same time, the imidazole ring has also been
used as a bridging unit in substituting the cyclopentene ring [39]. As
mentioned in the introduction, the imidazolemoiety has beenwidely
used in chemosensors. However, there have been few investigations
concerning the use of imidazole-based dithienylethenes as chemo-
sensors. In the present work, we have designed and synthesized four
dithienylethenes incorporating imidazole and N-methylated imid-
azole bridging units (Scheme 1), and have investigated the photo-
chromic and fluorescence properties of their open-ring and closed-
ring isomers. Furthermore, we have also investigated the effects of
metal ions. These studies have revealed that: 1) the respective closed-
ring isomers showdecreased fluorescence properties comparedwith
their open-ring isomers, 2) the respective open-ring and closed-ring
isomers show an obvious decrease in fluorescence when iron (III)
ions are added.
2. Experimental

2.1. General procedures

All manipulations were carried out under an argon atmosphere
by using standard Schlenk techniques, unless otherwise stated. All
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Scheme 1. The molecular structures of dithienylethenes 1e4.
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reagents and starting materials were obtained from commercial
suppliers and usedwithout further purification. DMFwas driedwith
magnesium sulfate then distilled under vacuum. Column chroma-
tography was performed on silica gel (200e300 mesh). 1H and 13C
NMR spectra were collected on American Varian Mercury Plus 400
spectrometer (400 MHz) or 600 MHz. 1H and 13C NMR chemical
shifts are relative to TMS. Elemental analyses (C, H, N) were per-
formed by the Microanalytical Services, College of Chemistry, CCNU.
Electron impact ionization (EI) mass spectra were carried on Trace
MS 2000. UVeVis spectra were obtained on U-3310 UV Spectro-
photometer. Fluorescence spectra were taken on a Fluoromax-P
luminescence spectrometer (HORIBA JOBIN YVON INC.). Diketone
60 was prepared by literature methods [40]. Target compounds
1e4 were prepared according to the synthetic route presented in
Scheme 2 by modified procedures of reported methods [41,42].
2.2. Synthesis of dithienylethene-based complexes 1e4, 7e9

2.2.1. Synthesis of 1 and 2
To a suspension of 8 (148 mg, 0.3 mmol), Pd(PPh3)4 (69 mg,

0.06 mmol) and K2CO3 (42 mg, 0.3 mmol) in a stirred solution of
toluene (12 mL), ethanol (6 mL) and water (2 mL), phenylboric acid
(109 mg, 0.9 mmol) or 4-methoxylphenylboric acid (136 mg,
0.9 mmol) was added under nitrogen atmosphere. Themixturewas
heated to reflux for 8 h. After cooling to room temperature, cold
water (10 mL) was carefully added to the reaction mixture and the
water layer was extracted with DCM (3� 20 mL). The combined
organic layers were dried (Na2SO4) before the solvent was removed
in vacuo. Chromatography of the residue on silica gel (petroleum
Scheme 2. Regents and conditions: (a) oxalyl chloride, aluminium trichloride, CS2, 53%; (b)
(d) phenylboric acid or 4-methoxylphenylboric acid, Pd(PPh3)4, potassium carbonate, toluene
acid or 4-methoxylphenylboric acid, Pd(PPh3)4, potassium carbonate, toluene, water, ethan
ether/DCM¼ 1:2, v/v) afforded the compound 1 as white solid
(79 mg, 54%) and the compound 2 as yellow solid (95 mg, 60%).
Compound 1: 1H NMR (400 MHz, DMSO): d ppm¼ 2.03 (s, 6H, CH3),
7.35 (d, J¼ 4 Hz, 2H, thiophene-H), 7.48e7.62 (m, 13H, Ar-H), 8.07
(d, J¼ 8 Hz, 2H, Ar-H), 13.01(s, 1H, NH). 13C NMR (100 MHz, DMSO):
d ppm¼ 14.65, 120.61, 121.23, 123.14, 124.04, 124.95, 125.25, 128.82,
129.14,131.81,132.78,149.46. MS (m/z): 488.04 (Mþ). Anal. Calcd for
C31H24N2S2: C, 76.19; H, 4.95; N, 5.73; S, 13.12. Found: C, 76.15; H,
4.83; N, 5.71, S, 13.16. Compound 2: 1H NMR (400 MHz, CDCl3):
d ppm¼ 1.99 (s, 6H, CH3), 3.82 (s, 6H, OCH3), 6.88e6.90 (m, 4H,
Ar-H), 6.96 (s, 2H, thiophene-H), 7.25e7.50 (m, 7H, Ar-H), 7.91
(d, J¼ 8 Hz, 2H, Ar-H), 9.47 (s, 1H, N-H). 13C NMR (100 MHz, CDCl3):
d ppm¼ 14.88, 55.37, 114.28, 121.47, 123.74, 125.31, 126.78, 128.88,
128.97, 129.64, 146.44, 159.01. MS (m/z): 548.09 (Mþ). Anal. Calcd
for C33H28N2O2S2: C, 72.23; H, 5.14; N, 5.11; S,11.69. Found: C, 72.03;
H, 5.02; N, 5.13; S, 11.72.

2.2.2. Synthesis of 3 and 4
This synthesis was similar to the synthesis of 1 and 2, using the

compound 9 instead of 8. Compound 3: Yield, 70%. 1H NMR
(400 MHz, CDCl3): d ppm¼ 2.06 (s, 3H, CH3), 2.19 (s, 3H, CH3), 3.65
(s, 3H, N-CH3), 7.05 (s, 1H, Ar-H), 7.21 (s, 2H, thiophene-H),
7.25e7.63 (m, 12H, Ar-H), 7.78 (d, J¼ 8 Hz, 2H, Ar-H). 13C NMR
(100 MHz, CDCl3): d ppm¼ 14.85, 15.13, 33.25, 109.66, 115.52,
119.39, 123.32, 124.17, 125.30, 125.50, 125.77, 126.49, 126.90, 127.74,
128.51, 128.64, 128.88, 129.12, 130.27, 130.43, 133.83, 134.52, 135.80,
140.55, 141.81, 145.48, 148.62. MS (m/z): 502.07 (Mþ). Anal. Calcd
for C32H26N2S2: C, 76.46; H, 5.21; N, 5.57; S, 12.76. Found: C, 76.25;
H, 5.09; N, 5.23, S; 12.79. Compound 4: Yield, 79%. 1H NMR
(400 MHz, CDCl3): d ppm¼ 2.04 (s, 3H, CH3), 2.16 (s, 3H, CH3), 3.65
(s, 3H, N-CH3), 3.80 (s, 3H, OCH3), 3.84 (s, 3H, OCH3), 6.85 (s, 1H,
thiophene-H), 6.87 (s, 1H, thiophene-H), 6.91e6.93 (t, J¼ 4 Hz, 3H,
Ar-H), 7.09 (s, 1H, Ar-H), 7.45e7.56 (m, 7H, Ar-H), 7.78 (d, J¼ 8 Hz,
2H, Ar-H). 13C NMR (100 MHz, CDCl3): d 14.85, 15.12, 29.66, 33.24,
55.31, 114.03, 114.23, 123.11, 123.31, 125.47, 126.57, 126.74, 126.79,
127.50, 128.48, 128.80, 128.88, 130.49, 135.68, 140.47, 141.71, 145.39,
148.47, 158.73, 159.32. MS (m/z): 562.05 (Mþ). Anal. Calcd for
C34H30N2O2S2: C, 72.57; H, 5.37; N, 4.98; S, 11.44. Found: C, 72.36; H,
5.49; N, 4.96; S, 11.47.

2.2.3. Synthesis of 7
A mixture of ammonium acetate (3.1 g, 40 mmol) and benzal-

dehyde (0.53 g, 5 mmol) was refluxed for 1 h in acetic acid (25 mL)
benzaldehyde, ammonium acetate, acetic acid, 63%; (c) NBS, acetic acid, benzene, 81%;
, water, ethanol, 60%; (e) methyl iodide, potassium carbonate, DMF, 82%. (f) phenylboric
ol, 79%.
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under nitrogen atmosphere. Then the compound 6 (1.25 g, 5 mmol)
was added and the mixture was further refluxed overnight. The
mixture was poured into cold water (50 mL), neutralized with 10%
aq. Na2CO3 and extracted with DCM (3� 20 mL). The combined
organic layers were dried (Na2SO4) and the solvent was removed in
vacuum. The compound was purified by column chromatography
(petroleum ether/ethyl acetate¼ 20:1, v/v) to yield (1.06 g, 63%) of
a white solid. 1H NMR (400 MHz, CDCl3): d ppm¼ 1.92 (s, 6H, CH3),
6.80 (d, J¼ 4 Hz, 2H, thiophene-H), 7.19 (d, J¼ 8 Hz, 2H, thiophene-
H), 7.35e7.38 (m, 3H, Ar-H), 7.86 (d, J¼ 4 Hz, 2H, Ar-H). 13C NMR
(100 MHz, CDCl3): d ppm¼ 14.39, 109.84, 124.99, 125.38, 125.92,
126.23, 128.78, 128.89, 129.48, 130.10, 136.28, 146.59. MS (m/z):
336.00 (Mþ). Anal. Calcd for C19H16N2S2: C, 67.82; H, 4.79; N, 8.33; S,
19.06. Found: C, 67.68; H, 4.68; N, 8.31; S, 19.11.

2.2.4. Synthesis of 8
7 (2 g, 6 mmol) was suspended in a stirred solution of benzene

(50 mL) and acetic acid (50 mL). Subsequently NBS (2.24 g,
12.6 mmol) was added and the solid material dissolved. The reac-
tion mixture was refluxed for 4 h. After cooling, the mixture was
poured into 3 M aq. NaOH solution (100 mL) and yellow precipitate
was formed immediately. The solid was collected by filtration,
washed with water and dried under vacuum to give the compound
8 in 81% yield. 1H NMR (400 MHz, CDCl3): d ppm¼ 2.00 (s, 6H, CH3),
6.82 (s, 2H, thiophene-H), 7.39e7.45 (m,3H, Ar-H), 7.87 (d, J¼ 4 Hz,
2H, Ar). 13C NMR (100 MHz, DMSO): d ppm¼ 14.34, 111.44, 125.27,
128.81, 129.63, 132.11, 133.27, 133.89, 134.33, 134.63, 135.10, 135.60,
146.67. MS (m/z): 493.99 (Mþ). Anal. Calcd for C19H14Br2N2S2: C,
46.17; H, 2.85; N, 5.67; S, 12.97. Found: C, 46.11; H, 2.79; N, 5.66; S,
12.99.

2.2.5. Synthesis of 9
Amixture of 8 (2.85 g, 4 mmol), and K2CO3 (1.6 g, 8 mmol) in dry

DMF (100 mL) was stirred for 0.5 h at room temperature. Subse-
quently CH3I (1.64 g, 8 mmol) was added and the mixture was
further stirred overnight at room temperature. Then the reaction
mixturewas poured into ice water (100 mL), yellow precipitate was
formed. After filtering, washed with H2O and dry under vacuum,
the compound 9 was obtained in 82% yield. 1H NMR (400 MHz,
CDCl3): d ppm¼ 1.98 (s, 3H, CH3), 2.20 (s, 3H, CH3), 3.53 (s, 3H,
N-CH3), 6.74 (s, 1H, thiophene-H), 6.93 (s, 1H, thiophene-H),
7.24e7.48 (m, 3H, Ar-H), 7.70 (d, J¼ 8 Hz, 2H, Ar-H). 13C NMR
(100 MHz, CDCl3): d ppm¼ 14.49, 14.97, 32.96, 110.30, 114.07,
121.98, 125.97, 128.48, 128.71, 128.94, 130.10, 131.69, 132.68, 132.93,
135.49,135.61,140.60,148.67. MS (m/z): 507.78 (Mþ). Anal. Calcd for
C20H16Br2N2S2: C, 47.26; H, 3.17; N, 5.51; S, 12.62. Found: C, 47.12; H,
3.23; N, 5.66; S; 12.65.

3. Results and discussion

3.1. General synthetic procedure of 1e4, 7e9

The synthetic route to the target compounds (1e4) is shown in
Scheme 2. In our target compounds, two thiophene rings are
attached to the imidazole moiety via their 2-positions, and the
p-conjugation is extended by benzene or 4-methoxybenzene rings,
which were appended by Suzuki coupling reactions. The imidazole
unit was obtained in 63% yield by condensation of diketone 6 and
benzaldehyde in the presence of ammonium acetate in acetic acid
under nitrogen atmosphere. After bromination with NBS,
compound 8 was obtained in high yield. The target dithienyle-
thenes 1 and 2 were synthesized by palladium-catalyzed Suzuki
coupling reactions. However, they showed very poor solubility,
which was consistent with observations in previous literature
reports [26,38]. Therefore, the NH of the imidazole ring was
methylated with CH3I in the presence of K2CO3 in DMF under
nitrogen atmosphere to obtain the dithienylethenes 3 and 4, which
showed perfect solubility due to this modification of the imidazole
ring. All of the dithienylethenes were characterized by standard
analytical techniques, such as NMR, mass spectrometry, and
elemental analysis (see the Supporting Information).

3.2. Photochromic and fluorescent properties

The absorption spectra of each of the compounds were
measured at room temperature from 1.0�10�5 mol/L solutions. As
shown in Fig. 1a, the absorption maxima of compounds 1o and 2o
were observed at 328 nm and 326 nm ( 3¼ 1.81�104 and
2.48� 104 Lmol�1 cm�1, respectively), which were considered to
correspond to a pep* transition [43]. After N-methylation of the
imidazole ring, the absorptions of compounds 3o and 4o showed
slight blue-shifts compared with compounds 1o and 2o possibly
due to the decrease of the conjugated degree after N-methylation
on the imidazole rings, which was in well agreement with our
previous report [26]. Fig. 1b shows the changes in the absorption of
compound 2 (1.0�10�5 mol/L in CH2Cl2) upon irradiation with UV
light (l¼ 302 nm). In general, the absorption of the ring-open
isomer at a shorter wavelength (326 nm) decreased, while the
absorption of the ring-closed isomer at a longer wavelength
(505 nm) increased, since p-electrons delocalized and extended to
the two thiophene rings [44]. Upon irradiation with visible
light (l> 402 nm), the 2c underwent a cycloreversion reaction to
thering-opened isomer 2o. The corresponding N-methylated
compound 4 behaved similarly to compound 2. As shown in Fig. 1c,
a new absorption band appeared at 510 nm owing to the formation
of the ring-closed isomer upon irradiation with UV light. The
isomerization properties of the other synthesized compounds upon
irradiation with UV and visible light were also investigated and
showed similar changes (see Figures S1 and S2 in the Supporting
Information). According to these data, we found that compounds
1e4 showed similar photochromic properties. The absorption
characteristics and the quantum yields of open-ring (4c-o) and
closed-ring isomers (4o-c) of the compounds were summarized in
Table 1.

Subsequently, their fluorescence spectra were obtained in
CH2Cl2 at room temperature. According to the data (Table 1),
compound 1o exhibited an obvious fluorescence emission at
456 nm. However, upon irradiation with 254 nm UV light, the
fluorescence intensity was quenched by ca. 76% as the ring-open
isomer 1o was converted into the ring-closed isomer 1c, as depic-
ted in Fig. 2a. Similar results were obtained when compounds
2o, 3o, and 4owere irradiated with UV light (Fig. 2b; Figures S3 and
S4 in the Supporting Information). Furthermore, we found
that the fluorescence intensities of the N-methylated dithienyle-
thenes 3o and 4o were higher than those of the corresponding
non-methylated dithienylethenes 1o and 2o. In addition, the fluo-
rescence quantum yields which were measured using quinoline
sulfate (4f¼ 0.55, in 0.1 M aqueous H2SO4) as a reference of diary-
lethenes 3 and 4 were found to be higher than those of diary-
lethenes 1 and 2, which indicated that N-methylation of the
imidazole ring improves the fluorescence quantum yields. The
photochromic parameters of the synthesized compounds are
summarized in Table 1.

3.3. Fluorescence probe for Fe3þ

Subsequently, we investigated the changes in the fluorescence
properties of the open- and closed-ring forms in acetonitrile at
2.0�10�5 mol/L at room temperature when metal ions were
added. As shown in Fig. 3a, the fluorescence intensity of compound



300 400

0.00

0.05

0.10

0.15

0.20

0.25

0.30a

b

c

 4o

 3o

 2o

A
b

so
rb

an
ce

Wavelength / nm

1o

300 350 400 450 500 550 600 650

0.00

0.04

0.08

0.12

0.16

0.20

0.24

0.28

A
bs

or
ba

nc
e

Wavelength / nm

UV vis

UV vis

300 350 400 450 500 550 600

0.00

0.04

0.08

0.12

0.16

0.20

0.24

0.28
visUV

A
bs

or
ba

nc
e

Wavelength / nm

UV vis

Fig. 1. (a) Absorption spectra of dithienylethenes 1e4. Absorption spectral changes of
compound 2 (b) and 4 (c) by photoirradiation in CH2Cl2 (1.0� 10�5 mol/L) at room
temperature.

Table 1
Absorption and fluorescence characteristics of dithienylethenes 1e4 in DCM
(1.0�10�5 mol/L).

Compound lmax
Abs /nma

( 3� 104/
Lmol�1 cm�1)

lmax
Abs /nmb

( 3� 104/
Lmol�1 cm�1)

Fc lmax
Abs /nmd

(Fe)

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

1 328(1.81) 548(0.13) 0.082(548) 0.0024(328) 456(0.04)
2 326(2.48) 504(0.72) 0.405(504) 0.0019(326) 456(0.04)
3 312(2.87) 424(0.33) 0.179(424) 0.0022(312) 458(0.06)
4 316(2.50) 528(0.07) 0.193(528) 0.0017(316) 457(0.11)

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.
d Emission maxima of fluorescence.
e Quantum yields of fluorescence.
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3o decreased significantly in the presence of Fe3þ ions, while
other metal ions (such as Kþ, Ca2þ, Cu2þ, Zn2þ, Co2þ, Ni2þ, Fe2þ,
Cd2þ and Hg2þ) did not exert such a quenching effect on the fluo-
rescence under the same conditions. This result suggests that
this compound displays remarkable “turn-off” fluorescence, and
shows high selectivity toward Fe3þ among the various metal ions
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tested. A similar phenomenon was also observed in the fluores-
cence spectra of the other open-ring isomers 1o, 2o, and 4o (see
Fig. 3b; Figures S5 and S6 in the Supporting Information). The
results indicated that the respective open-ring isomers can be used
as highly selective chemosensors for Fe3þ ions. The fluorescence
quenching of compounds 1e4 upon the addition of Fe3þ may result
from ligand-to-metal charge transfer (LMCT), in which the elec-
tronic charge is transferred from the ligand toward the coordi-
nating metal [26]. The electron donor of compounds was the
nitrogen atoms on the imidazole rings. The coordination with Fe3þ

decreased its electron donating ability, which resulted that
the electron transfer from the nitrogen atom to the imidazole
p-system was hindered. Moreover, we found that the addition of
Fe3þ ions resulted in slight shifts of the fluorescence spectra
compared with the free open-ring isomers. Subsequently, we
investigated the effects of metal ions toward the closed-ring
isomers, in which the closed-ring isomers were obtained by irra-
diating the solution of compounds 1e4 in CH2Cl2 with UV light, till
the photostationary state was reached. After removing the solvent,
the closed-ring isomers 1ce4c were obtained by purification using
TLC silica gel plates. The changes in the fluorescence properties of
the closed-ring forms in acetonitrile were performed under the
same conduction when metal ions were added. The results display
that these closed-ring isomers exhibit a quenching effects on the
fluorescence in the presence of Fe3þ ions. As shown in Fig. 4,
Figures S11 and S12 (see Supporting Information), they show high
selectivity toward Fe3þ among the various metal ions tested as well
as the ring-open isomers. Subsequently, we investigated the
influence of pH values on the rate of quenching of 2o in the pres-
ence of Fe3þ. As shown in Supporting Information, when the pH
values of systems were higher than 9.0, the rate of quenching
obviously decreases. Similar results were also observed when other
compounds were investigated (Figures S13eS16 in the Supporting
Information).

Fluorescence intensity changes are usually described in terms
of the decrease factor (DF), which is calculated from the fluores-
cence intensities of the chemosensor without (F0) or with metal
ions (F). According to these data (Figures S7eS10, S17eS20 in the
Supporting Information), we found that all of the open-ring and
closed-ring isomers displayed highly selective binding of Fe3D

ions.
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4. Conclusion

Four novel imidazole-based dithienylethenes have been success-
fully synthesized in good yields. UV/Vis absorption spectra indicated
that these dithienylethenes can easily isomerize between the open-
ring and closed-ring isomers upon irradiation with UV or visible
light in solution, and that the respective closed-ring isomers show
decreased fluorescence properties compared with the open-ring
isomers. Moreover, the respective open-ring and closed-ring
isomers display high selectivity toward Fe3þ, such that the addition
of Fe3þ obviously decreases their fluorescence intensities. In this
respect, our research provides a basis for the future construction
of multifunctional molecular architectures as well as switchable
chemosensors.
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