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Spectroelectrochemical analysis, in which optical and electro-
chemical methods are integrated, is used for food testing and 
the monitoring of metal cations in aqueous solutions. Multi-
parameter molecular sensors, which change both optical and 
electrochemical properties during metal cations coordination, are 
necessary for spectroelectrochemical analysis.1 Several thio phene 
derivatives are known to demonstrate cation-induced changes in 
optical and electrochemical properties.2 

We studied compound 1, which is an extended chromophore 
with a tetrathiafulvalene residue. Crown ethers annulated with 

thiophene and pyridine act as coordination centers, whose con-
jugation with the chromophore system leads to a significant 
effect of complex formation on the optical properties of 1. We 
supposed that the presence of thio phene and tetrathiafulvalene 
residues would result in considerable changes in electrochemical 
properties due to complex formation. The synthesis of compound 
1 was described earlier.3

The complexation† of compound 1 can proceed with the 
formation of the complexes with ligand : metal cation ratios of 
2 : 1 (K21), 1 : 1 (K11) and 1 : 2 (K12). We studied the complex 
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The optical and electrochemical properties of a dithiophene 
crown ether derivative containing vinylpyridine and vinyl-
tetrathiafulvalene fragments have been examined. The com-
bination of an extended chromophoric system and tetra-
thiafulvalene in a sensor molecule provides both optical and 
electrochemical responses upon complex formation.
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formation of ligand 1 with Mg2+, Ca2+, Cd2+ and Fe2+ perchlorates. 
Calcium and magnesium cations can form complexes with crown 
ether and pyridine fragments of the molecule of 1, and iron 
and cadmium cations can be coordinated to only the pyridine 
fragment. Changes in the absorption spectra of ligand 1 after the 
addition of Cd2+ and Mg2+ perchlorates are presented in Figure 1. 
Spectral changes after the addition of Ca2+ were complicated for 
analysis; data on the spectrophotometric titration of 1 by Fe2+ 
cations are given in Online Supplementary Materials (Figure S1). 

The addition of Cd2+ or Fe2+ cations leads to a bathochromic 
shift in the absorption spectra of dye 1 [Figures 1(a) and S1]. 
The observed spectral changes are typical of the case of cation 
coordination to the pyridine residue.1(b) The results of titration 
processed with the SpecFit32 software4 allowed us to propose a 
complex formation scheme in which the Cd2+ or Fe2+ cation 
coordinates one or two ligand molecules. Table 1 summarizes the 
stability constants and spectroscopic charac teristics of the com-
plexes. The formation of complexes in accordance with Scheme 1 
was taken into account in calculations. 

A bathochromic shift of the absorption spectra maxima was 
observed at low concentrations of magnesium cations, which 
confirmed complex formation with the pyridine moiety of the 
molecule. The absorption maximum shifted to the short-wave 
region with a further increase in the magnesium perchlorate 
concentration due to interaction between magnesium cations and 
crown-ether moieties. The titration of the protonated form of 
ligand 1 by solutions of calcium and magnesium perchlorates was 
performed to validate the participation of the crown ether moiety 
of the mole cule of 1 in the formation of complexes with alkaline 

Table 1 Stability constants (lg K), absorption maxima of ligand 1 and its complexes with Ca2+, Mg2+, Fe2+ and Cd2+ perchlorates (MeCN, T = 20±1 °C), and 
electrochemical potentials [Ag /AgCl/KCl (sat.)] of the test compounds in MeCN–CH2Cl2 (3:1) in the presence of Bu4NBF4 on a platinum electrode (potential 
scanning rate, 200 mV s–1).

Compound lg K21 lg K11 lg K111
a lg K121

a lm
a

a
b

x
s   /nm ( l/nm) Epc /V Epa/V 

1 430 –1.66 
–1.80

0.40/0.32 
0.82/0.73 
1.19

1 + Mg2+ 9.52±0.15 3.88±0.09 5.32±0.09 480 (50) [12·(Mg2+)]
1 + Ca2+ –0.96 

–1.60
1 + Cd2+ 10.77±0.29 5.25±0.16 7.64±0.21 463 (33) (1·Cd2+) 

437 (7) [12·(Cd2+)]
–0.611 
–1.12 
–1.64 
–1.80

1 + Fe2+ 8.45±0.13 3.79±0.07 479 (49) (1·Fe2+) 
485 (55) [12·(Fe2+)]

–1.50 
–1.65

(1·H+) 487
(1·H+) + Mg2+ 1.51±0.18 477 (–10) (1·H+·Mg2+)
(1·H+) + Ca2+ 2.06±0.03 453 (–34) (1·H+·Ca2+)

a Complex formation occurs with the participation of perchlorate anion.
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Scheme 1

† The UV-VIS absorption spectra were recorded on a Varian Cary 50 
spectrophotometer. Spectrophotometric titration at 20±1 °C with variation 
of concentration of the corresponding perchlorate at a constant ligand 
concentration was used to vary stability constants of the metal–ligand 
complexes. Cyclic voltammetric measurements were performed on a 
PI-50-1.1 potentiostat with a PR-8 programmer. A three-electrode electro-
chemical cell with a glassy carbon working electrode (disc, d = 2 mm), an 
Ag /AgCl / KCl (sat.) reference electrode and a platinum auxiliary electrode 
was used. A 0.1 M solution of tetrabutylammonium perchlorate (TBAP) 
(Fluka) in anhydrous acetonitrile was used as a supporting electrolyte. 
A 1 mM solution of ferrocene with a 0.1 M solution of TBAP in a cor re-
sponding solvent were used in the calibration process. Cyclic voltammo-
grams were recorded after argon bubbling through the experimental 
solution. All measurements were performed at 20±1 °C. Scanning rate 
was 200 mV s–1.
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Figure 1 (a) Electronic absorption spectra of the solution of dye 1 at 
different cadmium perchlorate concentrations. Initial dye concentration 
C1 = 2.5×10–5 mol dm–3; cadmium perchlorate concentrations, 0–0.05 mol dm–3 
(1)–(8). (b) Electronic absorption spectra of solution of dye 1 at different 
magnesium perchlorate concentrations (spectrophotometric titration). Initial 
dye concentration C1 = 2.5×10–5 mol dm–3; magnesium perchlorate con-
centrations, 0–0.25 mol dm–3 (1)–(15).
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earth metal cations. Absorption spectra obtained during dye 1·H+ 
titration by magnesium and calcium perchlorates are presented 
in Figure S2 (Online Supplementary Materials).

Three peaks were observed in the anode region of the cyclic 
voltammogram (CVA) of ligand 1 (Table 1, Figure S3). The first 
two peaks are single-electron and reversible. They correspond 
to the step-by-step oxidation of the tetrathiafulvalene molecular 
fragment of 1. The third oxidation peak is due to the oxidation 
of a thiophene fragment, hypothetically, a crown-containing 
one. Two multi-electron peaks with poor resolution were detected 
in the cathode region (Table 1, Figure S4). Three redox-active 
centers in the cathode region are the pyridine fragment and two 
thiophene fragments of the ligand. According to published data,5 
all these fragments can be reduced simultaneously in this region 
of potentials. 

The two new peaks appeared in the cathode region at potentials 
of –0.611 and –1.12 V after the addition of cadmium perchlorates 
to ligand 1 in solution (Table 1, Figure S5). The first reduction 
peak (–0.611 V) is attributed to the two-electron reduction of 
Cd2+ to Cd0, and the second one – to the (Cd2+/Cd0) reduction6 in 
the complex composition. The third and fourth reduction potentials 
correspond to the reduction of ligand 1 as far as complex 1·Cd2+ 
reduction occurs irreversibly with the complete destruction of 
the complex and release of the initial ligand.

Only the shift of reduction potentials in the cathode region 
of CVA was detected after the addition of iron perchlorate to 
ligand 1 solution (Table 1, Figure S6). The reduced complex 
destruction with the initial ligand release was observed as in the 
case of complex formation with Cd2+, which is confirmed by 
the similar oxidation-reduction potentials of initial compound 1 
and corresponding potentials of solution obtained after complex 
destruction.

Deeper changes in electrochemical properties were revealed 
after the addition of calcium perchlorate to ligand 1 solution in 
the cathode region (Table 1, Figure S7). The peak at –0.96 V 
corresponds to the reduction of complex 1 with Ca2+. Such a 
significant shift of potentials to the anode region can be caused by 
the fact that Ca2+ ion also interacts with the pyridine fragment of 
ligand 1 along with its involvement in the traditional crown ether 
complex formation. 

Thus, a suitable combination of fragments, which give optical 
and electrochemical properties to the molecule, makes it possible 
to obtain a miltiparameter molecular sensor that demonstrates 
significant changes both in absorption spectra (shift up to 50 nm) 
and in electrochemical characteristics (shift up to 700 mV). 

This work was supported by the Russian Foundation for Basic 
Research (grant no. 15-03-03045).

Online Supplementary Materials
Supplementary data associated with this article can be found 

in the online version at doi:10.1016/j.mencom.2016.04.007.

References
1 (a) A. Berlin, G. Zotti, S. Zecchin and G. Schiavon, Synth. Met., 2002, 

131, 149; (b) S. Bernier, S. Garreau, M. Bera-Aberem, C. Gravel and 
M. Leclerc, J. Am. Chem. Soc., 2002, 124, 12463; (c) M. J. Marsella and 
T. M. Swager, J. Am. Chem. Soc., 1993, 115, 12214.

2 (a) I. F. Perepichka, M. Besbes, E. Levillain, M. Salle and J. Roncali, 
Chem. Mater., 2002, 14, 449; (b) O. Fedorova, E. Lukovskaya, A. Mizerev, 
Yu. Fedorov, A. Bobylyova, A. Maksimov, A. Moiseeva, A. Anisimov and 
G. Jonusauskas, J. Phys. Org. Chem., 2010, 23, 246; (c) E. V. Lukovskaya, 
A. A. Bobyleva, A. A. Mizerev, O. A. Fedorova, Yu. V. Fedorov, A. A. Moiseeva 
and A. V. Anisimov, J. Phys. Chem., 2010, 84, 2282; (d) B. Jousselme, 
P. Blanchard, E. Levillain, J. Delaunay, M. Allain, P. Richomme, D. Rondeau, 
N. Gallego-Planas and J. Roncali, J. Am. Chem. Soc., 2003, 125, 1363; 
(e) T. Yamamoto, M. Omote, Y. Miyazaki, A. Kashiwazaki, B.-L. Lee, 
T. Kanbara, K. Osakada, T. Inoue and K. Kubota, Macromolecules, 1997, 
30, 7158.

3 E. V. Lukovskaya, O. A. Fedorova, Yu. A. Glazova, Yu. V. Fedorov, A. V. 
Anisimov, E. V. Podolko, M. N. Rumyantseva, A. M. Gaskov and F. Fages, 
Org. Photonics Photovolt., 2015, 3, 54.

4 SpecFit32, Spectrum Software Associates, Marlborough, MA, 01752 USA.
5 Organic Electrochemistry, eds. O. Hammerich and H. Lund, CRC Press, 

New York, 2000.
6 C. K. Mann and K. K. Barnes, Electrochemical Reaction in Nonaqueous 

Systems, Marcel Dekker, New York, 1970.

Received: 13th November 2015; Com. 15/4775


