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a b s t r a c t

A novel p-conjugated donoreacceptor compound (1) based on tetrathiafulvalene (TTF), which is func-
tionalized with dipyridine, has been designed and synthesized. Spectroscopic and electrochemical
behaviors of compound 1 demonstrate that the donor (TTF) unit strongly interacts with the electron-
accepting group through the heteroaromatic bridge. The interaction of compound 1 with metallic ions
can cause remarkable changes in the absorption and fluorescence spectra. DFT calculations reveal that
the pyrazine ring is almost coplanar with the TTF plane, which is beneficial to the donor and acceptor
electronic communication. Additionally, compound 1 can be self-assembled into nanostructures with
smooth surface, hecto-nanometers in width and deca-micrometers in length.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

The chemistry of donoreacceptor (DeA) systems has been
extensively explored over the past decades [1e8], much effort has
been devoted to their synthesis in order to define
structureeproperty relationships and generate functional molec-
ular components for next-generation electronic and optical appli-
cations [9e13]. Electron transfer from D to A happens rapidly upon
photoexcitation to generate a charge-separated species, subse-
quently charge recombination may proceed within the molecule to
generate a charge transfer (CT) emission in certain cases [14,15], or
it may be guided to proceed through an external circuit such as the
design in dye-sensitized solar cells (DSSC) [16e19]. Undoubtedly,
the electronic coupling between the donor and acceptor is a key
parameter that determines the various important properties of
DeA systems, which clearly depends on the nature of the donor,
acceptor and linkage spacers.

Tetrathiafulvalene (TTF) and its derivatives feature unique p-
donor properties and can be oxidized reversibly in two steps
x: þ86 28 83202569.
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[20e22], hereby gaining heteroaromaticity. With this unique
feature, TTF and its derivatives have been widely employed in
numerous fields, for example, organic metals [23e25], molecular
sensors [26e30], molecular logic gates [31,32], and so on.

Pyrazine moiety has been utilized as suitable p-conjugated
bridge in charge transfer systems to optimize the electronic
communication between TTF and acceptors. As demonstrated
previously [30,33e37], upon introducing of a p-conjugated pyr-
azine as the linkage to construct TTF-p-A molecules, TTF and the
acceptor moiety can interact with each other through the conju-
gated bridge, forming intramolecular charge transfer states.

To shed more light on the intramolecular charge transfer char-
acteristics in nature, compound 1 based on TTF which bearing two
pyridyl groups with pyrazine bridge has been taken into consid-
eration. It is anticipated that (1) the conjugated structure may be
beneficial to the electron communication between TTF and
acceptor moieties; (2) the external metallic cation stimulus with
pyridine and pyrazine groups could modulate the intramolecular
charge transfer, resulting in remarkable changes in the absorption
spectra and electrochemical properties. This paper is to study the
synthesis and the physiochemical properties of compound 1,
expecting uniquely photo/electrochemical properties would be
exhibited.
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2. Experimental section

2.1. General

Chemical reagents were obtained commercially and used
without further purification except as noted elsewhere. All reac-
tions were performed under N2. Triethyl phosphite and toluene
were dried and distilled over Na.

Mass spectra were measured on a Bruker Biflex III MALDI-TOF.
1HNMR spectra were measured on a Bruker AV 300 at 300 MHz.
Chemical shifts d were calibrated against TMS as an internal
standard. FT-IR spectra were recorded as KBr pellets on a Perkin-
Elmer system 2000 spectrometer. Elemental analyses were per-
formed on a Carlo-Erba-1106 instrument. Absorption spectra
were measured with SHIMADZU (UV1700) UVevis spectropho-
tometer. Fluorescence measurements were carried out with
a SHIMADZU (RF-5301) fluorescence spectrophotometer in
a 1 cm quartz cell. The cyclic voltammetric measurements were
performed on CHI 660C system. The FE-SEM images of the self-
assembly structure was measured by scanning electron micro-
scope (SEM, FEI, inspect F)
2.2. Synthesis

The synthetic pathway is outlined in Scheme 1. In order to
assure solubility, a TTF with dithiodecyl chains is employed. The
target compounds (1 and 2) are obtained by direct condensation of
1,2-di(pyridin-2-yl)ethane-1,2-dione with the diamine precursors.

Tetrathiafulvalene-2,3-bis(2-pyridyl)pyrazine (1): A solution of
compound 3 [33] (0.1 g, 0.16mmol) and 1,2-di(pyridin-2-yl)ethane-
1,2-dione (0.048 g, 0.23 mmol) in EtOH (20mL) was refluxed for 3 h
under N2. After filtration, the precipitate was collected and purified
by chromatography (CH2Cl2) to give compound 1 as a mauve solid
(80%), mp 109 �C. 1HNMR (CDCl3, 300 MHz) d: 0.86 (t, J ¼ 6.6, 6H,
2�CH3), 1.25 (m, 24H, 12�CH2), 1.39 (m, 4H, 2�CH2), 1.62 (m, 4H,
2�CH2), 2.84 (t, J ¼ 7.3, 4H, 2�SCH2), 7.22 (m, 2H, aromatic), 7.80
(m, 2H, aromatic), 7.89(d, J ¼ 7.8, 2H, aromatic), 7.99 (s, 2H,
aromatic), 8.37 (d, J¼ 4.3, 2H, aromatic). Selected IR data (cm�1, KBr
pellet): 2920, 2850, 1638, 1583 1468, 1432, 1350, 1198, 1098, 1075,
1002, 887, 859, 831, 789, 775, 742, 725, 553; MS (MALDI-TOF) calcd.
For C42H52N4S6: 804.25, found 805.2 [M]þ; elemental analysis
calcd. (%) for C42H52N2S6: C, 62.64; H, 6.51; N, 6.96; found: C, 62.44;
H, 6.59; N, 6.76.
Scheme 1. Synthetic routes
2.3. Self-assembly

The self-assembled micro-nanostructures are prepared by the
similar process as references [38,39]. Compound 1was dissolved in
CHCl3 as a concentration of 1.2 � 10�3 M. Next 20 drops of the
solution were injected into 25 mL of methanol with vigorous stir-
ring at 358 K. After being stirred for 30 min, the samples were
cooled to room temperature and undisturbed overnight to stabilize
the crystal growth. The morphology of the self-assembled micro/
nanostructures was observed by field emission SEM (SEM, FEI,
inspect F). For FE-SEM studies, a few drops of the solution were
placed onto silicon substrate, and the solvent was left to evaporate.
To minimize sample charging, an ultrathin layer of Au was depos-
ited onto the samples before FE-SEM examination.

3. Results and discussion

3.1. Synthesis

Compound 1 can be synthesized in 80% yield via the direct
condensation of 1,2-di(pyridin-2-yl)ethane-1,2-dione with 5,6-
diamino-2-[4,5-bis(decylthio)-1,3-dithio-2-ylidene]-benzo[d]-1,3-
dithiole (3) in ethanol, as shown in Scheme 1. Compound 2 [40] was
synthesized as the reference. 1HNMR spectra, MS spectra and
elemental analysis confirmed the structure of the D-p-A conju-
gated system.

3.2. Cyclic voltammetry (CV)

It has been well known that TTF derivatives can undergo two
successively reversible one-electron oxidations to the TTFþ� radical
and TTF2þ species, thus their redox properties have received
extensive attention for application as ion sensors [41,42]. The CV
measurements of this workwere carried out in themixed solvent of
CH2Cl2/MeCN (3:2 in volumes). Fig. 1 presents the reversible
CV curve of compound 1. Two redox waves were detected,
E1/2(1) ¼ 0.71 V and E1/2(2) ¼ 1.09 V, corresponding to the TTF/TTF�þ

and TTF�þ/TTF2þ redox couples. They are both anodically shifted as
compared to the first and second oxidation waves of compound 3,
indicating compound 1 is more difficult to be oxidized than
compound 3. The results reveal strong intramolecular electron
communication between donor and acceptor units in the ground
state. The partially intramolecular charge transfer from the TTF unit
of compounds 1 and 2.
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Fig. 1. Cyclic voltammogram of compounds 1 and 3 (inset) in CH2Cl2/MeCN (3:2 in
volumes) (3.8 � 10�4 M, scanning rate 30 mV/s) with platinum wires as working and
counter electrodes, respectively, Ag/AgCl as a reference electrode, and n-Bu4NPF6
(0.1 M) as a supporting electrolyte.
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to the acceptor moiety decreases the electron density of the TTF
ring and makes the oxidation of TTF less favorable.

To further investigate the property of compound 1, cation
titration was carried out. When metallic cations of Co2þ, Mn2þ,
Mg2þ and Ni2þwere added, E1/2(1) and E1/2(2) of compound 1 did not
shift obviously (Fig. S1 and Table S1, ESI). The electrochemical
behaviors indicate that the interactions between these cations with
compound 1 are very weak under the experimental conditions.
However, it is interestingly found that with the addition of Zn2þ,
Hg2þ, Cd2þ cations into the solution of 1 lead to an obvious
potential shift of E1/2(1) of the TTF moiety (Fig. S1 and Table S1, ESI).
Similar potential shifts are found for Agþ and Cu2þ, but the curve is
not clarified (Fig. S1 and Table S1, ESI).
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Fig. 2. UVevis spectra of compound 1 (2.4 � 10�5 M) in different conditions: (a) the spectra o
of compound 1 in CH2Cl2 with increasing of Fe3þ [Fe(ClO4)3�6H2O, 3.0 � 10�3 M in CH3OH
increasing of Zn2þ [Zn(NO3)2�6H2O, 4.5 � 10�3 M in CH3OH].
3.3. Absorption Spectra

The UVevis absorption data of 1, 2 and 3 are collected in
Fig. 2(a). By comparing with the spectra of 2 and 3, compound 1
shows a wide absorption in the whole range from 400 to 600 nm,
with the maximum at l ¼ 480 nm, which results from an intra-
molecular charge transfer (ICT) interaction between the donor and
the acceptor, according to the previous literature [33,43,44]. In
compound 1, the dipyridine and pyrazine units display an electron
withdrawing effect and the TTF exhibits a strong electron-donating
effect. Since these units are linked directly by a conjugated bridge,
the two electro-active moieties can readily interact with each other,
which is beneficial to the ICT interaction.

Chemical oxidation of compound 1 in CH2Cl2 is carried out by
successive addition of Fe(ClO4)3�6H2O as oxidizing reagent. UVevis
spectra of the reaction system are recorded. Upon addition of Fe3þ,
the absorption band centered at 480 nm is shifted to a lower energy
area, and a new band at 700e1000 nm is formed [Fig. 2(b)]. Upon
further oxidation, a new peak at lmax ¼ 474 nm has emerged.
According to previous studies [45,46], the absorption bands around
700 nm to 1000 nm could be ascribed to the radical cation of TTF
(TTF�þ) in compound 1, the band of lmax¼ 474 nm could be ascribed
to the dication of TTF2þ. The decreasing of the absorption at 480 nm
is accompanied by the growth of a new band which is maximum at
560 nm. The red-shifted of this band just corresponds to the
decrease of the HOMO-LUMO gap, which may be attributed to the
interaction of Fe3þ or the reduced Fe2þ cations with the dipyridine
SP2 nitrogens to form a stronger electron acceptor. This phenom-
enon is further confirmed by the following experimental results.

It is expected that compound 1 could coordinate with different
metal ions through the pyridine and pyrazine groups (according to
the reported results [47,48], the binding sites of the compound
could be contributed to the sp2-hybridized nitrogens on the
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pyrazine and pyridine groups), which should favor the electronic
communication between TTF and the acceptor units. With this goal
in mind, titrations of compound 1 in CH2Cl2 solution with Zn2þ,
Cu2þ, Agþ, Ni2þ, Mg2þ, Hg2þ and Mn2þ ions were undertaken, and
the changes in their absorption spectra were recorded.

The salient results obtained from compound 1 are the remark-
able sensing and coordinating properties in the case of Zn2þ, Cu2þ,
Agþ, Ni2þ. Upon addition of Zn2þ to the solution of 1, the decreasing
of the absorption at 480 nm is accompanied by a new absorption
band at 550e750 nm centered at 605 nm (Fig. 2(c)). The intra-
molecular charge transfer responsive to the external cation stim-
ulus exhibits a bathochromic shift. Obviously, the complexation of
compound 1with Zn(II) cations reduces the electron density on the
pyridine and pyrazine ring successively, which further enhances
the electron-acceptor character of the compound. Prompting 1 to
be a stronger polarized D-p-A system and the results inducing the
absorption of ICT shifted to a lower energy direction. The red-
shifted in the absorption spectra suggests the strongly electronic
coupling between donor and acceptor units in compound 1. Similar
results were obtained in the titrations of 1with Cu2þ, Agþ and Ni2þ

salts (Table 1, Fig. S2 ESI). Other tested metal cations, including
Mg2þ, Hg2þ, Mn2þ do not induce any distinct change in their
UVevis spectra (Fig. S3, ESI).
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Fig. 3. Fluorescence spectra of compounds 1 and 2 in CH2Cl2 (2.4 � 10�5 M,
7.5 � 10�5 M, respectively) with increasing of Zn(NO3)2�6H2O (3.0 � 10�3 M in MeOH);
(a) Fluorescence spectra of compound 1, the excitation wavelength is 491 nm, (b)
3.4. Fluorescence spectra

To get further insight into the binding properties of compounds
1 and 2with metallic cations, fluorescence spectra of compounds 1
and 2 have been investigated (Fig. 3). It shows that the fluorescence
of compound 2 is increased with the amount of the Zn2þ. However,
after addition of Zn2þ, the weak fluorescence of compound 1 starts
to decrease. The results could be owed to the complexation of Zn2þ

with pyridine and pyrazine groups in compound 1. These results
also match with the UVevis behavior of compound 1.
Fluorescence spectra of compound 2, the excitation wavelength is 358 nm.
3.5. Theoretical calculations

To gain insight into the molecular structure and electronic
configurations, compound 1 is further examined by theoretical
calculations. The peripherally longer alkyl groups are removed for
simplification (labeled as model 1) as they are not expected to have
significantly affects on the conformations and energy levels. The
molecular geometries are optimized by using B3LYP/6-31G** basis
set initially, then the excited states are calculated at this geometry
in gas phase using TD-DFT with the B3LYP/6-31G** basis set.
All calculations have been performed with the Gaussian 09
package [49].

After discovering that the lowest energy conformations of
model 1 may involve the orientation of the pyridine moieties in or
out of the molecular center, we calculated the different possible
orientations of the pyridines and allowed the system to relax
without constraints. Eight new local minima were identified and
the conformations are illustrated in Fig. 4, and the geometric
properties and relative energy of the minima are reported in
Table 2.
Table 1
The cation-induced absorption peak of compound 1.

Metallic cations lmax-ICT

Zn2þ 605
Cu2þ 575
Ag2þ 586
Ni2þ 603
According to the optimized molecular geometries, the confor-
mations of heteroaromatic pyrazine bridge and TTF ring are nearly
coplanar, but the two pyridine rings are twisted due to the steric
hindrance. All of the conformations are higher in energy than
conformation A/B, the conformations where two pyridines are
oriented away from the center (outeout conformation). Confor-
mation C/D, in which both of the pyridines are oriented in the
center of the molecule, have much higher in energy than that of
conformation A/B (23.8 kJ/mol). Conformations E/F and G/H with
one of the pyridine moieties in and another is out of the molecular
center. This leads to the higher energy conformations (9.75 and
10.0 kJ/mol above A/B, respectively).

A particularly interesting feature in the frontier molecular
orbits of the conformations is the localization and spatial sepa-
ration of the HOMO and the LUMO (Fig. S4, ESI). The electron
density of HOMO is mainly located on the TTF moiety and
extended along the bridge to the central region of the molecule,
while the LUMO is mainly located on dipyridine and pyrazine
units. It can be seen that there is an overlap between the HOMO
and LUMO on the quinoxaline group, which is a prerequisite to
increase the probability of the charge transfer transitions and
lead to a positive shift of the redox potentials of the donor
subunit.

The broad absorption (Fig. 2) at lower energy has a large
intramolecular charge transfer character, which can be demon-
strated by analyzing the electron density. Upon photo excitation,
an electron migrates from donor to acceptor to form a charge-
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separated dipolar state. The electron density of donor and acceptor
is heavily coupled with the orbitals in the central pyrazine linkage,
which suggests that this material is one of good candidates to be
investigated in optoelectronic devices.

TD-DFT studies were performed in order to interpret the optical
properties of compound 1. The most relevant calculated electronic
transitions of the conformations are presented in Table S2 (ESI). The
excited state data can be used to interpret the UVevis spectra of
compound 1.
Table 2
Energies and geometrical properties of the eight minima conformations reported in
Fig. 4, calculated at B3LYP/6-31G** levels.

Conformation Diangle a (1-2-3-4) Diangle b (2-1-5-6) Energy [AU]

A 129.75034 129.50404 �3532.31389551
B 129.50544 �129.74488 �3532.31389552
C 146.48943 146.63488 �3532.32295061
D �146.63496 �146.48951 �3532.32295061
E 130.35072 153.26638 �3532.31760748
F �153.25181 �130.36172 �3532.31760749
G 152.97867 130.24951 �3532.31770628
H �130.24334 �152.97562 �3532.31770623
The experimental broad band at 480 nm of compound 1 is
expected to have contributions from the transitions with the higher
oscillator strength value and is assigned to a transition from HOMO
to LUMO (93%). The second observed band (experimental value
320 400 480 560
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Fig. 5. Electronic absorption spectra of conformations AeH.
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283 nm) is a mixed transition (the involved orbitals in these tran-
sitions are represented in Table S2, ESI). This is in good agreement
with the higher and lower energy band in the UVevis spectra of
compound 1. Therefore, there is reasonable agreement between
theoretical and experimental results (Fig. 5), indicating that the
absorption band from 400 to 600 nm belongs to the intramolecular
charge transfer absorption
3.6. Self-assembly investigation

To gain a direct insight into the self-assembly characteristic of
compound 1, scanning electron microscopy (SEM) is used to study
the results. The compound forms straight and short 2D nanostrips
with hecto-nanometers in width, deca-micrometers in length and
the surface is smooth (Fig. 6). Unfortunately, the metallic-
complexes of 1 are unstable compounds which are immediately
hydrolyzed and decomposed in the air. Thus, the self-assembly
structures of compound 1 with different metal ions could not
obtained by the self-assemblization method. However, it is expec-
ted that the functional organic micro-nanostructures of compound
1 are to be used as building blocks for next generation of organic
semiconductor nanodevices, and the in-depth investigations of the
self-assembly nanostrips are in progress.
4. Conclusion

In conclusion, a new TTF-based donoreacceptor compound 1
which is functionalized with pyrazine and linked by pyrazine
bridge has been prepared. Spectroscopic, electrochemical, metallic
cations binding and theoretical studies have demonstrated that the
pyrazine ring is greatly facilitated to the electronic communication
between TTF moiety and acceptor unit, thus leading to intra-
molecular charge transfer. The interaction of pyridyl-substituted
TTF compound with metallic ions can significantly cause the
remarkable changes in the absorption and fluorescence spectra.
The calculated structure of compound 1 reveals that the pyrazine
ring is almost coplanar to the plane of TTF, which is beneficial to the
donor and acceptor electronic communication. The self-assembly
nanostructures of compound 1 have potential applications in future
optoelectronic devices.
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