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a b s t r a c t

Two C2-symmetrical hexaazatriphenylene (HAT) derivatives, 2,3-diphenyl-6,7,10,11-tetra(pyridin-

2-yl)dipyrazino[2,3-f:20 ,30-h]quinoxaline (1) and 2,3,6,7-tetraphenyl-10,11-di(pyridin-2-yl)dipyra-

zino[2,3-f:20 ,30-h]quinoxaline (2), were designed and synthesized by the condensation reaction of

1,2-diamines and 1,2-diketones. Both compounds 1 and 2 exhibit sensitive, ratiometric and colori-

metric fluorescence selectivity for Zn2þ ion over alkali ions, alkaline earth ions and a wide range of

transition metal ions upon excitation at 350 nm in acetonitrile/water. The interactions between 1 or 2
and Zn2þ can be observed by naked eyes with an obvious color change of the solution from colorless to

yellow. For fluorescence intensity of 2 toward Zn2þ , a good linearity (correlation coefficient R2
¼0.993)

was established with a detection limit of 0.095 mM, which is more sensitive than that of 1 (0.2 mM). The

binding modes of the free ligands 1 and 2 with Zn2þ are discussed in context to their photophysical and

electrochemical properties as well as single X-ray crystallographic structures of 1, 2 and 1-Zn.

& 2013 Elsevier B.V. All rights reserved.
1. Introduction

Hexaazatriphenylene (HAT) and its derivatives, based on the
variety of structures readily modified by their six substituent
groups, have received intense attention in view of their applica-
tions to develop n-type semiconductors [1,2], liquid crystals [3,4],
magnetic materials [5–7], ligands for coordination chemistry
[8–10] and self-assembly morphologies [11–13]. Because of the
symmetrical array of three chelating sites to metal ions, HAT
derivatives which are disk-shaped aromatic molecules have been
used in construction of attractive metal-assembled systems
[14,15]. Furthermore, the HAT derivatives can also be developed
as selective fluorescence sensors for metal ions in environmental
monitoring, although the investigations of the HATs on applica-
tion for fluorescence chemsensors are just at the initial stage.
Recently, the first fluorescence chemsensor of HATs, hexa-2-
pyridyl hexaazatriphenylene (HPDQ), was synthesized by mer-
ging six pyridine units into a HAT core [11], which showed highly
on/off fluorescence selectivity for Cd2þ over many other metal
ions [16]. Inspired by the pioneering work above, it is valuable to
design a series of HAT derivatives with different coordination
structures, such as non-centrosymmetric HATs which are still
quite rare mainly due to the lack of practical synthesis methods
ll rights reserved.
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[17–19], in order to obtain different fluorescence sensors for
different metal ions. Additionally, to the best of our knowledge,
non-centrosymmetric HAT-based fluorescence chemsensors for
selective recognition of transition metal ions have not ever been
reported in literatures.

Zinc, as the second most abundant transition metal in the
human body, plays diverse roles in biological activities such
as catalytic cofactors and neural signal transmitters [20–22].
Although much research of fluorescence chemsensors for Zn2þ

has been carried out, the development of highly sensitive selec-
tive ratiometric and fluorescence chemosensors for zinc ions is
still an important task in science and technology [23,24]. Herein,
two novel C2-symmetrical HAT compounds, 2,3-diphenyl-
6,7,10,11-tetra(pyridin-2-yl)dipyrazino[2,3-f:20,30-h]quinoxaline
(1) and 2,3,6,7-tetraphenyl-10,11-di(pyridin-2-yl)dipyrazino[2,3-
f:20,30-h]quinoxaline (2), bearing different number of pyridine
groups were designed and synthesized conveniently by two step
reactions (see Scheme 1). The two C2-symmetrical HAT com-
pounds 1 and 2 are architecturally different in their coordination
geometry compared with the symmetrical HPDQ [11]. That is to
say, HPDQ has three identical chelating sites and each site has
four N atoms, while 1 and 2 exhibit two different types of binding
sites with different N atoms, which lead to selectivity for other
metal ions rather than Cd2þ . Both 1 and 2 exhibit ratiometric and
colorimetric fluorescence recognition of Zn2þ nearly without
interference by many other background metal ions, including
alkali ions, alkaline earth ions and a wide range of transition
metal ions. The selective recognition behaviors for Zn2þ are



Scheme 1. Synthesis routes of 1 and 2 .
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discussed according to the photophysical and electrochemical
properties of free ligands as well as single X-ray crystallographic
structures of 1, 2 and 1-Zn.
2. Experimental

2.1. Materials and general methods

All reagents and chemicals were purchased from commercial
sources and were used as received unless stated otherwise. All
solvents used for photophysical studies were purified by standard
procedures. The 1H NMR spectrum was measured in CDCl3 with a
Bruker 400 MHz NMR spectrometer with chemical shifts reported
as ppm. Elemental analyses (C, H, and N) were tested using a
Perkin-Elmer 240C analyzer. IR spectra were obtained on a
TENSOR 27 OPUS Fourier transform infrared (FT-IR) spectrometer
(Bruker) using KBr disks dispersed with sample powders in the
4000–400 cm�1 range. UV–vis absorption spectra were recorded
on a Shimadzu UV-2450 spectrophotometer and fluorescence
spectra were recorded on a Varian Cary Eclipse fluorescence
spectrometer. Mass spectra were carried out in a TRACE DSQ
spectrometer.

2.2. Synthesis of 2,3-diphenyl-6,7,10,11-tetra(pyridin-2-yl)-

dipyrazino[2,3-f:20,30-h]quinoxaline (1)

The synthesis routes of the target HAT derivatives are outlined
in Scheme 1. Compound hexaaminobenzene (HAB) was prepared
according to the literature methods [25,26]. HAB (1 g, 5.9 mmol)
dissolved in a mixture of water (75 mL) and ethanol (220 mL)
under nitrogen atmosphere, and the solution was heated to 50 1C
for 10 min. Then a solution of 2,20-pyridil (2.5 g, 11.9 mmol) in
ethanol (75 mL) was added dropwise. The reaction mixture was
stirred for 2 h and then allowed to cool down to room tempera-
ture. The solid product diamine (3) was filtered and washed with
ethanol, which was used directly in the next reaction step. Under
nitrogen atmosphere benzil (84 mg, 0.4 mmol) and 3 (202 mg,
0.4 mmol) were added to a mixture of ethanol (50 mL) and acetic
acid (5 mL) and refluxed for 2 h. The precipitation was filtered
and purified by column chromatography (silica gel) using dichlor-
omethane/methanol (50/1) as eluent to afford 1 as white
solids with yield of 21%. 1H NMR (400 MHz, CDCl3): d 8.44
(t, J¼7.5 Hz, 4H), 8.37 (s, 4H), 7.96 (t, J¼7.2 Hz, 4H), 7.88–7.79
(m, 4H), 7.46–7.36 (m, 6H), 7.34–7.27 (m, 4H). MS (ESI-MS) m/z:
695.4 [MþH]þ . Anal. calcd. for C44H26N10 �CH3OH: C, 74.37%;
H, 4.16%; N, 19.27%; Found: C, 74.55%; H, 4.05%; N, 19.01%. IR
(KBr, cm�1): 3134, 1585, 1400, 1143, 1093, 1040, 993, 954, 746,
694, 596, and 555.

2.3. Synthesis of 2,3,6,7-tetraphenyl-10,11-di(pyridin-2-yl)-

dipyrazino[2,3-f:20,30-h]quinoxaline (2)

Compound 2 was prepared via a similar procedure to that of 1.
A white solid was obtained with a yield of 22%. 1H NMR
(400 MHz, CDCl3) d 8.46 (d, J¼7.6 Hz, 2H), 8.38 (d, J¼4.4 Hz,
2H), 7.98 (t, J¼7.7 Hz, 2H), 7.89–7.79 (m, 8H), 7.48–7.36 (m, 12H),
7.35–7.29 (m, 2H). MS (ESI-MS) m/z: 693.4 [MþH]þ . Anal. calcd.
for C46H28N8 �2H2O: C, 75.81%; H, 4.43%; N, 15.38%; Found: C,
75.93%; H, 4.03%; N, 15.02%. IR (KBr, cm�1): 3132, 1589, 1402,
1369, 1234, 1140, 1040, 951, 772, 696, 596, and 542.

2.4. Growth of the single crystals of 1, 2 and 1-Zn

1 or 2 (10 mg) was dissolved in dichloromethane (10 mL) in a
test tube. Block-shaped crystals of 1 or 2 were obtained by slow
evaporation of the dichloromethane solvent at room temperature
for about 2 weeks. 1 (7 mg) dissolved in chloroform (1 mL) in a
test tube. A solution of Zn(NO3)2 �6H2O (15 mg) in acetonitrile
(10 mL) was added into the tube. Yellow block-shaped crystals
1-Zn were generated by slow evaporation of the solvent at room
temperature for about 3 weeks. Despite extensive efforts, the
elemental analyses of 1-Zn were not well reproduced; this case
probably results from the fact that the disorder of the solvent
molecules and their extent in the channels may vary depending
on the exposure time of the sample to air.

2.5. X-ray data collection and structure determinations

X-ray single-crystal diffraction data for compounds 1, 2 and
1-Zn were collected on a SCX-Mini diffractometer at 293(2) K
with Mo-Ka radiation (l¼0.71073 Å) by o scan mode. The
program SAINT [27] was used for integration of the diffraction
profiles. All the structures were solved by direct methods using
the SHELXS program of the SHELXTL package and refined with
SHELXL (semi-empirical absorption corrections were applied
using SADABS program) [28]. The final refinement was performed
by full matrix least-square methods with anisotropic thermal
parameters for non-hydrogen atoms on F2. The hydrogen atoms of
the ligands were generated theoretically onto the specific atoms
and refined isotropically with fixed thermal factor. CCDC refer-
ence numbers are 896264–896266 for 1-Zn, 1 and 2, in order.



Fig. 1. Fluorescence emission spectra (lex¼350 nm) of 1 (a) and 2 (b) in the presence of different metal ions (1 equiv) in acetonitrile. Selectivity of 1 (c) at 545 nm

and 2 (d) at 550 nm, toward Zn2þ and other metal ions (1 equiv). The concentrations of 1 and 2 were respectively 10 mM and 5 mM. The excitation and emission slit widths

were 5 nm.
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3. Results and discussion

3.1. Fluorescence selectivity for Zn2þ

The fluorescence response behaviors of compounds 1 and 2
were investigated by addition of various metal ions (Naþ , Kþ ,
Mg2þ , Ca2þ , Mn2þ , Fe2þ , Co2þ , Ni2þ , Cu2þ , Cd2þ , Zn2þ , Agþ ,
Hg2þ , and Pb2þ) in acetonitrile with the excitation at 350 nm.
Upon addition of 1 equiv Zn2þ to 1, significant fluorescence
enhancement could be observed with a red-shift band centered
at 545 nm, and the fluorescence emission at 417 nm disappeared
simultaneously (Fig. 1a). In contrast, the addition of Naþ , Kþ , and
Mg2þ exhibited nearly no effect on the emission spectrum of 1.
Meanwhile, the alkaline earth metal Ca2þ and the other transition
metal ions Mn2þ , Fe2þ , Co2þ , Ni2þ , Cu2þ , Agþ , and Hg2þ

quenched the emission of 1 to different extents, and a new red-
shift band with relatively low intensity appeared upon addition
of Ca2þ and Cd2þ . As shown in Fig. 1c, compared with Zn2þ , the
fluorescence response caused by the addition of other metal ions
to 1 around 545 nm was negligible. In the case of 2, the addition
of Zn2þ also led to a pronounced red-shift fluorescence emission
centered at 550 nm. The effects by addition of other metal ions to
2 were analogous to those to 1 except Ca2þ which exerted no
influence on 2 (Fig. 1b). At around 550 nm, the emission caused
by the addition of other metal ions to 2 also could be negligible
compared with Zn2þ (Fig. 1d).

The fluorescence titration experiments were carried out in
acetonitrile (Fig. 2a). Upon addition of Zn2þ ion to 1, a gradual
decrease in fluorescence intensity at 417 nm and the appearance
of a new red-shift emission band at 545 nm were observed
simultaneously with an isoemission point at 475 nm, which
indicated a clear ratiometric fluorescence change. The ratio of
the emission intensity at 417 nm to that at 545 nm (I545/I417)
increased from 0.003 to 193.8 upon addition of Zn2þ . At the
same time, obvious color transformation from colorless to yellow
and fluorescence change from blue to bright yellow were also
observed (Fig. 2a inset). The fluorescence quantum yield of 1 was
0.007 while that of 1–Zn2þ increased to 0.018 [29]. In the case of
2, similar fluorescence phenomena were observed as shown in
Fig. 2b. After binding Zn2þ ion to 2, the emission band moved red-
shifted from 416 to 550 nm and the fluorescence quantum yield
increased from 0.015 to 0.092. Apparently, both 1 and 2 present
ratiometric and colorimetric fluorescence selectivity for Zn2þ . The
obvious fluorescence enhancement with red-shift responses may
be attributed to two reasons: (1) the coordination of nitrogen
atoms to Zn2þ ion will reduce the electron with-drawing effect of
nitrogen atoms and lower the electron density, which lead to the
intramolecular charge-transfer (ICT) effect [16,30–32] and (2) the
formation of the metal–complex enhances the plane rigidity,
which will be discussed later in crystal structure part, which
may increase the conjugated system of the whole molecules
[33,34].

We further investigated the fluorescence titration experiment
in 5% aqueous acetonitrile, which also showed a ratiometric
fluorescence response to Zn2þ (Fig. S1). From the theoretical
nonlinear fit of experimental data, the logarithm of the binding
constant of Zn2þ with 1 (log b) is 13.0570.38, and the binding
stoichiometry of 1 to Zn2þ is 1:3 (Fig. S2) [35]. Job’s plot analysis
also proves the 1:3 stoichiometry of 1–Zn2þ (Fig. 3). Furthermore,
the 1H NMR titration in CDCl3–CD3CN (5/1) suggested the forma-
tion of stable complex when 3 equiv Zn2þ ions were added to the
solution of 1, which also confirmed the 1:3 binding mode of
1-Zn2þ (Fig. S3). With respect to 2, by the support of nonlinear fit,
Job’s plot and 1H NMR titration, two Zn2þ ions coordinate to one



Fig. 2. Fluorescence emission spectra (lex¼350 nm) of 1 (a) (10 mM) and 2 (b)

(5 mM) in acetonitrile upon the addition of Zn2þ [(a) 0, 1, 2, 4, 5, 7, 8, 9, 10, 11, 12,

13, 15, 17, 20, 25, 30 mM Zn2þ , (b) 0, 0.25, 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5, 5.0,

6.0, 7.5, 10, 15, 20, 25, 35, 50, 75, 100, 150, 200, 250 mM Zn2þ]. The excitation and

emission slit widths were 5 nm. Inset: color changes (left) and fluorescence

changes excited by UV lamp (365 nm) (right) in compounds 1 (a) and 2
(b) upon addition of Zn2þ .

Fig. 3. Job’s plot of 1 (a) and 2 (b) to Zn2þ in acetonitrile obtained by emission

measurements.
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molecular 2. The logarithm of the binding constant of 2–Zn2þ (log
b) is 9.670.29. Above all, upon addition of Zn2þ , 1 forms a
trinuclear structure in solution, while a dinuclear structure tends
to form between 2 and Zn2þ . The proposed coordination modes of
1 and 2 with Zn2þ are shown in Fig. 4, which will be discussed in
the section of the crystal structures.

Although both 1 and 2 showed good fluorescence selectivity to
Zn2þ ion, a remarkable difference of the sensitivity in 5% aqueous
acetonitrile between 1 (50 mM) and 2 (50 mM) toward Zn2þ was
observed. The detection limit of 1 was calculated (3s/k) in the
range of 0–7 mM (R2

¼0.991) with a result of 0.2 mM (Fig. S4). The
detection limit of 2 toward Zn2þ was determined as 0.095 mM
by the fluorescence titration data recorded under a concentra-
tion range from 0 to 30 mM (R2

¼0.993), which was a significant
improvement over that observed for 1. The results suggest that
both 1 and 2 are sensitive toward Zn2þ , while 2 is much more
sensitive than 1. The main reason for the different sensitivitives
between 1 and 2 toward Zn2þ may be attributed to the different
binding stoichiometries of Zn2þ to 1 and 2. Furthermore, compar-
ing with the existing Zn-sensors [20,35], both 1 and 2 show lower
detection limit to Zn2þ .

To further evaluate Zn2þ-selectivity of 1 and 2 over other
metal ions, competition experiments were conducted by addition
of 1 equiv of Zn2þ ions to the solution of 1 or 2, respectively, in
the presence of 1 equiv of other metal ions. As shown in Fig. S5a,
the emission intensity of 1–Zn2þ was nearly unperturbed in
the presence of the alkali and alkaline earth ions Naþ , Kþ ,
Mg2þ and the heavy transition metal ions Agþ , Hg2þ and Pb2þ ,
while the metal ions Ca2þ , Cd2þ , Mn2þ , Co2þ and Ni2þ , exhibited
an appreciable interference with Zn2þ . It is worth to mentioing
that Zn2þ can be easily detected in the presence of Ca2þ although
the intensity of 1–Zn2þ is only 3.4-fold that of 1-Ca2þ at 545 nm.
Similarly, 2 also displayed good recognition of Zn2þ over other
metal ions except Fe2þ , Co2þ and Ni2þ (Fig. S5b).

3.2. Crystal structures

In order to confirm the structures and binding modes of 1 and
2 with Zn2þ , we studied the crystal structures of 1, 2 and 1-Zn
(Fig. 5). The single crystal X-ray diffraction analysis suggests that
all 1, 2 and 1-Zn belong to the triclinic space group P-1. Detailed
crystallographic data are summarized in Table S1.



Fig. 4. Proposed binding modes of Zn2þ with 1 (a) and 2 (b).

Fig. 5. Crystal structures of 1 (a), 2 (b) and (c).
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The single crystal of 1-Zn is a tetranuclear structure in which 1
coordinates directly to three Zn ions (Zn1, Zn2 and Zn3), while
Zn4 is only linked with Zn3 via bridging OH� (Fig. 5c). Three
coordinated pyridyls almost share the same plane with the HAT
core owing to the coordination with Zn2þ through N7, N8, N10
atoms. Consequently, the coordination of Zn2þ enhances the
plane rigidity of 1, and results in the stronger fluorescence effect.
The bond lengths of Zn–N/O and the angles of N–Zn–N/ O–Zn–O/
N–Zn–O are listed in Table S2.

As demonstrated before, upon addition of Zn2þ ion to 1 in
acetonitrile, three Zn2þ ions coordinated to one molecule 1. How-
ever, in the crystal state, a tetranuclear structure was obtained.



Fig. 6. Absorption spectra of 1 (a) (25 mM) and 2 (b) (25 mM) in the presence of

different concentrations of Zn2þ in acetonitrile. [(a) 0, 2.5, 5, 7.5, 10, 12.5, 15, 17.5,

20, 22.5, 25, 30, 35, 40, 45, 50, 55, 65, 87.5, 125 mM Zn2þ , (b) 0, 2.5, 3.75, 5, 6.25,

7.5, 7.75, 10, 11.25, 12.5, 13.75, 15, 17.5 mM Zn2þ].
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The different stoichiometries of Zn2þ ions to 1 between crystal
state and solution state maybe attributed to the requirement of
charge balance in the crystal structure. Accordingly, on the base of
the single crystal of 1-Zn, we propose that the structure with 1:3
stoichiometry in acetonitrile is a trinuclear complex of Zn1, Zn2,
Zn3 coordinating to one molecule 1 with positive charge (Fig. 5c),
which is consistent with the binding modes previously raised
(Fig. 4).

3.3. Electronic absorption spectroscopy of 1 and 2

Normalized absorption spectra of 1 and 2 in acetonitrile
(50 mM) are shown in Fig. S6a. The UV–vis spectrum of 1 exhibited
three bands around 343, 312, and 249 nm, while 2 showed three
absorption bands at 349, 315, and 249 nm. The lowest energy
absorption band of 2 red-shifted by 6 nm compared with 1. The
absorption band gaps of 1 and 2, calculated from the absorption
onsets [36], are 3.18 and 3.14 eV (Table 1), respectively, which
suggests that the energy gaps of 1 and 2 are extremely close. In
contrast to the slight shift of the absorption bands between 1 and 2
in the UV–vis spectra, the corresponding normalized fluorescence
spectra of the two compounds displayed almost identical emission
bands as shown in Fig. S6b.

The UV–vis titrations of Zn2þ to 1 and 2 were also investigated
in acetonitrile (Fig. 6). With increasing concentration of Zn2þ , two
well-defined isosbestic points around 235, 366 nm for 1 and four
isosbestic points around 231, 269, 282, 372 nm for 2 appeared in
the UV–vis spectra, indicating the formation of new species
between Zn2þ and 1, 2.

3.4. Electrochemical properties of 1 and 2

The electrochemical properties of 1 and 2 were studied by
cyclic voltammetry measurements (Fig. 7), which may shed some
light on the interactions between 1 or 2 and the metal ions.
The measurement was performed with 10�3 M dichloromethane
solution using 0.1 M tetrabutylammonium perchlorate as the
supporting electrolyte and Ag/AgCl as reference electrode. It is
worth mentioning that three reduction waves at �1.27, �1.51,
�1.71 V for 1 and �1.34, �1.58, �1.77 V for 2 were observed,
which were attributed to the consecutive reduction steps of three
pyrazine moieties [18,37,38].

The LUMO energy level was deduced according to the empiri-
cal formula ELUMO¼�[4.8�EFOCþEred

onset] eV by using the onset
potentials for reduction [17,39,40]. The EFOC was the half-wave
potential of ferrocene as the standard. As listed in Table 1, the
LUMO energy level of 1 was only 0.07 eV lower than that of 2,
which could be negligible. The HOMO energy levels, which were
derived from the relationship Egap¼EHOMO�ELUMO, were calcu-
lated to be �6.282 eV for 1 and �6.171 eV for 2. These results
demonstrate that compound 1 has proximate LUMO energy level
and energy gap compared with 2, which may explain the fact that
both 1 and 2 exhibit similar electronic absorption and emission
behaviors.
Table 1
Electrochemical properties of 1 and 2.

Compound Eonset (V)a ELUMO (eV)b EHOMO (eV)d Egap (eV)c

1 �1.148 �3.102 �6.282 3.18

2 �1.219 �3.031 �6.171 3.14

a Obtained from cyclic voltammograms in dichloromethane. Reference

electrode: Ag/AgCl.
b Calculated from cyclic voltammograms.
c Optical band gap.
d Calculated according to the formula EHOMO¼ELUMO�Egap.

Fig. 7. Cyclic voltammograms of 1 and 2 in dichloromethane at a scan rate of

100 mV/s.
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4. Conclusion

We have developed two new C2-symmetrical HAT derivatives
1 and 2 with different numbers of peripheral pyridine groups.
Both of them exhibit ratiometric and colorimetric fluorescence
selectivity to Zn2þ over alkali ions, alkaline earth ions and a wide
range of transition metal ions. Compound 2, with a detection limit
of 0.095 mM, is more sensitive toward Zn2þ than 1. Compound 1
has proximate LUMO energy level, energy gap and coordination
sites compared with 2, which is supported by the optical,
electrochemical properties and the single crystal structures of 1,
2 and 1-Zn. These results will increase the knowledge of design
and applications in fluorescence selectivity for non-centrosymmetric
HAT derivatives.
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