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Two hexaazatriphenylene (HAT) derivatives, 2,3,6,7-tetramethyl-10,11-di(pyridin-2-yl)dipyrazino|[2,
3-f:2',3'-h]quinoxaline (1) and 2,3-dimethyl-6,7,10,11-tetra(pyridin-2-yl)dipyrazino[2,3-f:2',3'-h]quinoxa-
line (2), were designed and synthesized. Both 1 and 2 exhibited high off-on fluorescent selectivity for
Cd?* over many other metal ions, and the detection limits were determined to be 0.6 and 5.0 HM,
respectively. The stoichiometry and coordination mode of blue fluorescent 1-Cd?* and cyan fluorescent
2-Cd** were determined with fluorescence titration fit, Job's plot analysis, "H NMR titration and X-ray
crystallography, and the fluorescence enhancement mechanism was analyzed with density functional

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Cadmium (Cd), which is widely used in industry, agriculture
and many other fields, has caused serious environmental problems
[1-3]. It is recognized that Cd is a highly toxic element and is easy
to be absorbed and accumulated by plants and animals to the
levels dangerous to their health [4-6]. Excessive exposure to Cd?*
would cause serious health disorders even certain cancer. It is in
great need for the development of methods to detect and monitor
Cd level. Due to the operability and sensitivity, fluorescent sensors
are powerful tools for the detection of metal ions and widely used
not only in environmental monitoring but also in biological studies
[7-11]. In recent years, a large number of fluorescent sensors have
been reported for the detection of Cd?* ion [12-15]. However,
because of the similar chemical properties of Cd>* and Zn?*, most
of these sensors also respond to Zn?* ion [16-19]. Hence, it is still
a great challenge to develop Cd?* selective sensors that are
immune to the interference of Zn?* and other metal ions [20,21].

The general basis of designing a molecular sensor for selective
recognition is the host-guest interaction, such as hydrogen bond-
ing, electrostatic force, metal-ligand coordination, hydrophobic
interaction and van der Waals interaction [22-24]. The challenge
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in developing fluorescent sensors is to enhance the induced signal
of a particular target [25-27]. Conjugated aromatic structures,
which are characterized with extensive m-electron delocalization
and strong fluorescent emission, have been widely used as
fluorophores in amplified chemosensory systems [28-30]. In
recent years, t-conjugated hexaazatriphenylene (HAT) derivatives,
which are obtained from the modification of HAT core (Chart 1)
with various substituent groups, have received intense attention
because of their applications in n-type semiconductor [31,32],
liquid crystal [33,34], magnetic material [35,36] and coordinate
self-assembly [37-39]. The application of HAT derivatives in
fluorescent chemsensor was also attempted in recent years [40].
Although some positive results have been reported, the research in
this area is still at the initial stage. In our previous work, we have
developed two phenyl substituted HAT derivatives for the detec-
tion of Zn?>* [41]. Considering that Cd®* has similar electronic
structure but larger size relative to Zn®*, we assume that replacing
the phenyls with smaller substituents, such as methyl, which
would reduce the steric hindrance to metal ions and thus enhance
the binding ability to Cd?™, is a promising strategy for the design
of Cd** response fluorescent sensors.

In this work, two methyl substituted HAT derivatives, 2,3,6,
7-tetramethyl-10,11-di( pyridin-2-yl)dipyrazino[2,3-f:2',3'-h|quinoxa-
line (1) and 2,3-dimethyl-6,7,10,11-tetra(pyridin-2-yl)dipyrazino|[2,3-
f:2'3'-h]quinoxaline (2), were designed and synthesized conveni-
ently by two step reactions (see Scheme 1). They both exhibit
selective turn-on fluorescent recognition of Cd®>* ion that is nearly
unaffected by many other background metal ions including Na™, K™,
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Ca%*, Mg?*, Mn?", Fe?*, Co?*, Ni?*, Cu?*, Zn?>*, Ag* and Pb>+.
The recognition behaviors of 1 and 2 to Cd?* ion were investigated
by fluorescence titration, UV-vis spectrum, 'H NMR titration and the
single X-ray crystallographic method. Time-dependent density func-
tional theory (TD-DFT) calculation was further carried out to explore
the mechanism of fluorescent enhancement of 1 and 2 upon
coordination with Cd?~.

2. Experimental
2.1. Materials and general methods

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

2.2. Preparation of solutions for fluorescence and absorption

Solutions of metal ions (K*, Na™, Ca®*, Mg?*, Mn?™*, Fe?™*,
Co?*, Ni2*, Cu®*, Ag™, Pb®*, Zn?* and Cd?*) of 0.03M in
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acetonitrile were prepared. The concentration of 1 in the fluores-
cence and UV-vis titration experiments was 50 pM with acetoni-
trile as solvent, and that of 2 was 10 pM. For all of the fluorescent
measurements, the excitation wavelength was 320 nm with exci-
tation and emission slit widths of 5 nm at room temperature.

2.3. Synthesis of 2,3,6,7-tetramethyl-10,11-di(pyridin-2-yl)
dipyrazino[2,3-f:2',3'"-h]quinoxaline (1)

The synthetic routes of the target HAT derivatives are outlined
in Scheme 1. Hexaaminobenzene (HAB) was prepared according to
the literature method [42,43]. Under nitrogen atmosphere, HAB
(1.3 g, 7.7 mmol) was dissolved in a mixture of water (75 mL) and
ethanol (220 mL), and the solution was heated to 50 °C in 10 min.
Then a solution of 2,3-butanedione (1.3 g, 15.4 mmol) in ethanol
(70 mL) was added dropwise. The reaction mixture was stirred for
2 h and then allowed to cool down to room temperature. The solid
product diamine (3) was filtered, washed with ethanol and used
directly in the next reaction steps. Under nitrogen atmosphere,
2,2-pyridil (318 mg, 1.5 mmol) and 3 (268 mg, 1 mmol) were
added to the mixture of ethanol (30 mL) and acetic acid (0.5 mL)
and refluxed for 3 h. The reacted solution was filtered and further
purified by column chromatography (silica gel) using chloroform/
methanol (30/1) as eluent to collect the main fraction. After
removing solvent, white target product was obtained in yield of
21%. 'TH NMR (300 MHz, CDCl;) § 8.41 (d, J=4.2 Hz, 2H), 8.19 (d,
J=7.8 Hz, 2H), 7.86 (td, J=7.7, 1.7 Hz, 2H), 7.28 (ddd, J=7.6, 4.9,
11Hz, 2H), 2.98 (d, J=4.8 Hz, 12H). MS (ESI-MS) m/z: 445.6
[M+H]*. Anal. Calcd. for CygH2,Ng-H,0: C, 67.52; H, 5.00; N,
24.30%; Found: C, 67.26; H, 4.79; N, 24.23%. IR (KBr, cm~!): 1650,
1587, 1383, 1245, 743.

2.4. Synthesis of 2,3-dimethyl-6,7,10,11-tetra(pyridin-2-yl)
dipyrazino[2,3-f:2',3"-h]quinoxaline (2)

Compound 2 was prepared via a similar procedure to that of 1.
A white solid was obtained with yield of 24%. 'H NMR (300 MHz,
CDCls) 6 8.46-8.28 (m, 8H), 7.95 (t, J=7.6 Hz, 4H), 7.35-7.25 (m,
4H), 3.00 (s, 6H). MS (ESI-MS) m/z: 633.6 [M+Na+K+H]". Anal.
Calcd. for C46HosNg - 2H,0: C, 57.14; H, 5.36; N, 19.60%; Found: C,
57.47; H, 5.21; N,19.02%. IR (KBr, cm~'): 1587, 1472, 1369, 1374,
1220, 998, 792, 744, 595.
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Scheme 1. Synthetic routes of 1 and 2.
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2.5. Synthesis of the single crystals of 1-Cd and 2-Cd

Compound 1 (0.01 mmol) and CdCl, (0.05 mmol) were dis-
solved in dichloromethane/methanol (3 mL, v/v=1/2), the mix-
ture was sealed in a small capped vial and heated at 95 °C for
3 days, followed by slow cooling to room temperature in 12 h.
Yellow crystals of 1-Cd were collected. Single crystals of 2-Cd
suitable for X-ray analysis were obtained by a similar method to 1-
Cd. Compound 2 (0.01 mmol) and Cd(NOs),-4H,0 (0.05 mmol)
were dissolved in dichloromethane/methanol (3 mL, v/v=1/2), the
mixture was sealed in a small capped vial and heated at 65 °C for
3 days, followed by slow cooling to room temperature in 12 h. The
crystals of 2-Cd were also bright yellow. CCDC reference nos. are
922743 and 920384 for 1-Cd and 2-Cd, respectively.

2.6. X-ray data collection and structure determinations

X-ray single-crystal diffraction data for complexes 1-Cd and
2-Cd were collected on a SuperNova, Dual, Cu at zero, Atlas diffract-
ometer at 100.01(10) K with Mo-Ka radiation (1=0.71073 A) by w
scan mode. The program SAINT [44] 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) [45]. The final refinement was performed by full
matrix least-squares 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 isotropi-
cally with fixed thermal factors. The electron density of the disordered
guest molecules in complex 1-Cd was treated using the SQUEEZE
routine of PLATON [46-49]. The results were appended to the bottom
of the CIF file. The number of located electrons is 74 per unit cell,
which is included in the formula, formula weight, calculated density,
and F(000). These residual electron densities are assigned to one
molecule of methanol. So SQUEEZE one methanol molecule per
formula unit. This value calculated based upon electrons analysis
(One methanol molecule would give 18e.). So the tentative formula for
this compound is presented in the text as Cd3C,gH2gNgO,Clg. Detailed
crystallographic data (after the SQUEEZE) are summarized in Tables S1
and S2.

2.7. Theoretical calculations

Theoretical investigations on 1, 2 and their complexes with
Cd?* were performed by the Gaussian09 program package [50].
The geometries of ligands and complexes were completely opti-
mized by the B3LYP exchange-correlation functional [51-54] with
LANL2DZ [55] basis set and pseudopotential applied to Cd?>* ions
and 6-31G(d) applied to the atoms of ligands. All the final
structures were confirmed by frequency calculation to be the real
minima without any imaginary frequency. Based on the optimized
structures, the excitation properties of these compounds were
calculated with the TD-DFT method at the same level.

3. Results and discussion
3.1. Fluorescence studies

The fluorescence response of compounds 1 and 2 was investi-
gated in acetonitrile with the excitation at 320 nm. Free compound
1 (50 uM) exhibited a weak emission with the maximum at
391 nm and extremely low fluorescence quantum yield of 0.002
(Fig. 1a). Upon the addition of Cd®>* ion, a pronounced fluores-
cence peak at 438 nm appeared. The emission intensity increased
by 72-fold (I435""Y/I5611), and the quantum yield increased by
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Fig. 1. (a) Fluorescence emission spectra of 1 (50 uM) in acetonitrile upon the
addition of Cd?* from O to 5 mM. (b) Fluorescence emission spectra of 2 (10 uM) in
acetonitrile upon the addition of Cd** from 0 to 2.2 mM. The excitation and
emission slit widths were 5nm and 2., was 320 nm. Color changes (left) and
fluorescence changes excited by UV lamp (365 nm) (right) in compounds 1 (a) and
2 (b) upon addition of Zn?*.

20-fold. Accordingly, under the irradiation of an UV lamp (cen-
tered at 365 nm), the solution of 1 changed from non-luminous to
blue fluorescent upon the addition of Cd?*, which could be
observed directly by naked eyes (Fig. 1a insert). The fluorescence
response of compound 2 to Cd?>* ion was analogous to that of 1
(Fig. 1b). With the addition of Cd** ion to 2 solution (10 uM), a
new strong emission band with the maximum at 457 nm appeared
and the fluorescence quantum yield increased from 0.004 to 0.06.
The fluorescent color of the solution of 2 changed from dark to
cyan with Cd®* addition (irradiated with UV lamp, Fig. 1b insert).
Apparently, both 1 and 2 have off-on response to Cd?* ion.

The sensitivities of compounds 1 and 2 toward Cd®>* were
examined with fluorescence titration experiments (also shown in
Fig. 1). The emission spectra of a batch of their solutions (50 pM
for 1 and 10 pM for 2) with gradually increased addition amount
of Cd?* were recorded. It was observed that, for both 1 and 2, the
intensity of the fluorescent emission band enhanced drastically
with the analytic amount in the low concentration range and
leveled off at high concentration to saturation. At low Cd?*
concentrations (0-110 pM for 1 and 0—550 pM for 2), a good
linear correlation (R>=0.993 for 1 and 0.992 for 2) exists between
the fluorescence enhancement extent and the addition amount of
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Fig. 2. Linear emission intensity change of 1 (a) and 2 (b) as a function of the
concentration of Cd?* ion.

Cd?~ (Fig. 2). From the slopes of the fitting lines of the data in the
linear response range (k) and the deviation of fluorescent mea-
surements (o), the detection limits of 1 and 2 towards Cd** (3s/k)
were calculated to be 0.6 and 5.0 pM, respectively. The detection
limit of 1 is lower than that of 2, which means that 1 is more
sensitive to Cd?* relative to 2 and may result from the different
binding modes of 1-Cd?>* and 2-Cd?*.

The fluorescence titration experiments also provide information
about the binding modes and stability of 1 and 2 to Cd** ion. The
nonlinear fit of the titration data shows that 1 coordinates to Cd?* in
1:2 stoichiometry and the logarithm of the cumulative stability
constant (log ) is 9.1, while 2-Cd®** presents the stoichiometry of
1:3 and the log # of 101 (Fig. S1) [56,57]. Job's plot analysis also
supported the 1:2 stoichiometry of 1-Cd?>* and 1:3 stoichiometry of
2-Cd>* (Fig. S2). The difference in the binding stoichiometry between
1-Cd?* and 2-Cd?™* is mainly due to the distinct binding sites of 1 and
2, that is, 1 has two chelate sites but 2 possesses three.

3.2. Selection and competition experiments

Since the response specifity is essential for a chemsensor, we
also tested the fluorescent response of these two compounds to
other common metal ions. As shown in Fig. 3, in contrast to Cd?*,
the addition of excess Na*, K™, Mg+, Ca®?*, Mn?™*, Fe?*, Co®*,
Ni*, Cu?*, Zn?*, Ag*, and Pb?>* to the solution of 1 (50 uM) and
2 (10 pM) only caused negligible change in the fluorescence
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Fig. 3. Fluorescence emission spectra (1ex=320nm) of (a) 1 (50 uM) and (b) 2
(10 uM) in the presence of different metal ions (10 equiv for 1 and 50 equiv for 2) in
acetonitrile. The excitation and emission slit widths were 5 nm.

emission, which shows that these two compounds have excellent
selectivity to Cd>* over other metal ions. We further investigated
the fluorescence selectivity of 1 and 2 in the mixed solvent of
acetonitrile and water. Both 1 and 2 can maintain the superior
selectivity to Cd?>* until water content was raised to 5% (Fig. S3).
Another important criterion for a selective sensor is its ability
to detect a specific species under the interference of other
competing ions. To further assess the Cd?*-selectivity of 1 and 2,
competition experiments were conducted by the addition of Cd?*
ion to the solution of 1 or 2 coexistent with other metal ions. As
shown in Fig. 4, the emission intensity of 1-Cd?* was nearly
unperturbed in the presence of other metal ions except Ni>* and
Cu?*. Similarly, compound 2 also displays good recognition of
Cd?* over other metal ions except Ni2* and Cu?™*. These results
mean that compounds 1 and 2 have a higher affinity with Cd?*.
It is well known that, because of the similar chemical proper-
ties between Zn?* and Cd?*, the discrimination of these two
metal ions is very difficult. However, in this work, the fluorescent
emission of 1-Zn?* and 2-Zn?* enhanced remarkably upon the
addition of Cd2*, that is, I/l increased from 1.4 to 56.2 for 1-Zn2+,
and from 7.5 to 156.9 for 2-Zn?*(measured respectively at 438 and
457 nm, Fig. S4). These results prove that both 1 and 2 can easily
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Fig. 4. Competitive selectivity of 1 (a) and 2 (b) towards Cd?* in the presence of
different metal ions in acetonitrile. Excitation at 320 nm. Bars represent the final
fluorescence intensity at 438 nm for 1 or 457 nm for 2. Blue bars represent the
addition of 10 equiv of metal ions to a solution of 1 (50 uM) or 50 equiv of metal
ions to 2 (10 uM). Red bars represent the subsequent addition of 10 equiv of Cd?*
to the solution of 1 or 50 equiv of Cd** to 2.

distinguish Cd®* from Zn?", and the fluorescent response of 2 to
Cd?* is absolutely free from the interference of Zn*.

3.3. UV-vis titration

Further investigation was carried out on the changes of UV-vis
spectra upon the addition of Cd®* ion to 1 (50 uM) and 2 (10 pM) in
acetonitrile (Fig. 4). The absorption spectrum of 1 exhibited two bands
at 281 and 315 nm. With the increase of Cd?>* addition amount, the
absorption at 281 nm gradually decreased, and a new red-shift band
at 292 nm appeared simultaneously with three isosbestic points at
297, 306 and 330 nm, which indicates the formation of a new species
from 1 and Cd?*. For 2, the absorption peak at 293 nm red-shifted to
309 nm with isosbestic points at 299, 324 and 350 nm. We assume
that the changes in the UV-vis absorption mainly arise from the
coordination of Cd** ions with the N atoms of ligands 1 or 2, which
enhances the planarity of the ligands.

3.4. 'H NMR titration study

To understand the nature of the interaction between sensors
and Cd?*, "H NMR titrations in CDCl;—~CD5CN (1:2) were carried

out. For compound 1 (Fig. S5a), upon the addition of Cd?>™*, the
signals of H! downfield shifted from 8.36 to 9.10. Moreover, H> of
the methyl group downfield shifted by 0.17 ppm, while H® of
another methyl group just moved by 0.05 ppm. The changes of the
signals of H!, H®> and H® indicate the coordination of Cd®>* with
N'-N€. The addition of 1 equiv Cd>* made the H signals of 1
broaden. After the addition of 2 equiv Cd®*, well-separated peaks
were obtained, suggesting the formation of a stable complex
[58,59]. No shift in the position of proton signals was observed
with further addition of Cd?*, which confirms the 1:2 binding
mode of 1-Cd?™* Fig. 5

For compound 2 (Fig. S5b), the signals of H! and H!' split into
two peaks and moved from 8.37 to 9.05 and 9.15, respectively.
Similar phenomenon was observed in H* and H*, which suggests
the binding of Cd?>* with all the N atoms. After the addition of
3 equiv Cd?* ion, well-separated peaks appeared, which supports
the 1:3 stoichiometry of 2-Cd?™.

3.5. Crystal structure

The crystal structures of 1-Cd and 2-Cd are shown in Figs. 6, S6
and S7. The crystallographic data and relevant refinement
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Fig. 5. (a) Absorption spectra of 1 (50 uM) in acetonitrile upon the addition of Cd?*

from O to 50 pM. (b) Absorption spectra of 2 (10 pM) in acetonitrile upon the
addition of Cd®>* from 0 to 10 pM.
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b

Fig. 6. Crystal structures of 1-Cd (a) and 2-Cd (b).

parameters are tabulated in Table S1, and the selected bond
lengths and bond angles are listed in Table S2.

As shown in Fig. 6a, even though three Cd?* ions are contained
in the asymmetric unit of 1-Cd, 1 coordinates directly only to Cd1
and Cd2, while Cd3 is linked with Cd1 via bridging CI3. In complex
2-Cd, one ligand 2 chelates three Cd®* ions through 10 N atoms
(Fig. 6b). These results confirm the 1:2 stoichiometry of 1-Cd®* and
1:3 stoichiometry of 2-Cd®* obtained from fluorescence titration,
Job's plot analysis and 'H NMR titration (discussed above).

In free 1 and 2 molecules, the rotation of the C-C bonds
between pyridine rings and HAT core would cause the nonradia-
tive relaxation of the excitation state. The chelation to Cd>* would
restrict the rotation of these C-C bonds, and thus enhance the
fluorescent emission. Additionally, the enhancement of the mole-
cular coplanarity would extend the conjugate system and thus
lower the T-7t* energy gap, which explains the red-shift observed
in the UV-vis spectrum.

3.6. Theoretical studies

TDDFT calculation was carried out to analyze the enhancement
effect of Cd®>* on the fluorescence emission of 1 and 2. As shown
in Fig. S8, for all the ligands and complexes, the calculated UV-vis
spectra match well with the experimental spectra. The consistence
between calculated and experimental spectra proves the reliability
of our calculation. The error of our calculation may be caused by
the solvent effect and Stoke's shift.

TDDFT calculation suggests that, for 1-Cd?>*, the bands with
lower energy (400 nm < A <480 nm) should be assigned to the
transitions from HOMO, HOMO -1, HOMO -2 and HOMO-3 to
LUMO, LUMO+1 and LUMO+ 2 (Table S3). The scrutinizing of the
structures of these orbitals shows that HOMO-HOMO — 3 mainly
locate on ligand 1, while LUMO-LUMO+2 distribute primarily
around Cd atom (Fig. S9), that is, the excitations between these
orbitals involve the charge transfer from ligand to metal. In
contrast, the low energy bands (400 nm < A < 530 nm) of 2-Cd?*
mainly involve the transitions from HOMO-HOMO -3 to LUMO,
LUMO+3 and LUMO +4 (Table S4). All these orbitals distribute on
the ligand (Fig. S10), which means that these transitions are 7t — ™
in nature. Therefore, the fluorescent emission of 2-Cd?* at 457 nm
originates from the 7* excited state of the ligand.

4. Conclusions

We have successfully synthesized two new HAT based off-on
fluorescent sensors (1 and 2), which are selective for Cd** over

many other metal ions. Upon formation of a 1:2 complex with
Cd?~ ion, the fluorescent color of 1 turns from dark to blue, while
a 1:3 stoichiometric complex between 2 and Cd?>* ion is formed
with fluorescent color change from dark to cyan. Both the
fluorescence emission enhancements of 1-Cd>* and 2-Cd** could
be explained with the chelation enhanced fluorescence (CHEF)
effect [60-62], which is fully supported by their crystal structures
and further analyzed by the DFT calculation. These results show
that HAT derivatives have potential application in fluorescence
sensor. Further studies are in progress in our laboratory.
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