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A polypyridyl ligand, 2,3,6,7,10,11-hexakis(2-pyridyl)dipyrazino[2,3-f:2/,3'-h]quinoxaline (HPDQ), was found to have excellent
fluorescent selectivity for Cd** over many other metal ions (K*, Na*, Ca*, Mg2+, Mn**, Fe**, Ni**, Co>*, Cu**, Ag’, Hg2+, Zn*t,
and Cr*") based on the intramolecular charge-transfer mechanism, which makes HPDQ a potential fluorescence sensor or probe for
Cd**. An obvious color change between HPDQ and HPDQ + Cd** can be visually observed by the naked eye. The structure of the
complex HPDQ-Cd has been characterized by X-ray crystallography. Density functional theory calculation results on the HPDQ

and HPDQ-Cd complexes could explain the experimental results.

B INTRODUCTION

Cadmium is widely used in industry, agriculture, and many
other fields." Recently, serious environmental and health pro-
blems caused by Cd** make it in great need for the development
of methods to detect and monitor cadmium levels.>* Because of
their simplicity and high sensitivity, fluorescence probes are
powerful tools to monitor in vitro and/or in vivo biologically
relevant species such as metal ions.** The challenge in develop-
ing a fluorescence sensor is to enhance and improve the induced
signal when a particular target binds to the probe.® As we know,
many synthetic sensors exhibiting fluorescent response to Cd**
have already been found;” however, because Cd** and Zn>* have
very similar chemical properties, most of these sensors can also
respond to Zn>".* Hence, it has been a great challenge to develop
a Cd**-selective fluorescence sensor that can discriminate Cd**
from Zn>" and other metal ions, and now there are already some
good cadmium fluorescence sensors showing fair selectivity over
Zn™" ions,” but a highly selective Cd** sensor is still in great need
for further exploration.

In our extended efforts to design and synthesize new metal
complexes with interesting structures and advanced functions, "’
we report herein our new discovery that a s7-conjugated poly-
dentate ligand, 2,3,6,7,10,11-hexakis(2-pyridyl)dipyrazino[2,3-
f:2',3"-h]quinoxaline (HPDQ)"" (see Chart 1), shows excellent
Cd** selectivity over many other metal ions including Zn**,
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which was confirmed both experimentally and theoretically
[by density functional theory (DFT) calculations].

B EXPERIMENTAL SECTION

Materials and General Methods. All of the starting materials for
synthesis were commercially available and were used as received. All of
the solvents used for titration measurements were purified by standard
procedures. The HPDQ ligand"' was prepared according to the pro-
cedures described in the Supporting Information. The 'H NMR spec-
trum was measured in CDCl; at 25 °C with a Varian Unity Plus 400 MHz
NMR spectrometer. Elemental analyses (C, H, and N) were performed
on a Perkin-Elmer 240C analyzer. IR spectra were measured on a
TENSOR 27 OPUS Fourier transform infrared (FT-IR) spectrometer
(Bruker) using KBr disks dispersed with sample powders in the
4000—400 cm ™ range. UV—vis absorption spectra were measured
with a Hitachi U-3010 UV —vis spectrophotometer. Fluorescence spectra
were recorded at room temperature on a Varian Cary Eclipse fluores-
cence spectrometer.

Preparation of Fluorometric Titration Solutions. Solutions
(0.015 M) of metal ions (K", Na", Ca*, Mg2+, Mn**, Fe**, Ni**, Co**,
Cu*, Ag’, Hg2+, Cd**, Zn**, and Cr3+) were prepared in acetonitrile.
The concentration of HPDQ_in the fluorescence titration tests was
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Chart 1

Table 1. Crystal Data and Structure Refinement Parameters
for Complexes HPDQ, HPDQ-Cd, and HPDQ-Zn

HPDQ HPDQ-Cd HPDQ-Zn

chemical formula Cg4H,gN»,03 CyoHpyCdyN5oO3;  CeyHysZngNyoOgs

fw 1441.46 1770.41 3228.58
space group triclinic monoclinic triclinic
a/A 20.138(4) 22.675(5) 13.735(3)
b/A 13.745(6) 15.860(3) 16.380(3)
/A 25.279(S) 18.331(4) 16.529(3)
o/deg 90.00 90.00 63.89(3)
f/deg 101.53(3) 110.86(3) 89.91(3)
y/deg 90.00 90.00 89.91(3)
V/A3 6856(4) 6160(2) 79.40(3)
z 4 4 1
D/gem™? 1.396 1.909 1.640
/mm~! 0.091 1471 1.556
T/K 293(2) 293(2) 293(2)
R/wR" 0.0586/0.1849 0.0543/0.1354 0.0880/0.2933

“RI = 3||F| — |E||/Z|Fo|- "wR2 = [S[w(E,* — F2)*)/Zw(F,*)*]""%.

5 x 10~° M with CH,Cl,/CH5CN (1:9, v/v) as the solvent. During
titration, metal ions were added into a solution of HPDQ (3 mL) using a
microinjector, and the whole volume of HPDQ and metal ions could be
considered as 3 mL because the volume of the metal ions could be
ignored compared to that of HPDQ. After stirring, the fluorescence
spectra were recorded. For all of the measurements, excitation and
emission slit widths were S nm.

Synthesis of HPDQ-Cd. In a tube, CH,Cl,/CH;CN (1:1, v/v;
10 mL) was carefully layered over a CH,Cl, (3 mL) solution of HPDQ
(0.05 mmol) as a buffer layer, over which a solution of Cd(NO3),-
4H,0 (0.15 mmol) in CH3CN (3 mL) was carefully added. This was left
undisturbed at room temperature, and brown block-shaped crystals were
harvested after about 3 weeks. FT-IR (KBr pellets, em ™ '): 3421(m),
3133(s), 2361(s), 2341(s), 2170(w), 1653(m), 1591(w), 1559(w), 1399(s),
1241(w), 1171(w), 1029(w), 822(w), 792(w), 699(m), 566(w). Anal.
Calcd for C4,H,4CdyN,,03,: C, 28.49; H, 1.37; N, 15.82. Found: C,
28.11; H, 1.69; N, 16.15.

Synthesis of HPDQ-Zn. In a tube, CH,Cl,/CH;CN (1:1, v/v;
10 mL) was carefully layered over a CH,Cl, (3 mL) solution of HPDQ
(0.05 mmol) as a buffer layer, over which a solution of Zn(NO3), - 6H,0
(0.1 mmol) in CH;CN (3 mL) was carefully added. This was left
undisturbed at room temperature, and dark-brown block-shaped crystals
were harvested after about 4 weeks. FT-IR (KBr pellets, cm™'):
3448(m), 3134(m), 1763(w), 1653(m), 1602(m), 1385(s), 1240(m),
1163(m), 1022(w), 826(m), 788(w), 753(w), 696(w), 602(w), 562(m).
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Figure 1. Fluorescence emission spectra (4., =300nm) of HPDQ (S X
10° mol L") in CH,Cl,/CH;CN (1:9, v/v, 3 mL) upon the addition
of Cd** (0,0.5,1,1.5,2,2.5,3,3.5,4,4.5,5,5.5,6,6.5,7,7.5,8,85,9,9.5,
10,10.5,11, 11.5, 12, 12.5, 13,13.5, 14, 14.5, 15, 15.5, and 16 equiv). The
excitation and emission slit widths were S nm. Inset: (a) Ratiometric
calibration curve Iysg nm/Lios nm as a function of [Cd**]/[HPDQ]. The
photograph was taken under a hand-held UV—vis (365 nm) lamp.

Anal. Calced for Cg4H,3ZngN49Ogs: C, 31.25; H, 1.50; N, 17.35. Found:
C, 30.91; H, 1.89; N, 17.67.

X-ray Data Collection and Structure Determinations. Sin-
gle-crystal X-ray diffraction data for HPDQ was collected on a SCX-Mini
diffractometer at 293(2) K, while complexes HPDQ-Cd and HPDQ-Zn
were collected on a Rigaku RAXIS-RAPID diffractometer at 293(2) K
with Mo Ka radiation (4 = 0.710 73 A) in w-scan mode. The program
SAINT"? was used for integration of the diffraction profiles. All of the
structures were solved by direct methods using the SHELXS program of
the SHELXTL package and refined by full-matrix least-squares methods
with SHELXL (semiempirical absorption corrections were applied using
the SADABS program)."* Metal atoms in each complex were located
from E maps, and other non-H atoms were located in successive
difference Fourier syntheses and refined with anisotropic thermal
parameters on F>. The H atoms of the ligands were generated theore-
tically on the specific atoms and refined isotropically with fixed thermal
factors. Detailed crystallographic data are summarized in Table 1.

Theoretical Calculations. Theoretical investigations on the
HPDQ and HPDQ-Cd complexes were performed by the Gaussian03
program package'* and the B3LYP'® method. We used the LANL2DZ'
basis set and pseudopotential on Cd atoms, and the 3-21G* basis set was
used on all other atoms. The geometrical structures of HPDQ_and
HPDQ-Cd were fully optimized. The optimized structure of the HPDQ-
Cd complex was very close to its single-crystal X-ray structure (see the
parameters listed in Table S1 in the Supporting Information). All of the
properties including the UV—vis [obtained by time-dependent DFT
(TD-DFT)" calculations] and IR spectra were calculated at the same
level based on the optimized structures.

B RESULTS AND DISCUSSION

Fluorescence Titration. The fluorescence titration experi-
ments were carried out in CH,Cl,/CH;CN (1:9, v/v), and the
fluorescence titration results of HPDQ toward Cd** are shown in
Figure 1. Compared with the weak fluorescence at 405 nm (A, =
300 nm; Figure S1 in the Supporting Information) of the free
HPDQ, it is notable that a new emission peak at 456 nm
appeared, and the fluorescence intensity increased strikingly
after the addition of Cd*" ions. Clearly, the emission color of
the solution changed from dark to bright blue after Cd*" ions
were added.
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A comparison of the I4s6 nm/Is05 nm ratio of the fluorescence
intensity after and before the addition of Cd** exhibits an
approximate 126-fold enhancement; the fluorescence quantum
yield is 0.048,"® and the association constants of HPDQ with Cd
were obtained as Kcg; = 3.7 X 10%, Kcgp = 1.2 % 10*, and Kcys =
4.1 x 10°, respectively, by a reported method."® The change of
the fluorescence may originate from the following: (a) The
intramolecular charge-transfer (ICT) effect caused by Cd**
coordination, in other words, the coordination of Cd** to N
atoms, will reduce the electron-withdrawing ability of the N
atoms and lower the electron density of HPDQ.”® This was
confirmed quantitatively by the DFT calculation results, which
will be discussed later. (b) The increase of the conjugate effect,
that is, the formation of the complex, may have enhanced the
HPDQ conjugate effect, so the solution exhibits stronger fluor-
escence with enhanced plane rigidity.”"** Meanwhile, we also
noticed that, in Figure S1 in the Supporting Information, the
fluorescent intensity has a small change and a small red shift when
the addition of Cd*" is less than 1 equiv. This may be because
when less than 1 equiv of Cd*" is added to HPDQ (at a low con-
centration), HPDQ and Cd*" could not form a stable complex.
Nearly all of the fluorescence intensity of the solution came from
HPDQ, so the fluorescence intensity of the solution changed
very little. As the concentration of Cd*" is increased and when
the addition of Cd*" is near about 2 equiv, a few stable complex
species might form and the fluorescence intensity of the solution
increases slowly. When Cd*" is added to about 3 equiv of HPDQ,
most of HPDQ and Cd** could form a stable complex in the
solution, the new luminescent substance formed. Under the
coeffect of the ICT effect and the conjugate effect, all of the
fluorescence intensity of the solution may come from the new
luminescent substance. So, the new emission peak at 456 nm
appeared, and the fluorescence intensity increased strikingly. The
solution behavior of this system is complicated and will be further
studied.

Although 2,3-bis(2-pyridyl)quinoxaline (DPQ) and 2,3,7,8-
tetrakis(2-pyridyl)pyrazino[2,3-g]quinoxaline (TPPQ)'*® have
coordination structural units similar to those of HPDQ, experi-
mental results showed that the fluorescence properties of DPQ_
and TPPQ are very different from those of HPDQ. The fluo-
rescence intensity of DPQ increased only slightly, and the fluo-
rescence of TPPQ was quenched with increased concentration of
Cd** (Figure S2 in the Supporting Information). This indicated
that the formation of the planar trinuclear structure (which will
be discussed later in the X-ray structure part) should be the key
point for enhancement of the fluorescence.

The UV—vis spectrum of HPDQ _exhibits two strong absorp-
tion peaks at 308 and 343 nm, respectively (Figure S3a in the
Supporting Information). The addition of the first 1 equiv of
Cd” causes the absorption peaks to red shift, and the intensity of
the maximum absorption peak decreased a little. When the
concentration of Cd** was increased, two large absorption peaks
appeared at 360 and 395 nm, and the red shift was about 52 nm
(Figure S3b in the Supporting Information).

Selection and Competition Experiments. The fluorescence
emission of HPDQ changes when different metal ions are bound,
and the detection of metal ions with HPDQ was carried out in
CH,Cl,/CH3CN (1:9, v/v). As shown in Figure S4 in the
Supporting Information, HPDQ itself shows quite weak emis-
sion at around 405 nm. Among all of the metal ions investigated,
HPDQ shows unexpected high selectivity to Cd**, while fluor-
escence intensity changes were hardly observed when K, Na*,
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Figure 2. (a) Fluorescence emission spectra (1., = 300 nm) of HPDQ
(5 x 10> mol L) in the presence of different metal ions (3 equiv) in
the CH,Cl,/CH5CN (1:9, v/v). The excitation and emission slit widths
were 5 nm. (b) Fluorescence responses of HPDQ (5 x 10 > mol L™ ")
to various metal ions in CH,Cl,/CH;CN (1:9, v/v; 3 mL). The bars
represent the final fluorescence intensity at 456 nm (I) over the original
emission at 405 nm (). White bars represent the addition of 3 equiv of
different metal ions to HPDQ. Black bars represent the subsequent
addition of 3 equiv of Cd>" to the solution.

Mg2+, Mn2+, Fe2+, N12+, C02+, Cu2+, Ag+, Hg2+, or Zn** was
added to the solution, except the addition of Ca®* or Cr’* does
induce slight fluorescence enhancements (Figure S4 in the
Supporting Information). Moreover, the addition of Cd** not
only enhances the fluorescence emission significantly but also
changes the solution emission color from dark to bright blue.
As shown in Figure 1, the emission color change is very ob-
vious upon the addition of Cd**, while there was hardly any
effect on the fluorescence of HPDQ when other metal ions
were added (Figure 2a). This means that HPDQ can be used
to distinguish Cd>" from other common metal ions. Compared
with HPDQ, the experimental results show that neither DPQ
nor TPPQ has selectivity to Cd>" (Figure S5 in the Supporting
Information).

Binding competition experiments were also conducted for
HPDQ (Figure 2b). When Cd** was added into a solution of
HPDQ in the presence of other ions, a prominent increase of the
emission appeared. The results indicate that HPDQ_ shows
excellent selectivity to Cd*" and might be used to detect Cd**
even with the coexistence of other common metal ions.
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Reversibility. The recognition process of Cd** by HPDQ was
found to be reversible. This was demonstrated by the subsequent
addition of an equal amount of an ethylenediaminetetraacetic
acid (EDTA) aqueous solution into the glowing HPDQ-Cd**
solution, which can almost recover the original emission of
HPDQ (Figure 3). From the above phenomenon, we think
HPDQ could probably be used as a fluorescence switch.

Discrimination between Cd** and Zn?*. As we know, the
discrimination between Cd>" and Zn”" is very difficult because
they have very similar chemical properties. However, HPDQ
makes it possible and provides an easy way to distinguish Cd>*
from Zn”* by the naked eye. As illustrated in Figure 4, the color
change of the solution is very obvious after Cd** or Zn*" is
added: the solution of free HPDQ is nearly colorless, while after
Cd*" is added, the color of the solution changes to light yellow
and gives a bright-blue fluorescence under a hand-held UV —vis
(365 nm) lamp. However, after Zn>" is added, the color of
the solution changes to reddish-brown and no fluorescence is
observed under the same lamp. All of the above-mentioned
evidence shows that it is very easy to discriminate Zn>* and Cd**
by HPDQ.

Crystal Structures. In order to understand the reason why
there are such large different phenomena after reaction with Cd>*
and Zn®", respectively, we studied the crystal structures of the
two complexes (see FigureS). As shown in Chart 1, HPDQ has
two types of N atoms. In order to distinguish them easily, we
named them pyridyl N and dipyrazino N atoms.

300
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Figure 3. Fluorescence reversibility of HPDQ upon the detection of
Cd*". Inset: Visual fluorescent change of HPDQ after the addition of
Cd* and the sequential addition of an EDTA aqueous solution,
respectively. The photographs were taken under a hand-held UV—vis
(365 nm) lamp.

We can see that HPDQ and Cd** can form a rigid trinuclear
structure with 1:3 stoichiometry (Figures Sa and S6a in the
Supporting Information), which crystallizes in the monoclinic
space group C2/c, and the asymmetric unit of this complex
consists of half of a HPDQ ligand and two Cd** ions (Cdl and
Cd2). Cd1 is coordinated by three O atoms (04, 06, and O7)
from NO;3 , an O atom (O3) from water, and two pyridyl N

Figure 5. (a) Perspective thermal ellipsoid view of the single-crystal
structures of (a) HPDQ-Cd and (b) HPDQ-Zn at 50% probability.

HFPDQ

HPDQ HPDQ + Cd** HPDQ + Zn™*

HPDQ + Cd** HPDQ + Zn™*

Figure 4. Color and fluorscence changes of HPDQ after Cd*" or Zn* was added.
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atoms (N1 and N4) and two dipyrazino N atoms (N2 and N3) of
HPDQ, and Cd2 is coordinated by four O atoms (O1, 02, O1A,
and O2A) from NO; ™ and two pyridyl N atoms (NS and NSA)
and two dipyrazino N atoms (N6 and N6A) of HPDQ. Cd—N
bond distances are in the 2.418(4)—2.514(4) A range, Cd—O
bond distances are in the 2.297(4)—2.615(5) A range, N—Cd—
N angles are in the range of 63.68(13)—161.5(2)°, O—Cd—N
angles are in the range of 79.41(17)—144.43(14)°, and O—Cd—
O angles are in the range of 49.76(18)—157.45(18)°. Cdl,
CdIA, and Cd2 are connected to each other by HPDQ, forming
a disk-shaped planar structure.

HPDQ-Zn (Figures Sb and S6b in the Supporting Information)
is a tetranuclear complex that crystallizes in the triclinic space
group P1, in which the asymmetric unit consists of HPDQ and
four Zn atoms (Zn1, Zn2, Zn3, and Zn4). Zn1 is coordinated by
an O atom (06) from NO; ", two O atoms (O7 and O8) from
water, and one pyridyl N atom (N11) and two dipyrazino N
atoms (N2 and N3) of HPDQ, and Zn2 is coordinated by three
O atoms (010, O11, and O13) from NO; ", one O atom (029)
from water, and two pyridyl N atoms (N9 and N10) of HPDQ,
and Zn3 is coordinated by three O atoms (030, O31, and 032)
from water, and one pyridyl N atom (N7) and two dipyrazino N
atoms (N1 and N6) of HPDQ, while Zn4 is coordinated by one
O atom (0O16) from NO;~, two O atoms (018 and O19) from
water, and one pyridyl N atom (N8) and one dipyrazino N atom
(NS) of HPDQ. Zn—N bond distances are in the 2.117(5)—
2.544(S) A range, Zn—O bond distances are in the 1.998(6)—
2.518 A range, N—Zn—N angles are in the range of 74.2(2)—
148.4(2)°, O—Zn—N angles are in the range of 87.8(2)—175.5-
(2)°, and O—Zn—O angles are in the range of 82.3(2)—169.9-
(3)°. Two N atoms (N4 and N12) of HPDQ do not participate
in coordination (for crystal data, see Table 1).

Therefore, the structures of the two complexes are quite dif-
ferent, and this may be the main reason for their different flou-
rescent behaviors.

Theoretical Studies. The calculation results (see the Support-
ing Information for other calculation details) show that charges
(the amount is 0.9e in Mulliken charge) are transferred from
HPDQ to Cd in complex HPDQ-Cd. The charge on each N atom
of the coordinated HPDQ increases by 0.le (Mulliken charge)
compared with free HPDQ. This strongly supports the above-
mentioned ICT mechanism. Generally, a plane with rigid organic
molecules exhibits stronger fluorescence because the planar struc-
ture can reduce the loss of energy through a radiationless path-
way.>"** The theoretical optimization results of the HPDQ and
HPDQ-Cd complexes show that HPDQ in the HPDQ-Cd
complex becomes flatter than free HPDQ (the dihedral angle of
the four atoms, which can represent the flatness of HPDQ, reduces
from 46.65 to 20.86°), which means that HPDQ will become more
rigid after coordination to Cd** (see Table S1 in the Supporting
Information). No wonder the fluorescence of HPDQ increased
dramatically after Cd>* ions were added to its solution.

The calculated UV—vis spectra (Figure S7 in the Supporting
Information) of the HPDQ (black curves) and HPDQ-Cd (red
curves) complexes are similar to the spectra obtained by experi-
ment. The main absorption peaks of the HPDQ and HPDQ-Cd
complexes are located at 254 and 311 nm and 298 and 365 nm,
respectively. The red shift of the calculated UV —vis spectrum is
about 50 nm, which is almost the same as that of the experimental
results (52 nm). Some of the differences between experimental
and theoretical UV —vis spectra (45 nm) are perhaps caused by
the solvent effects.

B CONCLUSION

We found that the polypyridyl compound HPDQ has excel-
lent fluorescence selectivity for Cd** over many other metal ions
including Zn**. The monitoring event could facilely be observed
under UV—vis light irradiation because the emission color
changes intuitively from dark to bright blue. Theoretical calcula-
tion results can explain the fluorescence increment from HPDQ
to HPDQ-Cd. Further studies are underway in our laboratory.

B ASSOCIATED CONTENT

© Supporting Information. Experimental procedures and
characterization data for the synthesis, crystal data, and calcu-
lated information and X-ray structural data for CCDC 791350
(HPDQ-Cd), 791351 (HPDQ-Zn), and 804615 (HPDQ) in
CIF format. This material is available free of charge via the
Internet at http://pubs.acs.org. The atomic coordinates for this
structure have also been deposited with the Cambridge Crystal-
lographic Data Centre. The coordinates can be obtained, upon
request, from the Director, Cambridge Crystallographic Data
Centre, 12 Union Road, Cambridge CB2 1EZ, U.K.
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