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Abstract: The organic ligands (E)-8-hydroxyquinoline-2-carbaldehyde oxime (H,L') and
furan-2-ylmethanamine (H,L?) were used to react with Zn(NO3),-6H,0 at 140 °C solvothermal for
two days to obtain the heptanuclear Zn(II) cluster [Zny(Ll)4(HL1)2(HZLZ)(yz—OH)(yz—O)(NO3)] (1).
The X-ray single crystal diffraction reveals that every five-coordinated Zn(II) ions are surrounded
by two N atoms and three O atoms with the N;O3 coordination environment and four-coordinated
Zn(Il) ion surrounded by one N atom and three O atoms in the NO3; coordinated environment.
The photoluminescence of cluster 1 is obvious. Moreover, in the presence of Ag(I) ions, cluster 1
exhibits an efficient recognition ability, and it realizes the recognition of toxic metal ions. Here,
we have developed cluster-based sensing materials for the efficient detection of heavy metal ions
Ag(I) strategies.
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1. Introduction

Silver-containing materials are widely used in industrial production and medicine, they have been
widely used as catalysts [1], electrodes [2], and antimicrobial agents [3]. However, during such frequent
use of silver-containing materials, more and more attention has been paid to the harmful effects of
silver ions on human health and the environment [4,5]. Therefore, it is very important to establish
effective silver ion detection methods for drinking water, food, and ecological safety [6]. Although there
are other methods for silver determination, atomic absorption spectrometry and inductively coupled
plasma atomic emission spectrometry or mass spectrometry are generally used [7-11]. However, these
detection methods have the disadvantage of being a complex process, requiring expensive instruments,
and are time-consuming. In order to solve these deficiencies, scientists have made tremendous efforts
and devoted themselves to explore simple and efficient methods, such as colorimetry and fluorimetry.

In the past decades, various complex organic molecular probes have been reported for the detection
of silver ions [12]. However, the synthesis of these organic probes is complicated. Some easy-to-prepare
nanomaterials have also been developed for the detection of silver ions, and have become another
hot topic [13-15]. However, there are very few examples of silver ion detection compared with these
complexes. The complex detection of metal ions may lead to the substitution of the detected metal ions
with the coordination metal due to the unstable structure of the complex, which further changes the
spectral properties of the metal ions and realizes the effective detection of heavy metal ions [16-18].
Therefore, it is necessary to establish a set of effective detection methods, which can selectively identify
different metal ions by complexes, so as to provide development opportunities for the detection of
specific heavy metal ions.
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Herein, we obtained a heptanuclear Zn(II) cluster [Zny (L1 )4(HL1)2(H2L2)(/,Lz—OH)(yz—O)(Nog)]
(1) upon treating with (E)-8-hydroxyquinoline-2-carbaldehyde oxime (H,L!), furan-2-ylmethanamine
(H,12) and Zn(NO3),-6H,0 at 140 °C for two days with CH3CN. Cluster 1 contains three different
coordinated Zn(II) ions, which result from the various coordinating modes of organic ligands, and the
weak supramolecular actions make the structure stack into a three-dimensional framework. The
fluorescence data suggest that cluster 1 is an obvious photoluminescent material. Further, we tested
the sensitivity of cluster 1 for sensing materials for the detection of heavy metal ions. The detection
results of ten different types of metal ions by cluster 1 show that when Ag(I) ions are added to
the N,N-dimethylformamide (DMF) solution containing 1, the luminescence intensity of the system
increases rapidly. It was found that cluster 1 could effectively identify Ag(I) ions, and it also has certain
recognition ability to some rare-earth ions.

2. Results and Discussion

Crystal Structure. The X-ray single crystal diffraction suggests that complex 1 crystallizes in the
monoclinic crystal system with the space group P2;/c (Table 1), in which five-coordinated Zn(II) ions
(Znl and Zn2) are surrounded by two N atoms from one ligand and three O atoms from three ligands
within the N,Oj3 coordination environment. Another five-coordinated Zn(II) ions (Zn3, Zn4, Zn5, and
Zn6) are surrounded by two N atoms from one ligand, three O atoms from two ligands, and one p1,-O
ion within the N,O3 coordinated environment, and four-coordinated Zn(Il) ion (Zn7) is surrounded by
one N atom from one furan-2-ylmethanamine ligand (HL?), two O ions from two ligands, and one
oxygen atom from the nitrate anion with the NOj3 coordination environment (Figure 1a), so its molecular
formula is [Zny(Ll)4(HL1)2(HZLZ)(yz—OH)(yz—O)(Nog)]. By using SHAPE, software the calculated
result suggests that the five-coordinative Zn'' could be viewed as a trigonal bipyramidal configuration,
a spherical square pyramidal configuration, and the four-coordinative Zn(Il) could be viewed as a
spherical, square pyramidal configuration (Table S2). The bond length distances between Zn(II) ion
and ligand nitrogen atoms fall into the range of 1.962-2.420 A, the bond length distances between Zn(II)
ion and ligand oxygen atoms fall into the range of 1.900-2.206 A, the bond distances of Zn-O fall in the
range of 1.915-1.964 A between Zn(II) ion and the oxygen ions of 1-O% or u,-OH, the bond distance of
Zn-N between Zn(II) ion and H,L2 ligand is 2.033 A, and the bond distance of Zn-O is 1.987 A between
Zn(Il) ion and nitrate anion (Table S1). The molecular supramolecular weak action of 1 contains
three type of interactionss, which are C—H---O hydrogen bond (Figure 1b), C-H---m weak interaction
(Figure 1c), and 7r---t weak interactions (Figure 1d). The above-mentioned supramolecular weak action
distances were all within a reasonable range, and the supramolecular weak actions make the structure
stack into a three-dimensional network (Figure 2) [19]. Therefore, it could be considered as a formation
of 5-connected shp nets (Figure 2) with distances of 10.052-14.177 A [20]. The thermogravimetric
analysis (TGA) was carried out to examine the thermal stability of complex 1. The sample was heated
up to 800 °C in N at a heating rate of 5 °C/min. The first weight loss (8.63%) experienced by 1 over the
temperature range of 30 °C to 200 °C corresponds to the release of one coordinative nitrate anion and
one H,L? ligand (calculated, 9.52%) (Figure S1 in Supplementary Materials)

Table 1. Crystallographic data of the complex 1.

Complex 1

Formula C65 H46N140182n7
Formula weight 1768.75

T (K) 293.15

Crystal system Monoclinic

Space group P24/c

a(A) 10.8123(4)

b(A) 18.0040(8)

c(A) 34.376(3)
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Table 1. Cont.

Complex 1

a(®) 90.00
B(°) 95.493(4)
Y (°) 90.00

V (A%) 6661.1(6)
z 4

D, (g cm™) 1.764

p (mm™) 2.561
Reflns coll. 38035
Unique reflns 12360
Rint 0.1095
Ry [I > 20(I)] 0.0879
bwR, (all data) 0.2473
GOF 1.047

Ry = ZIFoHFCI/ZIFol, PWRy = [Ew(Fo?-F2)>/Ew(Fo?)* ]2,

Figure 1. (a) The structure of complex 1; (b) the C-H:---O weak interactions (blue dotted lines); (c) the
C-H---m weak interactions (red dotted lines); (d) the 7.t weak interactions (pink dotted lines).

Figure 2. (a) The connecting modes of the clusters through the C-H---m, 7 - - 7 interactions and
hydrogen bonds in complex 1; (b) and its stacking mode.

The electronic configuration of the Zn(II) ion allows Zn(II) clusters to have a photoluminescence
effect when they chelate with planar conjugated ligands to form complexes. The photophysical
properties of complex 1 were determined by UV-Vis spectroscopy in a DMF solution containing
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1 mg/mL concentration (Figure S2). We occasionally found that the complex dissolved in DMF had
strong luminescence under an ultraviolet lamp. Therefore, we suspect that cluster 1 is likely to be
used to identify different metal ions. Ultraviolet measurements showed that the heavy metal ions had
obvious ultraviolet absorption at 266 nm after they were added into the complex solution. For Cr(II)
ions, low-intensity acromion appeared at 472 and 648 nm.

Based on the above results, we try to detect and identify some toxic heavy metal ions. Therefore,
we choose Cr(II), Mn(II), Fe(II), Ni(II), Cu(Il), Cd(Il), Ag(l), Dy(Ill), GA(IIl), and Tm(III) metal salts,
10 pg/mL concentration of DMF solution. The sample of 20 mg complex 1 is dissolved in 40 mL DMF,
and the solution of complex 1 is divided into 10 phr, that is, 2 mL of 1 mg/mL complex solution is
to be used. The prepared metal salt solution of 1 mL was added into the solution of complex 1 and
mixed uniformly. The photophysical properties of complex 1 mixed with metal ions were determined
by UV-vis spectrum and fluorescence spectroscopy, respectively. As shown in Figure 3, complex 1
exhibits the metal ion specificity of fluorescence response at 547 nm under the excitation of 266 nm
wavelength, in which the fluorescence enhancement is obviously Ag* specific. Dy(IlI) and Gd(III)
can induce smaller fluorescence enhancement at this wavelength, and Cr(II), Mn(II), Fe(II), Ni(II),
Cu(Il), Cd(1I), and Tm(III) at this wavelength cause smaller fluorescence enhancement. For all metal
salts, the fluorescence enhancement at 547 nm wavelength could be attributed to ligand luminescence.
When complex 1 solution is mixed with Dy(III) metal salt, the fluorescence tests show that there is
another peak at 547 nm. We suspect that there are possible coordination sites in the HL! and H,L?
ligands, which can bind to Dy(IIl) ions, resulting in the occurrence of a subsequent set of peaks. We
analyzed the highly selective detection of Ag(I) ions in complex 1. It was found that, because of the
similar electronic configuration between Ag(I) and Zn(Il) ions, the exchange of Zn— Ag between Ag(I)
and some Zn(II) ions in the structure occurred, and the coordination with ligands occurred. After
the exchange, the luminescence of the solution was very strong, and the metal-ligand charge transfer
(MLCT) occurred effectively. Moreover, Zn(Il) and Ag(I) had a similar peripheral electron arrangement,
showing a preference for homologous metal ions.
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Figure 3. (a) Fluorescence spectral changes for complex 1; (b) the relative fluorescence intensity at 547
nm in the presence of 1 equivalent of metal ions in DMF at 25 °C.

3. Conclusions

In summary, we used (E)-8-hydroxyquinoline-2-carbaldehyde oxime, furan-2-ylmethanamine to
coordinate with Zn(Il) ions under solvothermal conditions to obtain a heptanuclear Zn(II) complex.
Six Zn(II) ions are coordinated with an N,Oj3 coordinative environment, and one Zn(Il) ion is four
coordination with NOj3 coordinative environment. The weak interactions analysis shows that every
Zny structure is connected to form a 3D framework. The luminescence study suggests that complex 1
is an obvious photoluminescent material, and complex 1 has high selective recognition ability for toxic
heavy metal Ag(I) ions. This provides a simple and new method for the efficient detection of heavy
metal ions by cluster-based sensing materials.
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4. Experimental

4.1. Materials and Measurements

All reagents were obtained from commercial sources and used without further purification.
Elemental analyses for C, H, and N were performed on a Vario Micro Cube. Thermogravimetric
analyses (TGA, NETZSCH, Selb, Germany) were performed in a flow of nitrogen at a heating rate of
10 °C/min using a NETZSCH TG 209 F3 (Figure S1). Infrared spectra were recorded by transmission
through KBr pellets containing ca. 0.5% of the complexes using a PE Spectrum FT-IR spectrometer
(400-4000 cm™~!, Gangdong, Tianjin, China).

4.2. Single-Crystal X-ray Crystallography

Diffraction data for these complexes were collected on a Bruker SMART CCD diffractometer
(Mo K« radiation and A = 0.71073 A) in @ and @ scan modes. The structures were solved by direct
methods followed by difference Fourier syntheses and then refined by full-matrix least-squares
techniques on F? using SHELXL [21]. All other non-hydrogen atoms were refined with anisotropic
thermal parameters. Hydrogen atoms were placed at calculated positions and refined isotropically
using a riding model. The number of free solvent molecules has been further confirmed by elemental
analyses and TGA analysis (Figure S1). X-ray crystallographic data and refinement details for the
complexes are summarized in Table S1. Full details are found in the crystallgraphic information files
(CIF) files provided in the Supporting Information. The CCDC reference numbers are 1934766.

4.3. Synthesis of Complex 1

A total of 0.0475 g (0.25 mmol) of (E)-8-hydroxyquinoline-2-carbaldehyde oxime (H,L!) was
weighed and four drops furan-2-ylmethanamine (H,1.?) were added to 15 mL CH3CN, then 0.0745 g
(0.25 mmol) Zn(NO3),-6HyO was added, and the solution stired for 5 minutes with a magnetic stirrer
(Synthware, Beijing, China) at room temperature, and then transferred to a Teflon reactor (Synthware,
Beijing, China) with a volume of 25 mL, placed directly in an oven (Marit, Wuxi, China) at 80 °C for
24 hours, then cooled at room temperature. The complex was then washed with fresh CH3CN solvent
which gave a red strip of clear crystals with a yield of about 57% based on Zn(NOj3),-6H,0. The main
infrared spectrum data of complex 1 were (KBr, cm™'): 3470 (s), 1522 (m), 1501 (s), 1338 (m), 1264 (m),
1106 (s), 826 (m), 752 (m). The elemental analysis (%) (CgsH46N14018Zny): Calculated: C, 44.13; H,
2.62; N, 11.09; Found: C, 43.86; H, 2.48; N, 10.85.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4352/9/7/374/s1,
Figure S1: The scheme with the structures of H,L! and H,L?, Figure S2: The coordination pattern diagram of
Zn(II) ions in compound 1, Figure S3: Thermogravimetry of the compounds at a heating rate of 5 °C/min under
N atmosphere for 1, Figure S4: The UV-visible absorption spectrum of the ligand HL! and compound 1 dissolved
in DMF, respectively, Figure S5: Fluorescence spectra of ligand HL! (a) and compound 1 (b) dissolved in DMF,
respectively, Figure S6: The complex 1 and different metal ions were dissolved in an ultraviolet-visible absorption
test in DMF, Table S1: Selected bond lengths (A) and angles (°) of 1, Table S2: SHAPE analysis in complex 1.
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