ROYAL SOCIETY
OF CHEMISTRY

RSC Advances

View Article Online

View Journal | View Issue

A stable 3D Cd(i) metal-organic framework for
highly sensitive detection of Cu?* ions and
hitroaromatic explosivesT

i '.) Check for updates ‘

Cite this: RSC Adv., 2017, 7, 49618

Jian-Long Du, {*2 Jy-Ping Gao,®® Chao-Ping Li,* Xiao-Ying Zhang,?®
Jin-Xin Hou,?® Xu Jing,**® Ya-Juan MuC and Li-Jun Li®°

A Cd(i) coordination polymer, [Cds(L),(H2O)s]-(H20)4 (1) (HsL = 9-(4-carboxy-phenyl)-9H-carbazoly-3,6-
dicarboxylic acid) has been synthesized solvothermally. Compound 1 exhibits excellent luminescence and
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quenching in aqueous solution. In addition, 1 also shows a highly sensitive response to some nitroaromatic
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1. Introduction

Nowadays, rapid detection of metal ions and nitroaromatic
compounds (NACs) has attracted much attention because of
their importance for environmental safety and homeland
security."* Among different metal ions, Cu** ion is one of the
most essential ions in living biosystems, especially in the brain.?
Both deficiency and overload of copper may cause some types of
severe diseases, for instance hematological manifestations,
Alzheimer's, and Wilson's diseases.® On the other hand, with
the development of chemical industry all over the world, some
widely used chemicals such as nitroaromatic compounds
(NACs) have become a highlight research focus in recent years
due to their high toxicity to the environment and human health,
especially due to their easy explosivity. Therefore, the develop-
ment of convenient, cost effective Cu”>* ions and NAC detecting
methods is a very important issue.

Metal-organic frameworks (MOFs) have diversity of struc-
tures,”® which have been widely applied in recent years.'*"
Among different types of MOFs, excellent stability and specific
structure endow luminescent MOFs the ability to detect metal
ions (Cu®*, Fe*"), explosives (nitrobenzene, 4-nitrophenol, TNT,
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and 2,4,6-trinitrophenol), and inorganic anions (NO;~, CI,
Cr0O,>").**? Compared with other detailed methods, luminescent
MOFs as the probes have the advantages of outstanding sensi-
tivity, fast response, easy manipulation and cost-effective.
Recently, luminescent MOFs act as chemical sensors have been
reported. Cao have designed a water stable luminescent MOF,
which can rapidly sensing of Fe*" and AI** ions from mixed metal
ions.” Jia have chosen a fluorescent anionic MOF sensing of Cr**
ion and TNP.* To the best of our knowledge, luminescent MOFs
act as sensors of both Cu®" ion and NACs are still relatively rare.®

Herein, we select a tricarboxylic acid (9-(4-carboxy-phenyl)-9H-
carbazolyl-3,6-dicarboxylic acid, H;L) as a ligand (Scheme 1),
Cd(u) ions as the metal nodes to synthesis a luminescent Cd-
MOF. Choosing these materials to construct MOFs is mainly
based on the following considerations: (1) H;L ligand is a =
electron-rich organic ligand with good electron-transferring
ability. The carboxylate groups can take multi coordination
modes to meet the coordination requirements of the metal ions;
(2) Cd(u) ions have different coordination numbers and can
provide multi-coordination modes, which help to construct high
dimensional coordination networks; (3) MOFs built from -

HO,C CO,H
N
COH

Scheme 1 Structure of HsL
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conjugated ligands and d'® metal ions, such as Cd*" ion, are
promising luminescent candidates. Therefore, a novel lumines-
cent Cd-MOF (1), has been designed and synthesized using H;L
ligand and Cd** ion under solvothermal condition, which
exhibits good stability in both aqueous and DMF solution.
Compound 1 can detect Cu** ions and NACs through fluores-
cence quenching with high sensitivity. In addition, the possible
quenching mechanisms have also been discussed.

2. Experimental
2.1 Materials and general methods

All reagents were obtained commercially and purified by stan-
dard methods prior to use. H;L was synthesized by modified the
literature method (Scheme S1 in the ESIt). "H NMR spectra were
recorded on a Bruker Advance III 600 spectrometer medium at
25 °C with tetramethylsilane as the internal reference. The IR
absorption spectra were recorded in the range of 4000-400 cm *
on a Nicolet 380 FT-IR spectrophotometer with KBr pellets.
Elemental analyses were performed on a CE-440 elemental
analyzer. Power X-ray diffractions patterns (PXRD) were
collected on a Bruker D8 ADVANCE diffractometer with Cu-Ko
radiation (A = 1.5418 A). Thermogravimetric analysis (TGA) was
performed under a nitrogen atmosphere with a heating rate of
10 °C min~' using a NETZSCH STA 449C unit. Fluorescence
spectra were recorded on a Hitachi F-7000 fluorescence spec-
trophotometer which was equipped with a xenon lamp and
a quartz carrier at ambient temperature. X-ray photoelectron
spectroscopy (XPS) was performed on the Thermo Scientific
ESCALab 250Xi using 200 W monochromated Al Ko radiation.
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2.2 Synthesis of compound 1

[Cd3(L)»(H20)5]- (H,0)4 A mixture of Hz;L (3 mg, 0.008 mmol),
3CdS0O,-8H,0 (50 mg, 0.065 mmol) DMF (2 mL), and H,O
(3 mL), was put into a 10 mL glass vial and subsequently heated
to 80 °C for 48 h, after cooled, yellow block crystals of 1 was
obtained. Yield: 32%. FT-IR (KBr pellet, cm™'): 3431 m, 1653 w,
1603 s, 1542 m, 1472 m, 1390 s, 1294 w, 1277 w, 781 s, 680 w,
648 w, 526 w, 487 w. Anal. calcd for C,,H;3N,0,,Cd;: C, 40.55;
H, 3.08; N, 2.25; found: C, 40.61; H, 3.14; N, 2.19%.

2.3 Crystal structures determination

Single-crystal X-ray diffraction measurements for compound 1
was carried out on a Bruker AXS Smart APEX-II diffractometer
with Mo-Ka radiation (1 = 0.71073 A) at 293 K. Data processing
was completed with the SAINT processing program.*” The
structure was solved by direct methods and refined on F* by full-
matrix least-squares with the SHELX-97 program.** All non-
hydrogen atoms were refined with anisotropic displacement
parameters, the C19 carboxyl and its coordinated atoms of Cd4
and Cd5 were all refined with a disorder model. Hydrogen
atoms were added theoretically, riding on the concerned atoms
and refined with fixed thermal factors, and the hydrogen on
water molecules were not located. Attempts to locate and model
the highly disordered solvent molecules in the pores were
unsuccessful. Therefore, the SQUEEZE routine of PLATON was
used to remove the diffraction contribution from guests to
produce a set of solvent-free diffraction intensities. The guest
molecules can be calculated according to the TGA and
elemental analyses. The crystallographic data for 1 is

Fig.1 View of the coordination environment of the Cd(i) ionin 1 (symmetry code: #1x,y, —z+ 1; #2 —x+ 5/2,y + 1/2,z; #3 —x + 2, -y + 1, z; #4

XYy —z, #5x-1/2, -y + 1/2, z; #6 x - 1/2, —y + 1/2, —2).
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summarized in Table S1,T and selected bond lengths and angles
are given in Table S27 of the ESI.
CCDC reference number 1556041 (for 1).}

2.4 Luminescent measurement

For the properties of sensing with respect to various metal ions,
the compound 1 (18 mg) was grinded into the powder and
suspended in 18 mL aqueous solution, sonicated for 30 min to
ensure even dispersion. M(NO;), (1 x 107> M; M = Na*, K", Ag",
Mg>, Co*", Ca®*, Ni**, zn**, Cd**, Mn**, Cu®**, Hg*", and Cr*")
was added into the aqueous suspension of compound 1 at room
temperature, respectively. For the sensing of NACs, compound 1
(2 mg) was immersed in 2 mL of the different organic solvents
(acetonitrile (MeCN), N,N'-dimethyl formamide (DMF), tetra-
hydrofuran (THF), dichloromethane (DCM), acetone (DMK),
methanol (MeOH), and nitrobenzene (NB)) at room tempera-
ture, then used for luminesent measurements immediately.

3. Results and discussion
3.1 Crystal structure of [Cd;(L),(H,0)s5]- (H,0)4

Single-crystal structure analysis reveals that compound 1 crys-
tallizes in the orthorhombic system with a Pbam space group.
The asymmetry unit contains three crystallographically inde-
pendent Cd** ions, two L*~ ligands, five coordination water
molecules, and four lattice water molecules. As illustrated in
Fig. 1 and S1,f Cd1, Cd2, and Cd3 are involved in seven-
coordinate sites, but the detailed environments are different.
Cd1 is coordinated by six carboxylate oxygen atoms (03, 03",
04, 04", 010, 010" from four L~ ligands and one water
molecule (O1W). Around Cd2, four carboxylate oxygen atoms
(09, 09", 010, 010™) of two different L*>~ ligands and three
water molecules (O2W, O3W, O4W). For Cd3, seven coordinated
oxygen atoms come from five carboxylate oxygen atoms (05”2,
062,011, 012, 012"%) in three different ligands, and two water
molecules (O8W, O9W). So Cd1, Cd2 and Cd3 adopt distorted
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pentagonal bipyramidal geometries. While, Cd4 and Cd5 show
six-coordinate modes and they are located at octahedral
geometries. Around Cd4, there are six carboxylate oxygen atoms
(01%*, 01%¢, 07, 08, 07**, 08**) from four different L*~ ligands,
while Cd5(11) is surrounded by two oxygen atoms (01, 01%%)
from different L*~ ligands and four water molecules (O5W,
06W, O7W, 07W"). And all the Cd-O bond distances between
1.86(4) and 2.480(8) A, with O-Cd-O angles are between 53.5(3)°
and 176.7(4)°.

From a topological viewpoint, every two Cd>" ions (Cd1 and
Cd2, Cd3 and Cd3”, Cd4 and Cd5) are bridged by carboxyl
groups, which form a binuclear cluster. Each cluster is linked by
four L*”, which can be regarded as four-connected node
(Fig. 2b). And the carboxyl groups of each L’ ligand are
respectively linked to three binuclear clusters, therefore, each
L*" ligand can be considered as a three-connected node
(Fig. 2a). With the linkage of ligands, the whole molecule
exhibits a 3D coordination network, which can be simplified
into a (3, 4, 4, 4) net with the symbol of (4-8%),(4>-8%),(8*-12?)
(Fig. 2c¢).

3.2 PXRD and thermal stability of 1

The PXRD patterns show that the main peaks of the synthesized
MOFs are closely consistent with the simulated one, indicating
the high phase purity of the samples of 1 (Fig. S21). Thermal
gravimetric analysis (TGA) of 1 was conducted under nitrogen
atmosphere from 25 °C to 800 °C with a heating rate of
10 °C min~". A weight loss from 25 °C is due to the departure of
five coordinated water molecules and four free water molec-
ulues (obsd 13.38%, calcd 13.02%). And the framework of 1
begins to collapse at about 380 °C, indicating that compound 1
has good thermal stability (Fig. S37).

3.3 Luminescent properties

MOFs containing d'® metal ions had been attracted much
attention for their potential applications as chemical sensors.**

(c)

Fig.2 View of (a) L>~ ligand considered as a three-connected node; (b) Cd(i) regarded as four-connected node; (c) the 3, 4, 4, 4-connected 3D

topology of 1.
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Fig. 3 Luminescence intensity of 1 after suspension in 1 M M(NOs), aqueous solution.

The luminescent behaviors of the H;L ligand and compound 1
were tested (Fig. S47). Upon excitation at 356 nm for H;L and
366 nm for compound 1, the MOF shows the resemblant
emission peak with the organic ligand at about 420 nm, indi-
cating that the luminescence of 1 is mainly based on the ligand-
centered m-m* electronic transitions. Because of the good
stability of 1 in both aqueous and DMF solution, it may be
selected as the potential fluorescent materials (Fig. S27).

3.4 Sensing of metal ions

For the purpose of studying sensing ability to different metal
ions, 1 (18 mg) was grinded into the powder and suspended in
18 mL aqueous solution, sonicated for 30 min to ensure even
dispersion. M(NO;), (1 x 10> M; M = Na*, K*, Ag*, Mg”", Co™",
Ca**, Ni**, zn**, Cd*", Mn**, Cu®*, Hg*" and Cr’") was added

into the aqueous suspension of 1 at room temperature,
respectively. As shown in Fig. 3, Cu®>" ion exhibits an extremely
significant quenching effect on the luminescence intensity,
while Hg”" ion shows a little degree of luminescence quenching,
and almost no intensity change can be observed in the case of
other metal ions, indicating 1 could detect Cu** ions through
luminescence quenching. Further, the anti-interference exper-
iments were investigated by introduction of Na*, K*, Ag*, Mg*",
Co**, Ca®*, Ni**, Zn**, Cd**, Mn>**, Hg*" and Cr*" into the system
(Fig. 4). As a result, it indicated that 1 displayed the higher
selectivity for Cu®" ions among other metal ions.

To better understand the luminescence response of 1 to Cu>*
ions, the quantitative luminescence titration experiments were
performed. The luminescence intensity of 1 gradually decreases
with increasing concentration of Cu** ions (Fig. 5a). When the
concentration of Cu?" ions increases to 4 x 10~* M, the
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Fig.4 Luminescence intensity of 1in the presence of different metal ions (1 M, red: 1 + other metal ions, blue: 1 + other metal ions + Cu?* ion).
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Fig. 5 View of (a) emission spectra of 1 in agueous solutions with Cu(NOs), at different concentrations (Ae, = 366 nm); (b) the relationship
between the luminescence quenching efficiency (/o//) and the concentrations of Cu®* ions.

Fig. 6 Colors of 1 before (left) and after (right) soaked in aqueous
solutions of Cu(NOsz), (1 M).

quenching efficiency could almost reach 100%. Quantitatively,
the quenching efficiency can be explained by the Stern-Volmer
equation: Iy/I = 1 + Kg[M]. The K, was calculated to be 3.65 X
10* M~' (Fig. 5b), which is higher than some reported MOFs for
Cu*" ions sensing in aqueous solution.’%

Moreover, compound 1 performed a significant color
change, after it was soaked in the aqueous solution of Cu(NOj3),

with 10 M, indicating that it can be considered as a naked-eye
detector for Cu®" ions (Fig. 6), and the PXRD patterns of the
product are in agreement with the simulated one (Fig. S5at),
showing that 1 keeps its original framework after soaking study.
And the quenching mechanism can not be attributed to crys-
tallographic alteration. As shown in Fig. 1a, the ions (Cd4 and
Cd5) are located in six-coordinate environments. While, the
coordination number of Cd*" ion is usually more than six, the
coordination polyhedrons are not stable and can be exchanged
by other metal ions.***° In addition, the significant color change
of 1 reveals that Cu®" ions may be incorporated into 1. XPS (X-
ray photoelectron spectroscopy) measurements were carried
out to confirm the valency of copper in 1 and the peak at
932.58 eV can be considered to be Cu2p; spectra according to
the former reports (Fig. S67). The results suggest the presence of
Cu* ions in Cd-MOF. Because of the unsaturated electronic
state (3d°) of Cu®" ion, the excited electrons can transfer from
the organic ligand (L*7) to the empty d orbital of Cu** ions
through the coordinate bonds. The transfer process hinders the
photoluminescence and leading to the luminescence quench-
ing phenomenon.”” Moreover, the recyclable experiments
(Fig. S71) also indicate that Cd*>" ions of 1 may be partly
exchanged by Cu** ions, because the luminescent intensity of 1
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Fig. 7 View of (a) emission spectra of 1 in different organic solvents; (b) luminescence intensities of 1 in different organic solvents.
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decreases after every run sensing. The high sensitivity and
highly stability make 1 as a potential candidate for sensing Cu®"
ions in aqueous solution.

3.5 Sensing of nitroaromatic compounds

To investigate the sensitivity of 1 to small molecules, the
luminescent intensities of some solvent suspensions were
investigated. Several analyte molecules, such as acetonitrile
(MeCN), N,N'-dimethyl formamide (DMF), tetrahydrofuran
(THF), dichloromethane (DCM), acetone (DMK), methanol
(MeOH), and nitrobenzene (NB) were selected. The emission
spectra of different solvent suspensions have a degree of lumi-
nescence change upon excitation at 366 nm (Fig. 7). While NB
exhibits the most effect quenching behavior for 1, it turn out to
be 1 can serve as the sensor for detecting NB.

The relationship between the luminescent intensities and the
concentration of NB, was studied by gradual addition of NB to the

This journal is © The Royal Society of Chemistry 2017

DMF suspension of 1 (Fig. 8a). The luminescent intensity of 1 is
quenched completely at the concentration of NB up to 6 X
10~* M, indicating that compound 1 has a good detectability to
NB, and can also keep its original structure (Fig. S5b¥). The Kj,
value for NB was calculated to be 1.10 x 10* M~' (Fig. 8b). The
good quenching effect of NB prompted us to further test other
NACs. 4-NT, 2,4-DNT, m-NP, p-NP, and TNP were added to studied
the corresponding emission responses (Fig. S81). In S8, a new
emission between 460-480 nm appeared when the concentration
of TNP was added up to 200 uM, which could be attributed to
either energy transfer from the excited donor or the direct exci-
tation of the analyte.** The concentration of NACs is 60 uM, the
fluorescence quenching efficiencies of 4-NT, 2,4-DNT, m-NP, p-
NP, TNP and NB are 97%, 97%, 95%, 94%, 97%, 94%, respectively
(Fig. 9). It shows that 1 can also be highly sensitive to identify
a variety of NACs. Furthermore, compound 1 can be recycled by
centrifuging the dispersed solution and washing several times by
DMF. The quenching efficiencies for sensing TNP is basically
unchanged up to three cycles, suggesting that 1 can also be
a potential NACs fluorescent sensor (Fig. S97t).

The electron-rich m-conjugated ligand has a higher LUMO
energy than the analytes (Table S3t). One possible quenching
mechanism may be ascribed to the photo-induced electron
transfer (PET) from an electron-rich excited MOF to the electron-
deficient NACs.*>* But the order of quenching efficiency is not in
accordance with the LUMO energies, which indicates that may
exist other mechanisms. The absorption spectra of NACs and the
emission spectrum of 1 have been carefully studied, the overlap
between them usually results in the resonance energy transfer
(RET) process, which also can cause the quenching of the fluo-
rescence intensity (Fig. S101).***¢ Under the influence of two
different mechanisms, all NACs show similar quenching effi-
ciencies in the present research.

4. Conclusions

In summary, a new 3D luminescent Cd-MOF (1) was synthesized
by solvothermal reaction. The compound can detect Cu”>* ions

RSC Adv., 2017, 7, 49618-49625 | 49623
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and NACs sensitively through luminescence quenching
method. Furthermore, it can be considered as a naked-eye
detector for Cu®" ions. And the structure of 1 remains stable
after soaked in Cu(NO3), or NB solution. All the results suggest
that 1 is a promising luminescent sensor for Cu** ions and
NAGCs.
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