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ABSTRACT By solvothermal reaction of Cd(ll) with organic ligand N,N’-bis(3,5-dicarboxylphenyl)-thiophene-2,5-
dicarboxamide (H,L), a water-stable complex [Cd4(H,L)4(H,0)10] 2CH30H 8H,0 4DMF (1, Cy0H120Cd4N15064S4)
has been successfully synthetized (DMF = N,N-dimethylformamide). 1 crystallizes in the triclinic space group of
P1 with a = 11.815(7), b = 16.209(9), ¢ = 16.742(9) A, a = 82.224(13)2 4 = 76.741(13)2y = 70.313(12)V =
2932(3) A3, M, = 3115.93, Z = 1, F(000) = 1584, D, = 1.765 Mg/cm®, 1= 0.901 mm *, GOOF = 1.101, the final R
= 0.0391 and wR = 0.1297 for 9007 observed reflections (I > 2o(1)). 1 is a tetranuclear Cd(ll) bicyclic complex
with strong ligand-based blue emission and can stably exist in aqueous solutions over the pH range of 2~11. 1

exhibits high sensitivity, selectivity and anti-interference capability for picric acid (PA) detection in aqueous

solution by luminescent quenching. The value of quenching constant (K) is 3.2 < 10° M™ within the PA

concentration range of 0~40 uM and the detection limit is 6.89 %107 M. Lastly, we went into depth on possible

mechanism of the luminescent quenching.
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1 INTRODUCTION

As people pay more and more attention to health and
safety issues, there is a growing demand for effective
detection of nitroaromatic compounds. Among them, picric
acid, a toxic pollutant and highly explosive molecule, is
particularly noteworthy. It is widely used in the production of
fireworks, dyes, pesticides and landminest™ 2. Therefore, it is
necessary to develop a convenient and effective method to
detect PA in aqueous solution.

As a new type of organic-inorganic hybrid materials,
coordination complexes have broad prospects for
development™ 4. 1t shows unique characteristics, including
large specific surface area, well-defined structure, etct® 1,
Therefore, complexes can be extensively used in numerous
fields, containing catalysis!”, gas separation®, sensing® *°!
and other functional materials™. Currently, luminescent

complexes have been greatly researched as sensors to detect

metal ionsi*® % anions™ 3, small molecules®® 71, pH!8],
and so on. As a connecting component, organic ligand plays a
vital role in the performance of complex materials. In the past
few decades, most studies have been focused on specific
ligands, especially the carboxylate, pyrene and pyridine
ligands! 2. While, the ligands containing thiophere ring
have received little attention, which can exhibit excellent
electron-transfer capabilitieslz]. In addition, aromatic
carboxylate ligands with z-conjugated system have strong
coordination effects and can greatly affect luminescent
properties’?* 1. Importantly, z-electron-rich complexes could
detect  z-electron-deficient

be excellent sensors to

nitroaromatic compounds due to the photo induced
electron-transfer mechanism?%8. At present, there are still
challenges in designing and synthesizing coordination
complexes with excellent stability™®!. Therefore, we tried to
use the strategy of carboxylate ligands with sulfur rings to

construct stable coordination complex materials.
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In this work, we report a new coordination complex
[Cd4(H,L)4(H,0)10] 2CH;0H 8H,0 4DMF (1,
Cdy4N1,064S,), based on a carboxylate ligand N,N’-bis(3,5-
dicarboxylphenyl)-thiophene-2,5-dicarboxamide (HyL). 1 ex-

ClOZH 1207

hibits good chemical stability, which can keep structural
integrity not only in water and air for at least three months
but also in the aqueous solutions over the pH range of 2~11.
It is particularly worth mentioning that 1 is an excellent
luminescence probe for detecting PA with high sensitively
and selectively. In addition, the possible luminescent
quenching mechanisms towards PA have also been discussed
in detail.

2 EXPERIMENTAL

2.1 General

The ligand was synthesized according to the literature®®,
All other reagents were purchased commercially and used
without any purification.

Elemental analyses (C, H, N) were carried out on a
Perkin-Elmer 240C analyzer. FT-IR spectra were measured in
the range of 400~4000 cm™ with a PerkinElmer-Spectrum on
KBr pellets. The thermogravimetric analyses (TGA) were
preformed from room temperature to 800 <C under a nitrogen
atmosphere on a NETZSCH STA2500 simultaneous DTA-TG
apparatus instrument. Powder X-ray diffraction patterns
(PXRD) data of all samples were collected in the 5~50 “range
of 20 with a scan step width of 0.02<on a Bruker D8
Advance A25 diffractometer (CuKe, A = 1.5418 A). The
UV-Vis absorption spectra were recorded on a LAMBDA 35
spectrophotometer. Photoluminescence spectra were carried
out using a RF-5301PC spectrofluorophotometer at room
temperature.

2.2 Synthesis

A mixture of CdClI, 2.5H,0 (138.4 mg, 0.6 mmol), N,N’-
bis(3,5-dicarboxylphenyl)-thiophene-2,5-dicarboxamide(50
mg, 0.01 mmol), DMF (3 mL), H,0O (3 mL), CH3;OH (1 mL)
and 4 drops of an aqueous HCI solution (0.2 M) was sealed
into a 25 mL Teflon-lined stainless-steel container. The
container was heated at 70 <C for 3 days. After the autoclave
was cooled to room temperature, colorless needle crystals
were obtained, washed with deionized water, and then dried in
a vacuum oven. Elemental analysis calcd. for
C102H120CdsN1,064S4 (%): C, 39.32; N, 5.39; H, 3.88. Found:
C, 39.35; N, 5.46; H, 3.80. IR (KBr pellet, cm’): 3480 (b),
1656 (s), 1553 (vs), 1413 (m), 1330 (s), 1281 (m), 1247 (m),

907(vs), 768 (w), 699 (w), 594 (w), 435(w).
2.3 Stability investigation

Aqueous solutions with different pH values, ranging from
2 to 12, were prepared. Then, samples were soaked in pH
solution for 24 h, respectively. After centrifugation and
drying, all the samples were performed PXRD measurement.
2.4 Luminescence sensing

Unless otherwise specified, all luminescence measure-
ments were executed in aqueous solution. A suspension of
sample was prepared by adding 3 mg powder to 3 mL
ultrapure water or ethanol under ultrasonic agitation for 30
minutes.
2.5 X-ray crystallography

Single-crystal X-ray diffraction data were collected on a
Bruker Smart Apex CCD diffractometer with graphite-mono-
chromated Mo-Ka radiation (2 = 0.71073 A) at 100(2) K
using an w-0 scan mode in the range of 1.87<<<25.00<
Raw frame data were integrated with the SAINT program.
The structure was solved by direct methods using
SHELXS-2014% and refined by full-matrix least-squares on
F? using SHELXL-201452. An empirical absorption correc-
tion was applied with the program SADABSE. All non-
hydrogen atoms were refined anisotropically. All hydrogen
atoms were positioned geometrically and refined as riding
atoms. The selected bond lengths and bond angles are
showed in Table S1.

3 RESULTS AND DISCUSSION

3.1 Structure of 1

X-ray single crystal diffraction analysis reveals that 1
crystallizes in triclinic space group P1. The asymmetric unit
of 1 includes two crystallographically unique Cd(ll) ions, two
partly deprotonated H,L* ligands, five coordinated H,O
molecules, four uncoordinated H,O molecules, one uncoor-
dinated CH3;OH molecule and two uncoordinated DMF
molecules (Fig. 1a). Each Cd(ll) ion is coordinated by seven
oxygen atoms, four of which are from two H,L? ligands, and
three from three H,O molecules, forming the pentagonal
bipyramidal coordination geometry. The four carboxyl groups
of the two L* ligands chelate with two Cd(l1) ions to form a
Cd,L, ring, and such two Cd,L, rings are further connected
by two water molecules double-bridging two Cd(Il) ions to
form a tetranuclear Cd(ll) bicyclic complex, which are
stacked into a 3D supramolecular structure (Fig. 1b). The
porosity of 1 is 25.2%.



2021 \ol. 40 Chinese J.

Struct. Chem. 1463

.
‘s ‘e
oo ¢ o 0® 0o ¥
’.o. Se%® * e 9‘.‘.’
o ® o9 Py o',.- b

eCd
A S
oC
oN
o0

Fig. 1. (a) Two connected asymmetric units of 1 with thermal ellipsoids drawn at the 50% probability level;

(b) 3D packing diagram of 1. All hydrogen atoms, H,O, CH3;OH and DMF molecules are omitted for clarity

3.2 TGAand PXRD of 1

Thermo-gravimetric analysis (TGA) of 1 was performed
under a nitrogen atmosphere (Fig. S1). The first weight loss
of 12.66% occurs from room temperature to 102 <C,
corresponding to the removal of two uncoordinated CH;OH
molecules, eight uncoordinated H,O molecules and ten
coordinated H,O molecules (calcd. 12.46%). Then, the
second weight loss of 9.40% in the temperature range of
102~330 <T is consistent with the departure of four
uncoordinated DMF molecules (calcd. 9.38%). Further
heating results in the decomposition of the organic ligands.

Powder X-ray diffraction of 1 was carried out in order to
verity the phase purity and chemical stability. As shown in
Fig. S2, the PXRD pattern of as-synthesized 1 keeps in good
agreement with the simulated one, demonstrating high phase
purity of the as-synthesized sample. Additionally, the PXRD
patterns of the sample in different solvents, acidic and basic
aqueous solutions (pH range of 2~12) for 24 h were obtained
(Fig. S2 and S3), indicating that 1 possessed excellent
chemical stability.

The IR spectra of free ligand and 1 are tested, and the

results are presented in Fig. S4. Distinctly, an absorption
band centered at 1705 cm™ is observed in ligand, which is
ascribed to the stretching vibration of C=0 bond of the
carboxyl groups. But it is absent in 1, indicating the ligand
was coordinated with Cd(Il). Moreover, the broad peak at
3750~2500 cm™ further confirmed the presence of H,O
molecules in 1. The strong absorption at 1553 cm™ is
attributed to the C=N stretching vibration.
3.3 Luminescence properties

The luminescence properties of H,L and 1 are investigated
in the solid state at room temperature. As shown in Fig. 2, the
H4L exhibits a luminescent emission peak at 450 nm upon
excitation at 363 nm. 1 displays an emission peak at 463 nm
when excited at 375 nm. By comparing the fluorescence
spectra of 1 and H,L, we can see that they keep a high degree
of similarity, so the fluorescence emission of 1 mainly comes
from the inherent properties of the ligand itself. In addition, a
13 nm red shift of 1 compared to the H,L is observed, which
may be attributed to the enhancement of ligand rigidity after
coordination!®.
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Fig. 2. Fluorescence spectra of 1 in solid state at room temperature

3.4 Sensing of nitroaromatic compounds

The luminescence properties of 1 in different solvents are
further measured. It is worth pointing out that the intensity of
1 in water is the strongest (Fig. S5). Additionally, 1 is stable

after immersion in water for 3 months, as confirmed by the
PXRD patterns (Fig. 3). So, unless otherwise specified, all
luminescence measurements were executed in agueous

solution.

After PA detection
for three cycles

%‘ I A After PA detection

5 I

k= 1-H,0 (3 Months)

o] ad, 2 A

[}

N .

= 1-air (3 Months)

£

o .

> T As synthesized
| I Simulated

10 20 30 40 50

26 (°)

Fig. 3. X-ray powder diffraction patterns of sample 1 in water/air for 3 months

In order to explore the luminescence response of 1 towards
various nitro explosive, 3.0 mg sample of 1 was ground and
dispersed in 3.0 mL water or ethanol, then we kept them in
ultrasonic treatment for 30 minutes. Considering the
solubility, for the detections of 2,4-dinitrotoluene (2,4-DNT),
3,4-dinitrotoluene  (3,4-DNT), (4-NT),
2-nitrotoluene (2-NT), 1,3-dinitrobenzene (1,3-DNB), 1,2-
dinitrobenzene (1,2-DNB) and 2,3-dimethyl-2,3-dinitrobu-
tane (DMNB), ethanol was used as the dispersion medium

4-nitrotoluene

and solvent. While the detections for picric acid (PA),
(4-NP), (3-NP)  and

o-nitrophenol (2-NP) were tested in both water and ethanol.

p-nitrophenol m-nitrophenol

The luminescence intensity at 463 nm of 1 after adding
various nitroaromatic compounds (100 pM) in water or

ethanol were displayed in Fig. 4. Obviously, the order of
quenching percentage in aqueous solution is PA > 2-NP >
4-NP > 3-NP. When ethanol is used as the dispersion medium,
PA still possesses the most remarkable quenching capacity
towards 1. Specifically, PA shows 87.8% quenching effect in
water and 77% in ethanol. Additionally, competitive
experiment was carried out by adding equal amount of other
nitroaromatic compounds to 1-ethanol suspension containing
PA, respectively. It could be clearly observed that other
nitroaromatic compounds did not interfere with the sensing
ability of 1 for PA (Fig. S6). These results indicate that 1
possesses a good selective luminescence response towards
PA.
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Fig. 4. Quenching efficiency of emission intensity of 1 with different nitro compounds in water/ethanol (50 pmol/L)

To further evaluate the sensitivity of 1 for sensing PA, the
quantitative titration experiments were conducted. Besides,
luminescence quenching titrations of 2-NP, 3-NP and 4-NP
were also performed to compare with PA (Fig. S7). As shown
in Fig. 5a, with increasing the PA concentration (0~250 uM),
the luminescent intensity at 463 nm of 1 suspension
decreased gradually. The emission of 1 was quenched
completely when the concentration of PA was 150 uM. It is

worth pointing out that the maximum emission at 463 nm

shifts gradually to 483 nm upon the addition of PA. It can be
seen that the Iy/l and the concentration of PA keep a good
linear relationship (R? = 0.991) during the concentration
range from 0 to 40 puM (Fig. 5b). According to the
Stern-Volmer (SV) equation, the Ky, value is calculated to be
3.2 x10* M, The limit of detection was up t0 6.89 <107 M.
In addition, the K, values are 3.82 x10° M for 2-NP, 8.11 %
10° M for 3-NP and 2.85 % 10° M™ for 4-NP, respectively.
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(a) Emission spectra of 1 after adding different concentrations of PA;

(b) Stern-Volmer curve for PA in the concentration range of 0~40 pmol/L
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The regeneration of a sensor is also a vital factor toward its the luminescence intensity of 1 can almost be regained after
practical applications. The recycling experiment was carried washing. These results strongly advocate that 1 has good
out. After each round of testing, we collected 1 by recyclability, which means it can be a promising sensor for
centrifugation and washed it with water. As shown in Fig. 6, the practical use.
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Fig. 6. Three cycles test of 1 suspension for detecting PA (30 pM)

3.5 Sensing mechanism luminescence quenching percentage occurred. As shown in
We investigated the luminescence quenching mechanisms Fig. 7, the absorption band of PA from 300 to 450 nm shows
in order to better understand the reason behind quenching of the highest overlap with the excitation spectrum of 1,
1 towards PA. We first attempted to verify whether the indicating the reason of higher quenching percentage of PA.
framework structure collapsed. As shown in Fig. 3, the In addition, there also exists overlap between the emission
PXRD pattern of sample after detection is consistent with the spectrum of 1 and absorption spectrum of PA in ethanol. Thus,
as-synthesized one. Therefore, 1 still keeps structural the resonance energy transfer (RET) is another possible
integrity during the sensing progress. There is no obvious reason for luminescence quenching. Moreover, a red shift in
change in IR spectra of 1 before and after the PA detecting the maximum emission of 1 suspension after adding PA could
test (Fig. S2), which can prove the above view from the other be observed, indicating electrostatic interactions between PA
side. Secondly, the absorption spectra of nitroaromatic and electron-rich 1. Finally, according to previous literature,
compounds were recorded in ethanol. We could know that the -OH group on PA and Lewis basic -N sites on 1 can form
higher the spectral overlap between the absorbance spectrum strong intermolecular interactions . In a word, competitive
of nitroaromatic compounds and excitation spectrum of 1, the absorption, RET and electrostatic interactions are mainly
greater the probability of competitive absorption, so higher responsible for the luminescent quenching.
1.0
——PA
——2-NP
0.8+ 3-NP
4-NP
g —2-NT
= 0.6 1 4-NT
S ——1,2-DNB
a8 1,3-DNB
< 044 ——2,4-DNT
—— 3,4-DNT
024 DMNB
0.0
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Wavelength (nm)

Fig. 7. UV-Vis adsorption spectra of various nitro compounds
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4 CONCLUSION

In summary, a water-stable coordination complex 1 was
successfully synthesized based on the solvothermal reaction
of Cd(ll) and organic ligand N,N"-bis(3,5-dicarboxylphenyl)-
thiophene-2,5-dicarboxamide. 1 possesses excellent chemical
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possible quenching mechanisms could be attributed to the

high sensitivity, selectivity and anti-interference.

competitive absorption, RET and electrostatic interactions.
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