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1  Introduction

Recently, there is an increasing trend in using luminescence 
MOFs to probe guest species and thus develop multifunc-
tional MOFs that combine luminescence and other promis-
ing applications [1–15]. Research studies have been focused 
on the luminescent sensing materials for Cu2+, Fe3+ and 
small organic molecules known as environmental pollut-
ants [16–23]. However, only a few examples of MOFs were 
associated with the luminescent probe for Hg2+ions, which 
shows serious environmental and health problems due to its 
toxic effects [17, 24–27]. In these studies, the competing 
selectivity to Hg2+was discussed, not work on the recycla-
ble and removal performance of Hg2+ sensors were carried 
out.

On the other hand, some fascinating MOFs [such as 
UIO-66 and MIL-100(Fe)] have already been demon-
strated and showed excellent semiconductor properties for 
photocatalysis [28–33]. Degradation of organic molecules 
with MOFs has advantages because the associated reac-
tions could take place at similar rates both at the inter-
nal and external surfaces of photocatalysts. Furthermore, 
MOF-based photocatalysts with high stability are always 
expected to maximize the efficiency of their actions, which 
will be helpful to facilitate convenient recycling of the used 
photocatalysts [34–42].

To achieve useful MOF sensors, an effective method is 
to use the ligand-based strategy containing π-conjugated 
rigid organic ligands [43]. In our previous effort, we have 
synthesized some multifunctional MOFs with excellent 
properties [44–46]. Herein, the rigid 5-aminoisophthalic 
acid (H2L), 4,4′-bipyridine (4,4′-bipy), and transition-metal 
center (ZnII) were selected to construct new structures with 
potential applications in luminescence sensing and pho-
tocatalysis based on the following considerations: (1) the 
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binding between H2L and metal centers will alter the elec-
tronic structures and surface functionalities of the MOFs, 
which may induce their specific recognition for guest sub-
strates through host–guest interactions; (2) rigid ligand H2L 
and 4,4′-bipy with aromatic π rings may effectively favor 
intraligand interactions and promote luminescent character-
ities. We present a new MOF in this work, namely, {[Zn(L)
(4,4′-bipy)·CH3CN]n (1), which exhibits a 2D layer net-
work. 1 behaves as a highly selective and sensitive sensor 
for detection of Hg2+ ions and explosives (4-nitrotoluene). 
Furthermore, the photocatalytic properties of 1 for degra-
dation of the methyl violet (MV) and Rhodamine B (Rh B) 
have been explored.

2 � Materials and Methods

All the other reagents used for the syntheses were com-
mercially available and employed without further purifica-
tion. Powder X-ray diffraction (PXRD) was collected on a 
Bruker ADVANCE X-ray diffractometer with Cu-Kα radia-
tion (λ = 1.5418 Å) at 50 kV, 20 mA with a scanning rate 
of 6°/min and a step size of 0.02°. Fourier transform infra-
red (FT-IR) spectra as KBr pellets were measured using a 
Nicolet Impact 750 FTIR in the range of 400–4000 cm−1. 

Thermogravimetric analysis was performed under N2 
atmosphere from room temperature to 900 °C at a heat-
ing rate of 10 °C min−1. The photocatalytic activity studies 
were carried out in a Shimadzu UV–Vis 2501PC recording 
spectrophotometer.

2.1 � X‑ray Crystallography

The single crystal X-ray diffraction data were collected 
on a Bruker SMART APEX diffractometer that was 
equipped with graphite monochromated MoΚα radiation 
(λ = 0.71073 Å) by using an ω-scan technique. The inten-
sities were corrected for absorption effects by using SAD-
ABS [47]. The structure was solved using SHELXL-97 
[48]. All the hydrogen atoms were generated geometrically 
and refined isotropically using a riding model. All non-
hydrogen atoms were refined with anisotropic displacement 
parameters. Crystallographic details and selected bond 
dimensions for 1 are listed in Tables 1 and 2, respectively. 
CCDC number: 1536142.

2.2 � Synthesis of 1

A mixture of Zn(NO3)2·6H2O (0.029  g, 0.1  mmol), 
5-aminoisophthalic acid (0.019  g, 0.1  mmol), 4,4′-bipy-
ridine(0.016 g, 0.1 mmol), CH3CN (3 mL) and deionised 
water (3  mL) was stirred for 30  min in air. The resulting 
solution was placed in a Teflon-lined stainless steel vessel 
(25 mL) and heated to 160 °C for 72 h, brown block crys-
tals of 1 were obtained. (Yield 58% based on Zn). Anal. 
Calcd(%) for C15H12ZnN3O4, C, 49.54; H, 3.33; N, 11.55. 
Found C, 49.34; H, 3.15; N, 11.49. IR: 3100 (m); 1833 (m); 
1624 (vs); 1561 (vs); 1478 (v); 1430 (m); 1357 (vs); 1233 
(m); 1096 (m); 966 (v); 782 (v); 731 (m); 647 (vs).

2.3 � Photocatalytic Method

The photocatalytic reactions were performed as follows: 
50 mg of 1 were dispersed in 50 mL aqueous solution of 
MV (10  mg/L) under stirring in the dark for 30  min to 
ensure the establishment of an adsorption–desorption 
equilibrium. Then the mixed solution was exposed to UV 

Table 1   Crystal data and structure refinement information for com-
pound 1

a R = ∑(Fo − Fc)/∑(Fo)
b wR2 = {∑[w(Fo

2 − Fc
2)2]/∑(Fo

2)2}1/2

Parameter 1
Formula C15H12ZnN3O4

Formula weight 363.65
Crystal system Monoclinic
Space group P21/c
Crystal color Brown
a, [Å] 12.1860(6)
b, [Å] 7.6743(4)
c, [Å] 16.1059(7)
α, [°] 90.00
β, [°] 108.901(1)
γ, [°] 90.00
V, Å3 1424.99(12)
Z 4
ρcalcd, g/cm3 1.695
µ, mm−1 1.748
F(000) 740
θRange, deg 2.97–25.01
Reflection collected 2220/2506
Goodness-of-fit on F2 1.087
R1, wR2(I > 2σ(I))a 0.0469, 0.1277
R1, wR2 (all data)b 0.0518, 0.1328

Table 2   Selected bond distances (Å) and angles (°) of structure 1

Symmetry codes: #1: x, 0.5 − y, 0.5 + z; #2: x, 1.5 − y, 0.5 + z

Zn(1)–O(3) 1.940 (3) Zn(1)–O(2)#1 1.986 (2)
Zn(1)–N(2) 2.045 (3) Zn(1)–N(1)#2 2.098 (3)
O(2)#1–Zn(1)–O(3) 102.85 (11) O(3)–Zn(1)–N(2) 104.95 (13)
O(2)#1–Zn(2)–N(2) 130.70 (13) O(3)–Zn(1)–N(1) 

#2
109.95 (12)

O(2)#1–Zn(1)–
N(1)#2

103.43 (12) N(2)–Zn(1)–N(1)#2 104.16 (12)
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irradiation from an Hg lamp (250 W) and kept under con-
tinuous stirring during irradiation for 100 min. Samples of 
5 mL were taken out every 10 min and collected by centrif-
ugation for analysis by UV–Vis spectrometer. By contrast, 
the simple control experiment was also performed under 
the same condition without adding any catalysts.

2.4 � Sensing Method

The photoluminescence sensing were performed as follows: 
the photoluminescence properties of 1 were investigated 
in N,N-dimethylformamide (DMF) dispersions at room 
temperature using a RF-5301PC spectrofluorophotometer. 
The 1@DMF emulsions were prepared by adding 3 mg of 
1 powder into 3.00 mL of DMF and then ultrasonic agita-
tion the mixture for 30 min before testing. The fluorescence 
spectra were recorded 5  min after adding the appropriate 
amount of M2+ stock solution. This exposure time ensured 
that analyte interacted completely with 1. Each measure-
ment was repeated three times, and the average value was 
used.

3 � Results and Discussion

3.1 � Crystal Structures

Single-crystal X-ray diffraction analysis reveals that 1 
crystallizes in the monoclinic space group P21/c (Table 1). 
Its asymmetric unit contains one Zn(II), one L2−, one 4,4′-
bipy, and a crystallization CH3CN molecule. Zn1 shows 
a trigonal bipyramid geometry, being defined by three O 
atoms of two carboxylate groups from two L2−, one N atom 
from amino group from L2− ligand and one N atom from 
4,4′-bipy (Fig.  1a). The crystallographically independent 
L2− exhibits a tridentate coordination mode linking three 
Zn(II) centers with one monodentate and one bidentate car-
boxylate groups and one amino group, forming a 1D chain 
(Fig. 1b). The carboxylate groups and the central benzene 
ring are not in a plane with the average dihedral angle of 
87.9°. Interestingly, the 1D chain contains a 22-membered.

metallo-macrocycles made up of three L and three zinc 
ions. Furthermore, the 1D chain are infinitely connected 

{[

Zn(L)
(

4, 4
�−bipy

)

⋅ CH3CN
]

n

}

(1)

Fig. 1   a View of the coordination environment of Zn2+ center; b 1D chain constructed by metal centers and L ligands; c 2D layer along the bc-
plane
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by bridging 4,4′-bpy ligand to generate a 2D layer struc-
ture, as shown in Fig. 2c. A similar structure has been also 
observed in CPO-8-DEF series [49].

As we expect, the single crystals of 1 remain unchanged 
in air for a very long time as expected. To further investi-
gate the stability of 1, it was soaked in aqueous solutions 
with different pH values. Powder X-ray diffraction (XRD) 
patterns, IR and TGA data have unambiguously demon-
strated that the crystallinity and framework integrity of 1 
can be well retained at the range of pH 2–12 (Fig. 2a; Fig. 
S7, S8), setting 1 among the most stable MOFs that is tol-
erable wide pH ranges as far as possible [50]. It is believed 
that the exceptional stability of 1 is attributed to the strong 

Zn–N bonds from amino group [51–57]. Undoubtedly, the 
great stability of 1 provides the structure integrity during 
its application performances.

3.2 � Luminescence Sensing

Taking into account the excellent luminescent properties 
of MOFs composed of d10 metal centers and electron-rich 
π-conjugated ligands [58, 59], the fluorescence behav-
iors of 1, H2L and 4,4′-bipy ligands were investigated at 
room temperature. The free H2L ligand exhibits emission 
at 420  nm (λex = 300  nm). The 4,4′-bipy exhibits emis-
sion at 350  nm (λex = 290  nm). It has been reported that 

Fig. 2   a–c Powder XRD profiles of 1 at different pH, after fluorescence sensing and photocatalysis, respectively
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the fluorescence feature of 4,4′-bipy can be omitted due to 
its backbone [58, 59]. Thus, compared to the luminescent 
spectra of the free H2L ligand, 1 has a similar emission at 
421 nm (λex = 290 nm) (Fig. S1), which may mostly attrib-
uted to the emission of the organic linker [13, 24, 60–65]. 
Thus, it is expected that compound 1 can show excellent 
performance on sensing nitroaromatics (NACs) based on 
their luminescence properties and highly chemical stabil-
ity. The luminescence intensities of 1 closely depend on the 
solvents, it was found that complete luminescence quench-
ing observed in NB solvent, which indicates 1 as lumi-
nescence sensor to detect NACs (Fig. S2). With these in 
mind, some more NACs including, 2-nitrotoluene (2-NT), 
4-nitrotoluene (4-NT), 1,3-dinitrobezene (1,3-DNB), 
2,4-dinitrotoulene (2,4-DNT) and 2,6-dinitrotoulene (2,6-
DNT), and nitrobenzene (NB) have been selected for evalu-
ating sensibility of 1. In term of the luminescence quench-
ing, it is found that 1 is capable of sensing all above NACs 
with the quenching efficacy increasing with concentration 
of NACs (Fig.  3; Fig. S3). The order of quenching effi-
ciency is 4-NT > NB > 2,4-DNT > 1,3-DNB > 2-NT > 2,6-
DNT. This efficiency is comparable to that of other MOFs 
in sensing 4-NT. The quenching constant (Ksv) of 1 for 
NT in the low concentration range is 3.59 × 104 M−1, (Fig. 
S4), which is comparable to some of the recent examples 
of MOF-based sensors, such as [Eu3(bpydb)3(HCOO)
(μ3-OH)2(H2O)] (2.1 × 104  M−1), [Cd(NDC)0.5(PCA)] 
(3.5 × 104  M−1), [Tb(1,3,5-BTC)] (3.42 × 104  M−1) and 
UiO-67-dcppy (2.9 × 104  M−1) [13, 62–64]. Considering 

the sizes of nitroaromatic compounds and the absence of 
large pores in this MOF, we can neglect the possibility of 
the accommodation of analytes in the pores. The lumines-
cence attenuation could be attributed to the polarizability 
of analytes in an DMF solution and the π–π interaction 
between the analytes and the host framework [24, 65]. It 
reveals that 1 exhibit the high sensitivity to the nitro 4-NT 
with limit of detection (LOD) at ppm level with 3.2 ppm 
based on a 3δ/slope [66]. To the best of our knowledge, the 
sensitivity of 1 for these 4-NT aromatics is higher than that 
most of reported MOFs [67]. Eventually, it is noteworthy 
that the post experiment framework integrity of 1 was well 
preserved as ascertained by its almost unchanged PXRD 
pattern compared to that of the original samples (Fig. 2b).

The luminescence spectrum and PXRD patterns for 1, 
recycled after three consecutive runs, are consistent with 
those acquired for pristine compound (Fig. S5). The results 
indicate that the frameworks of 1 are still stable and can be 
recycled by a fast and simple method.

In order to explore the luminescent responses of 1 to 
metal ions, 1 was dispersed in DMF solutions contain-
ing different M(NO3)x salts. The luminescent intensity of 
1 is almost quenched the luminescence of 1 in the pres-
ence of Hg2+, indicating highly selective sensing of Hg2+ 
by 1 through this quenching effect [68–71] (Fig.  4a). 
The PXRD patterns of 1 indicated their original frame-
works are intact upon dispersion in the metal ion solu-
tions (Fig. 2b). To quantitatively investigate the response 
behavior of 1 towards Hg2+ ions (Fig. 4b), the emission 

Fig. 3   The order of quenching 
efficiency of 1 in presence of 
different nitroaromatics with 
4-NT, NB, 2,4-DNT,1,3-DNB, 
2-NT, 2,6-DNT
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spectra of 1 in the presence of different concentrations 
of Hg2+ ions in DMF were measured at room tempera-
ture. The luminescent intensity of 1 is almost completely 
quenched at a Hg(NO3)2 concentration of 280 ppm. Fur-
thermore, a linear correlation for (I0)/I and the concen-
tration of Hg2+ ions was obtained, the detection limit 
of 1.11  ppm was calculated based on a 3δ/slope [66] 
(Fig. 4c; Table S1), which is relatively higher compared 
to reported examples [72, 73]. It was only found that 
the higher quenching efficiency for Hg2+ was the heav-
ily studied PCN-224 [74–76]. Recently, Li et  al., have 
reported a series of 3D Luminescent MOFs of LMOF-
261, -262 and -263, which are extremely responsive to 
toxic heavy metals at a parts per billion level (3.3  ppb 

Hg2+) [76]. Moreover, in all the analytes we used in this 
work, Hg2+ and explosives all have a strong absorbing 
range from 250 to 350 nm (Fig. S6), the strong absorp-
tion band of ligand is located at 285 nm, which is largely 
overlapped by the absorbing band of Hg2+ and explosives. 
Upon excitation, there is competition of the absorption of 
the light source energy between Hg2+ and explosives and 
H2L from 250 to 350 nm. Combined with the absorption 
and luminescent spectra, it was suggested that the energy 
absorbed by the H2L is transferred to the Hg2+ and explo-
sives analytes, resulting in a decrease in the luminescence 
intensity. The quenching mechanism is in agreement with 
that proposed previously by Chen et al. [25].

Fig. 4   a Fluorescence response of 1 to various anions in DMF (λex = 290  nm); b fluorescence response of 1 in different concentrations of 
Hg(NO3)2 DMF solution; c views of Stern–Volmer plots
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3.3 � Photocatalytic Activities

These methyl violet (MV) and Rhodamine B (RhB) were 
selected as model organic contaminant to study the pho-
tocatalytic activities of 1. The absorption peaks of MV 
and RhB decrease obviously with the increasing of reac-
tion time in the presence of 1 (Fig. 5a, b). The calculation 
results show that the degradation rates of MV and RhB 
are 60.6 and 29.4%, respectively (Fig. 5c). In addition, the 
control experiments on the degradation of organic pollut-
ants were examined in the same reaction condition just 
without catalyst. The degradation rates of MV and RhB 
are just 18.8 and 14.3% within 100 min under UV irradia-
tion without catalyst, respectively. So, the final structures 
of dyes may influence their degradation activities. In order 
to evaluate reproducible abilities of the as-synthesized 
photocatalysts, the repeated photocatalytic degradation 
of a constant MV concentration were discussed (Fig. 5d). 

The degradation rates of 1 showed no significant reduc-
tion when the photocatalysts were used three times in the 
same procedures, which suggests that the photocatalytic 
activities have well reproducibility. After photocatalysis, 
the PXRD patterns of 1 are similar with the simulated one, 
implying that 1 maintains its structural interlinkage after 
the photocatalysis reaction (Fig. 2c). Cheng and co-workers 
have designed and synthesized a series of Zn-MOFs with 
dicarboxylate ligands, which were used to degrade the 
methylene blue (MB) in polluted water. The final results 
show the catalytic performance of them may be ascribed 
to adsorption properties for MB and electronic charges on 
their solid surface. However, compared to above photocat-
alytic activity and presented in this work, the low photo-
catalytic activity of above compounds may be their flexible 
structural backbones, which may cause the relatively lower 
capture capability for MB [77]. Herein, these fact indicates 
that the title compound demonstrates excellent catalytic 

Fig. 5   a, b UV–Vis absorption spectra of the MV and RhB solution 
during the decomposition reaction under 500 W Hg lamp irradiation 
in the presence of 1, respectively; c photodegradation of RhB and 

MV solution with the change in A/A0 of 1, and the control experi-
ments without any catalyst; d recycling tests of 1 towards photodeg-
radation of MV
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activity and good stability for the photodegradation of dyes 
in water [78–83].

4 � Conclusion

In summary, we have designed and synthesized chemically 
stable polymer 1, which are well suitable for the simultane-
ous optical detection of metal ions and explosives through 
fluorescence quenching. Our title probe provided highly 
sensitive analyses of Hg2+ ion with an LOD of 1.11 ppm, 
and excellent selectivity with minor interference from other 
metal ions. Polymer 1 displays good photocatalytic activity 
for the degradation of MV under Hg-lamp, with a degra-
dation rate of 60.6% within 100 min. The higher stability 
and recyclability of 1 make it outstanding candidates in the 
field of degradation of dyes as well as fluorescent probes.
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