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Abstract: 2,6-pyridine dicarboxylic acid (DPA) is an exceptional biomarker of notorious anthrax 
spores. Therefore, the rapid, sensitive, and selective quantitative detection of DPA is extremely sig-
nificant and urgent. This paper reports a Zn(II) metal–organic framework with the formula of 
{[Zn6(NDA)6(DPBT)3] 2H2O·3DMF}n (MOF-1), which consists of 2,6-naphthalenedicarboxylic acid 
(2,6-NDA), 4,7-di(4-pyridyl)-2,1,3-benzothiadiazole (DPBT), and Zn(II) ions. Structural analysis in-
dicated that MOF-1 is a three-dimensional (3D) network which crystallized in the monoclinic system 
with the C2/c space group, revealing high pH, solvent, and thermal stability. Luminescence sensing 
studies demonstrated that MOF-1 had the potential to be a highly selective, sensitive, and recyclable 
fluorescence sensor for the identification of DPA. Furthermore, fluorescent test paper was made to 
detect DPA promptly with color changes. The enhancement mechanism was established by the hy-
drogen-bonding interaction and photoinduced electron transfer transition between MOF-1 and 
DPA molecules. 
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1. Introduction 
Biomarkers refer to biochemical indicators that can label structural or functional 

changes or potential changes in systems, organs, tissues, cells, and subcellular systems. 
The timely and reliable monitoring of biomarkers is crucial for preventing the outbreaks 
of related diseases [1,2]. As a unique component of anthrax spores, 2,6-Dipicolinic acid 
(DPA) is regarded as an appropriate biomarker for Bacillus spores [3]. Bacillus anthracis 
belongs to the aerobic Bacillus genus and can cause anthrax in animals such as sheep, 
cattle, horses, and humans. Bacillus anthracis spores have a tenacious vitality and can 
adapt to harsh environments such as vacuum, high temperature, and radiation [4]. Ac-
cording to reports, inhaling more than 104 spores of Bacillus anthracis can lead to death 
without treatment with timely medication within 24–48 h [5]. Bacillus anthracis not only 
causes food poisoning and health problems, but is also a potential biological reagent [6,7]. 
Consequently, accurately identifying the DPA level is essential for preventing disease out-
breaks and safeguarding homeland security. DPA quantification has been evaluated by 
Raman spectroscopy [8], polymerase chain reaction (PCR) [9], electrochemical methods 
[10], liquid chromatography [11], etc. However, the majority of the above methods are 
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typically constrained by the inefficiencies of time-consumption pretreatment and high 
equipment costs. 

Benefitting from their stable and various structures, tunable pore size, facile modifi-
cation of pore surface, and intrinsic features, metal–organic frameworks (MOFs) have dis-
played great potential applications in gas adsorption, catalysis, drug delivery, organic 
molecule identification, and pollutant recognition [12–18]. In particular, a fluorescence 
MOF can effectively monitor target analytes in real time, which has attracted widespread 
attention in the field of biological systems [19–22]. Among them, the accurate and rapid 
monitoring of altered biochemical indicators in the content of biomarkers is of great sig-
nificance for the diagnosis and even therapy of disease [23,24]. For example, a three-di-
mensional zinc(II)-MOF assembly by conjugated (E)-4,4′-(ethene-1,2-diyl)bis[(N-pyridin-
3-yl)benzamide] and 1,3,5-benzenetricarboxylic acid was reported by Wang’s group. The 
Zn-MOF can be used as an effective fluorescence sensor for sensing the biomarker 3-ni-
trotyrosinea (3-NT) with a KSV value of 6.596 × 104 M−1 [25]. Recently, Fan’s group proposed 
a Ni(II) metal–organic framework under a mixed-ligand method, and subsequently 
proved its excellent sensing properties in detecting 3-NT biomarker and HA biomarker in 
real samples [26]. As of now, “turn-off” responses (where fluorescence intensity de-
creases) are frequently used in documented examples to detect any analytes; on the con-
trary, “turn-on” responses (where fluorescence intensity increases) are uncommon [27]. 
Compared with “turn-off” responses, the signal change in fluorescence enhancement is 
easier to detect, and the fluorescence of the probe itself is weak, which can reduce the 
background signal and improve the sensitivity of the probe. At present, most fluorescence 
probes in applications belong to the type of enhanced fluorescence probes [28–30]. The 
above studies have not only verified the feasibility of planning MOF-based luminescence 
sensors as biomarkers, but also pointed out the direction for the next steps of research. 

From the perspective of construction, multi-carboxylic organic ligands containing 
large π-conjugated aromatic structures and d10 metals are chosen to increase the diversity 
of MOF structures and the effectiveness of fluorescence recognition [31]. Firstly, π-conju-
gated organic linkers commonly provide the stability to form the metal–organic frame-
work. Then, free π-electrons in the conjugated structure can freely move throughout the 
MOF network, reduce the HOMO-LUMO energy gap, and deliver attractive photophysi-
cal properties to the MOF. In addition, it is difficult for the d10 metal ions which contain a 
closed shell electronic configuration to realize the d–d electronic transition. The network 
formed from the d10 metal ions shows high luminescent intensity. This phenomenon could 
be attributed to the chelation of the metal ion by the ligand, which successfully enhances 
the rigidity of the ligand and diminishes the nonradiative decay. In short, to obtain MOFs 
with effective luminescent properties, Zn(II) and Cd(II) transition metal ions have been 
extensively adopted [32]. 

In light of the aforementioned factors, we employed 2,6-naphthalenedicarboxylic 
acid (2,6-NDA), 4,7-di(4-pyridyl)-2,1,3-benzothiadiazole (DPBT) as the conjugated organic 
ligand, and d10 metal ions (Zn2+ ion) (Scheme 1). 2,1,3-benzothiadiazole (BTD) has unique 
photophysical chemical properties: (1) a large Stokes displacement; (2) a large molar ex-
tinction coefficient; (3) high quantum yield; and (4) when stored in solution or in pure 
solid form, high stability, where even after a long-time, irradiation will not fade. A series 
of benzothiadiazole-MOFs have been explored in recent years [33–35]. This paper success-
fully synthesized a luminescent MOF, {[Zn6(NDA)6(DPBT)3]·2H2O·3DMF}n (MOF-1), us-
ing the solvothermal method. MOF-1 was fully characterized by means of X-ray single-
crystal diffraction, thermogravimetric analysis (TGA), powder X-ray diffraction (PXRD), 
elemental analysis, and Fourier-transform infrared spectroscopy (FT-IR). According to the 
characterization analysis, MOF-1 showed good luminescence, water stability, and thermal 
stability. Luminescence tests illustrated that MOF-1 could be adopted as a turn-on re-
sponse luminescent sensor for the detection of DPA in EtOH solution and fluorescence 
test papers. Furthermore, the mechanism of activating luminescence enhancement was 
discussed from a theoretical calculation perspective. 
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Scheme 1. Molecular structures of 2,6-NDA and DPBT used for the construction of MOF-1. 

2. Results 
2.1. X-ray Structure Determination 

At room temperature, X-ray single-crystal data of MOF-1 were collected from a Sie-
mens (Bruker) SMART CCD diffractometer with monochromated Mo Kα radiation (λ = 
0.71073 Å). The structure was solved using the direct method and refined by the full-ma-
trix least-squares method on F2 with the SHELXTL software package [36,37]. PLATON 
[38] and SQUEEZE [39] were employed to calculate the diffraction contribution of the sol-
vent molecules. Further crystallographic data and structural details are listed in Tables 1 
and S1, respectively. The CCDC number is 2324216 (MOF-1) (see Appendix A). 

Table 1. Crystallographic data for the MOF-1. 

 MOF-1 
Empirical formula C120H64N12O24S3Zn6 

Formula weight 2546.23 
Crystal system monoclinic 

Space group C2/c 
a, Å 17.6526 (17) 
b, Å 19.6903 (19) 
c, Å 37.142 (3) 
α, deg 90 
β, deg 90.106 (2) 
γ, deg 90 
V, Å3 12,910 (2) 

Z 4 
ρcalcd, g/cm−3 1.310 

T/K 298.15 
µ, mm−1 1.214 
2θ, deg 3.794 to 50.038 
F (000) 5152.0 

Index ranges −20 ≤ h ≤ 20, −23 ≤ k ≤ 23, −26 ≤ l ≤ 44 
Data/restraints/parameters 11,387/2403/779 

GOF (F2) 1.067 
R1a,wR2b (I > 2σ(I)) 0.1070, 0.2790 
R1a, wR2b (all data) 0.1591, 0.3075 

R1a = Σ||Fo| − |Fc||/ΣFo|. wR2b = [Σw(Fo2 − Fc2)2/Σw(Fo2)2]1/2.  
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2.2. Crystal Structure of MOF-1 
Structural analysis indicated that MOF-1 was a three-dimensional (3D) network, 

which crystallized in the monoclinic system with the C2/c space group. The binuclear 
Zn(II) ion was surrounded by two DPBT ligands and four deprotonated 2,6-NDA ligands, 
adopting bidentate bridge (µ2-η1η1) coordination mode (Figure 1a). The central Zn(III) ion 
was five-coordinated with a slightly irregular quadrangular pyramid coordination geom-
etry occupied by eight oxygen atoms (O1, O3, O6, O7, N3) (Figure 1b). The bond distances 
of Zn–O /Zn-N were between 2.024 (7) and 2.066 (6) Å. The O(N)–Zn–O bond angles were 
located in the range of 87.0 (3) to 159.5 (3)°. The above data were similar to the values of 
the reported Zn-MOFs [40]. Furthermore, in the framework of MOF-1, the binuclear 
{Zn2(COO)4} as secondary building units (SBUs) with a non-bonding distance of Zn⋯Zn of 
2.979 Å were observed (Figure 1c). Along the ab plane, SBUs were linked by four depro-
tonated 2,6-NDA ligands to form a two-dimensional (2D) structure, which was further 
connected by DPBT ligands to extend to a 3D network along c axial (Figure 1d). Within 
the framework, weak hydrogen bonding was observed between benzothiadiazole groups 
and protonated carboxylate groups of the ligands, such as C−H⋯O and C−H⋯N interac-
tions. 

 
Figure 1. (a) The repeat unit MOF-1 (Zn2 center core); (b) coordination geometry of Zn(II) and 2D of 
MOF-1 through SBU and 2,6-NDA; (c) 3D of MOF-1 through DBPT along c axial; (d) interpenetrat-
ing 3D structure of MOF-1. (For clarity, the disordered and redundant atoms were omitted). 

2.3. Photoluminescence Properties 
At room temperature, the luminescence properties of the free ligand 2,6-NDA, DPBT, 

and MOF-1 were thoroughly tested. As shown in Figure 2a, the carboxylate ligand 2,6-
NDA exhibited prominent emission peaks with maximum values at 403 nm upon excita-
tion at 362 nm, and the DPBT displayed emission peaks at 474 nm with λex = 363 nm [41]. 
Compared with the emission peaks of free ligand 2,6-NDA and DPBT, the emissions peak 
of MOF-1 at 495 nm showed an obvious red-shift. This phenomenon should be attributed 
to the electron transition by coordination between O/N and Zn2+ in the framework [42]. 
Moreover, the CIE chromaticity diagrams of MOF-1, 2,6-NDA and DPBT are also drawn 
in Figure 2b. MOF-1, 2,6-NDA, and DPBT showed blue, purple, and green light with peaks 
of 495 nm, 403 nm, and 474 nm, respectively. In addition, the CIE coordinates of MOF-1, 
2,6-NDA, and DPBT are (0.1470, 0.2142), (0.1548, 0.0641), and (0.1756, 0.3978), respectively. 
In addition, the emission peak of MOF-1 was 456 nm in ethanol solution, as shown in 
Figure S1. 
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Figure 2. (a) The excitation and emission spectrum of solid-state 2,6-NDA, DPBT, and MOF-1 at 
room temperature; (b) CIE coordinates of the 2,6-NDA, DPBT, and MOF-1. 

2.4. FT-IR, PXRD analysis and Stability of MOF-1 
The IR spectra of MOF-1 and the free ligands were examined in the range of 4000–

400 cm−1 and shown in Figure S2. The characteristic peaks of 2,6-NDA at 1683 cm−1, 1425 
cm−1 could be attributed to the asymmetric and symmetric vibrations of the C=O bonds. 
Compared with the IR absorption spectra of 2,6-NDA, the characteristic vibrational peaks 
in MOF-1 shifted to 1637 cm−1 and 1407 cm−1, suggesting that the -COOH group undergoes 
deprotonation to form the organometallic framework [43]. Furthermore, the observed 
peak at 1292 cm−1 vanished in MOF-1, verifying the coordination with Zn(II). This FT-IR 
spectra information was consistent with the behavior of the X-ray crystal structure. 

Powder X-ray diffraction (PXRD) analysis was used to characterize the purity and 
stability of the framework structure of MOF-1. The experimental data matched well with 
the simulated data, indicating that the obtained bulk sample was pure (Figure 3a). In order 
to evaluate the solvent and acid-base stabilities of MOF-1, the ground powder of the MOF-
1 sample was soaked in common solvents and an acidic/alkaline aqueous solution (pH = 
3, 5, 9, and 13) for 3 days, and the obtained PXRD remained in its original state (Figure 
3a,b). 

 
Figure 3. (a) PXRD patterns of MOF-1 after soaking in common solvent and (b) different pH aqueous 
solution for three days. 

The thermal stability of MOF-1 was carried out by thermogravimetric analyzer (TGA) 
from 30 to 800 °C under a N2 atmosphere (Figure S3). The first weight loss of 9.25% (cal. 
9.11%) was attributed to the reduction in uncoordinated solvent molecules (three DMF 
and two H2O) at 200 °C. The abrupt weight loss at about 400 °C could be induced by de-
composition of organic ligands and the collapse of the framework, indicating the compar-
atively exceptional thermal stability of MOF-1. 
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2.5. Fluorescence Detection of DPA 
To precisely detect DPA and monitor the disease caused by Bacillus, luminescent ex-

periments were carried out towards on MOF-1. Selectivity is an important characteristic 
of a luminescent sensor. Common ions or similar structure molecules Mg(NO3)2, NaNO3, 
Zn(NO3)2, KI, p-Cresol, 1,3-Dinitrobenzene (1,3-DNB), 2,5-thiophenedicarboxylic acid 
(2,5-TDCA), L-α-phenylglycine (L-Phg), glutamic acid (Glu), and L-Serine (L-Ser) were 
selected for the selectivity experiment. A 2 mg sample of MOF-1 was dispersed in ethanol 
with the 10−3 M analytes mentioned above. The luminescence intensities of MOF-1 were 
prominently dependent on the intrinsic features of the analytes (Figure 4a,b). Particularly, 
the DPA solution had a significant effect on the change in the fluorescence intensity of 
MOF-1, which greatly enhanced its fluorescence intensity. Compared with the blank emis-
sion of MOF-1 at 456 nm, a blue-shift of 13 nm from 456 nm to 443 nm was generated after 
being supplemented with DPA. On the contrary, no significant changes in the fluorescence 
spectra of MOF-1 were noticed in the presence of other analytes. According to this, MOF-
1 could be a viable turn-on fluorescence sensor for accurately identifying DPA. 

 
Figure 4. (a) The emission spectra of MOF-1 after dispersed in different analytes; (b) the correspond-
ing color change in different analytes under UV light. 

Subsequently, the relationship between fluorescence intensity and DPA dosage was 
evaluated by quantitative experiments. As illustrated in Figure 5a, accompanied by add-
ing DPA (1 × 10−2 M) to the suspension solution of MOF-1, the emission intensity showed 
a gradual increase and a blue shift. To further evaluate the emitting color change in MOF-
1 toward DPA concentration, the CIE coordinates of the emission spectra of MOF-1 ac-
companied by an increase in DPA concentration were calculated (Figure 5b). The com-
puted chromaticity gradually changes from green to blue, and there is a good consistency 
between DPA concentration and CIE coordinates. This could confirm the practicability of 
quantitatively detecting DPA by gauging the transformation in luminescent color. This 
change in solution fluorescence was also achieved through color changes observed with 
the naked eye under ultraviolet light (inset of Figure 5b). The relationship between the 
emission intensities of MOF-1 and the DPA concentration is illustrated in Figure 5c. At 
low DPA concentrations, the fluorescence enhancement curve can be quantitatively calcu-
lated with the Stern–Volmer equation (S-V): I0/I = 1+Ksv [M] [44] (I0/I represents the ratio of 
emission intensity before and after DPA addition to MOF-1, [M] represents the concentra-
tion of DPA, and Ksv represents the fluorescence enhancement constant). As we expected, 
the detection of DPA had a satisfactory linear relationship (R2 > 0.98), and the enhance-
ment constant (Ksv) of MOF-1 was 1.38 × 104 M−1. Meanwhile, the detection limit was de-
termined by the equation (LOD): LOD = 3σ/K (σ: calculate the standard deviation of 10 
standard blank samples), and the corresponding LOD was 0.025 µM. 
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Figure 5. (a) Titration experiments of MOF-1 with different volume of DPA (0–18 µL, 10−2 M; (b) CIE 
chromaticity diagram showing the color coordinates of MOF-1 and MOF-1 containing DPA; (c) 
Stern–Volmer plots of MOF-1 for sensing of DPA and the linear relationship between I0/I and con-
centrations of DPA; (d) comparison of emission intensities of different analytes with and without 
DPA in MOF-1-EtOH solution. 

It is worth noting that a few examples of MOF-based luminescent chemical sensors 
for sensing DPA have been reported. To compare with the reported MOFs, the classic sen-
sors are listed in Table S2 [45–47]. Considering the significant complexity of the samples 
detected in practical applications, the anti-interference sensing ability of MOF-1 was de-
termined through competitive experiments. The experiments have shown that in the pres-
ence of other interfering substances, the emission spectra and fluorescent test strip detec-
tion still have good recognition effects on DPA (Figures 5d and S4). 

2.6. Recyclability and Visualizable Sensing 
The cyclic performance of sensing is an important prerequisite for a good fluores-

cence sensor in practical applications. As shown in Figure 6a, after numerous times wash-
ing with DMF and EtOH, the sensing experiment proved that the fluorescence intensity 
of the processed MOF-1 can be restored to its original intensity. The aforementioned tests 
provided evidence that MOF-1 may function as a promising material with exceptional 
economy for DPA sensing. 
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Figure 6. (a) The reversibility of MOF-1 for DPA sensing; (b) test paper of different analytes under 
UV light. 

Fluorescent test papers can not only respond more quickly, but also allow for easier 
visualization. Hence, fluorescent test strips were prepared by immersing the filter paper 
in MOF-1 suspension and ultrasonic treatment for 30 min. Compared with blank fluores-
cent test strips, the presence of DPA can be revealed through color changes when irradi-
ated with a 365 nm UV lamp. As depicted in Figure 6b, only the test paper titrated with 
DPA showed a significant color change, which clearly supported the high selectivity of 
MOF-1 for DPA. This change provided the possibility for rapid and simple testing with 
the naked-eye detection of DPA in ethanol solution. 

3. Discussion 
Mechanism of Luminescence Enhancing 

To gain a deeper understanding of the DPA turn-on response mechanism, further 
experiments including PXRD, UV-vis, FT-IR, and DFT calculation were arranged. Firstly, 
the PXRD patterns and IR spectra remain unchanged after immersing in DPA for 24 h, 
excluding the reasons of crystal collapse and disintegration during the sensing process 
(Figures S5 and S6). Then, Figure S7 demonstrates a slight overlap between the emission 
bands/excitation bands of MOF-1 and the UV–vis absorption spectra of DPA, indicating 
that the reason for the fluorescence-enhanced response of MOF-1 to DPA is not mainly 
due to competitive absorption mechanisms or Förster resonance energy transfer mecha-
nisms [48]. 

According to earlier reports, one reason for the chemo-sensor for fluorescence 
quenching is that the energy of the lowest unoccupied molecular orbital (LUMO) of the 
analyte falls within the valence band (VB) and conduction band (CB) of the chemical sen-
sor. When the fluorescence intensity is enhanced due to the transfer of electrons from the 
chemical sensor CB to the LUMO of the analyte, a clear contrast phenomenon can be ob-
served. Therefore, the Gaussian 16 program [49] was used to calculate the molecular or-
bitals of 2,6-NDA, DPBT, and DPA. Single-point calculation and optimization were carried 
on the level of B3LYP/def2-SVP and B3LYP/def2-TZVP [50,51], considering the DFT-D3 
(BJ) dispersion correction [52] and the SMD solvation model. The molecular orbitals were 
analyzed and mapped by VMD 1.9.4 [53]combined with Multiwfn 3.8(dev) software [54]. 
As shown in Figure 7, the LUMO (−2.43 eV) of 2,6-NDA and (−2.89 eV) of DPBT are lower 
than the LUMO (−2.36 eV) of DPA. As a result, there will be an electron transfer from the 
LUMO of DPA to the LUMO of the linker, resulting in the observed “turn-on” of lumines-
cence. The lifetime decay experiment can further promote researchers’ understanding of 
the recognition mechanism. The fluorescence lifetime of MOF-1 is 0.98 ns, and after add-
ing DPA, the lifetime value of MOF-1 increases to 6.09 ns. In addition, the fluorescence 
amplification curve of MOF-1 (EtOH), MOF-1 (EtOH) @18 µM DPA can be observed (Fig-
ure S8), and this series of data show the same intensification trend, indicating that this is 
a dynamic turn-on mechanism. 
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Figure 7. The HOMO, LUMO, and HOMO–LUMO energy band gaps for DPBT, DPA, and 2,6-NDA. 

The red shift observed in the fluorescence emission indicates substantial exciplex for-
mation between MOF-1 and DPA. Compared to fresh MOF-1, there is neither the appear-
ance of new bands nor the disappearance of existing bands in the IR spectrum, which were 
measured by MOF-1 after soaking in DPA solution. This indicates that there is no coordi-
nation between DPA and MOF-1. Considering the porosity of MOF-1, these phenomena 
are different from the common guest-induced sensing mechanism, which may be caused 
by some interactions between MOF-1 and DPA absorbed on the surface of MOF-1. The 
independent gradient model based on Hirshfeld partition (IGMH) [55] using the VMD 
program was used to evaluate the weak intermolecular interactions such as van der Waals 
distance, hydrogen bonding, and steric effects between DPA molecules and 2,6-
NDA/DPBT ligands. By distinguishing different weak interactions through color, it can be 
observed that strong hydrogen bonds are represented by the blue part between the opti-
mized structures of 2,6-NDA ligands with DPA (Figure 8a), while in the optimized struc-
tures of DPBT ligands and DPA, the van der Waals distance is represented by the green 
part (Figure 8b). The DFT result was further supported by the link between absorbance 
and DPA titration. The UV–vis absorption value of MOF-1 gradually increases with the 
addition of different amounts of DPA (Figure S9), which further illustrates the interaction 
between the DPA and the MOF-1 structure. That is to say, the hydrogen bonding between 
DPA and the 2,6-NDA ligands can increase affinity and easily accept electrons, which is 
beneficial for the charge flow in the ligand-to-ligand charge transfer process, leading to a 
turn-on response at 443 nm. 

Overall, the noticeable enhancement in the emission intensity and the red shift of the 
emission wavelength suggested  the possibility of electron transfer from the LUMO of 
DPA to MOF-1, together with the formation of hydrogen bonding interactions between 
DPA and MOF-1. 
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Figure 8. (a) Optimized geometry of the 2,6-NDA ligand with DPA and a gradient isosurface; (b) 
optimized geometry of the DPBT ligand with DPA and a gradient isosurface. 

4. Materials and Methods 
4.1. Reagents and Methods 

2,6-NDA, DPBT, N, N-Dimethylformamide (DMF) and other organic reagents (ana-
lytical grade) were purchased from Bide Pharmatech Ltd. Zn(NO3)2 was purchased from 
Aladdin Bio Chem Technology Co. Ltd. The raw materials were commercially purchased 
and did not require purification. NICOLET 5700F-IR spectrometer was used to measure 
the infrared spectrum in the range of 4000–400 cm−1. Elemental analyses were examined 
on a PE 2400 II analyzer. Under a N2 atmosphere, thermal gravimetric (TG) data were 
collected and recorded on a Netzsch STA-449F5 thermo analyzer with heating rate of 10 
°C/min. Powder X-ray diffraction (PXRD) was carried out using a Bruker D8 Advance 
diffractometer with Cu-Kα radiation at room temperature. Fluorescence decay lifetime 
was recorded on an Edinburgh FLS 1000 fluorescence spectrometer. All the fluorescence 
spectrum tests were implemented with a Hitachi F-7000 spectrometer. 

4.2. Synthesis of MOF-1 
DPBT (2.9 mg, 0.010 mmol), 2,6-NDA (2.16 mg, 0.010 mmol), Zn(NO3)2·6H2O (11.90 

mg, 0.04 mmol), and HNO3 (2 drops, 2 M) were successively added into a Teflon vessel 
with a mixture of VDMF/VH2O/VCH3CN (3:4:1). After ultrasound for 30 min, the above mixture 
was sealed and heated to 100℃ for one day. After cooling, yellow rodlike crystals were 
obtained. Yield: 62% based on 2,6-NDA ligand. IR Spectra (KBr, m/cm−1): 3430 s, 2923 s, 
1670 s, 1637 s, 1552 w, 1407 s, 1361 s, 1223 w, 1089 s, 1032 w, 822 m, 792 s, 482 s. 

5. Conclusions 
In summary, one Zn(II)-MOF (MOF-1) based on 2,6-naphthalenedicarboxylic acid 

(2,6-NDA) and 4,7-di(4-pyridyl)-2,1,3-benzothiadiazole was effectively synthesized by a 
mixed-ligand approach. MOF-1 exhibited high purity, pH stability, and thermal stability. 
Luminescent experiments demonstrated that MOF-1 could be employed as a selective, 
sensitive, and convenient turn-on response sensor for DPA detection. In addition, based 
on the results of PXRD, UV–vis, FT-IR, XPS, and theoretical calculations, the enhancement 
mechanism between MOF-1 and DPA could be summarized by photoinduced electron 
transfer and hydrogen bonding interactions. The visualization of the fluorescent test 
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paper makes it possible for the practical application of MOF-1. More biomarker sensors 
will be fabricated by our group in the future. 

Supplementary Materials: The following supporting information can be downloaded at: 
https://www.mdpi.com/article/10.3390/molecules29122755/s1, Figure S1: the excitation and emis-
sion of MOF-1 in EtOH; Figure S2: IR of MOF-1 and organic ligand 2,6-NDA; Figure S3: the TGA 
curve of MOF-1 under N2 atmosphere from 30 to 800 °C; Figure S4. interference experiments of 
different analytes with and without DPA-test strips (a) and the emission spectrum curves (b). Figure 
S5: the PXRD pattern of MOF-1-and the sample after sensing DPA; Figure S6: IR of MOF-1 after 
sensing of DPA; Figure S7: absorption spectra of DPA and emission bands/excitation of MOF-1; Fig-
ure S8: fluorescence lifetime of MOF-1 before and after DPA; Figure S9: absorption spectra of MOF-
1 dispersed in EtOH solution after adding different concentrations of DPA; Table S1: selected bond 
lengths (Å) and angles (°) for MOF-1; Table S2: comparison of the literature reports for MOFs as 
sensors of DPA. 

Author Contributions: J.R.: Methodology, software, supervision, writing—review and editing; Y.-
X.S.: software, data curation, writing—original draft; Q.-Y.Y.: data curation, writing—original draft; 
T.L.: data curation; H.-Y.W.: methodology, supervision, writing—review and editing; F.C.: software; 
Q.G.: software; Y.-L.W.: investigation, writing—review and editing. All authors have read and 
agreed to the published version of the manuscript. 

Funding: The authors acknowledge financial assistance from the National Natural Science Founda-
tion of China (No. 21801127, 21901097); the Natural Science Foundation of Shandong Province 
(ZR2018LB003); and the Liaocheng University Students Innovation and Entrepreneurship Training 
Program (CXCY2023099, CXCY2023086) for financial support. 

Institutional Review Board Statement: Not applicable. 

Informed Consent Statement: Not applicable. 

Data Availability Statement: Details are available from the authors. 

Conflicts of Interest: The authors declare no competing financial interests. 

Appendix A 
CCDC 2324216 contains the supplementary crystallographic data for this paper. The 

data can be obtained free of charge via http://www.ccdc.cam.ac.uk/ (accessed on 08 June 
2024) or by emailing data_request@ccdc.cam.ac.uk. 

References 
1. Liu, H.; Song, J.J.; Zhao, Z.Y.; Zhao, S.Q.; Tian, Z.Y.; Yan, F. Organic Electrochemical Transistors for Biomarker Detections. Adv. 

Sci. 2023, 10, 2305347. 
2. Strimbu, K.; Tavel, J.A. What are biomarkers? Curr. Opin. HIV AIDS 2010, 5, 463. 
3. Wang, Q.X.; Xue, S.F.; Chen, Z.H.; Ma, S.H.; Zhang, S.; Shi, G.; Zhang, M. Dual lanthanide-doped complexes: The development 

of a time-resolved ratiometric fluorescent probe for anthrax biomarker and a paper-based visual sensor. Biosens. Bioelectron. 
2017, 94, 388–393. 

4. Niu, X.; Wang, M.; Zhang, M.; Cao, R.; Liu, Z.; Hao, F.; Sheng, L.; Xu, H. Smart intercalation and coordination strategy to con-
struct stable ratiometric fluorescence nanoprobes for the detection of anthrax biomarker. Inorg. Chem. Front. 2022, 9, 4582. 

5. Othong, J.; Boonmak, J.; Kielar, F.; Hadsadee, S.; Jungsuttiwong, S.; Youngme, S. Selfcalibrating sensor with logic gate operation 
for anthrax biomarker based on nanoscaled bimetallic lanthanoid MOF. Sens. Actuators B 2020, 316, 128156. 

6. Wang, Z.X.; Hu, L.; Gao, Y.F.; Kong, F.Y.; Li, H.Y.; Zhu, J.; Fang, H.L.; Wang, W. Aggregation-Induced Emission Behavior of 
Dual-NIR-Emissive Zinc-Doped Carbon Nanosheets for Ratiometric Anthrax Biomarker Detection. ACS Appl. Bio Mater. 2020, 
3, 9031–9042. 

7. Han, H.M.; Dong, W.W.; Li, M.K.; Xu, D.D.; Hu, Z.; Zhao, J.; Li, D.S. Ratiometric fluorescence detection of an anthrax biomarker 
by modulating energy transfer in hetero Eu/Tb-MOFs. Inorg. Chem. Commun. 2023, 153, 110755. 

8. He, L.; Deen, D.D.; Pagel, A.H.; Diez-Gonzalez, F.; Labuza, T.P. Concentration, detection and discrimination of Bacillus anthracis 
spores in orange juice using aptamer based surface enhanced Raman spectroscopy. Analyst 2013, 138, 1657. 

9. Cong, Z.; Zhu, M.; Zhang, Y.; Yao, W.; Kosinova, M.; Fedin, V.P.; Wu, S.Y.; Gao, E. Three novel metal-organic frameworks with 
different coordination modes for trace detection of anthrax biomarkers. Dalton Trans. 2022, 51, 250–256. 

10. Han, Y.; Zhou, S.; Wang, L.; Guan, X. Nanopore back titration analysis of dipicolinic acid. Electrophoresis 2015, 36, 467–470. 



Molecules 2024, 29, 2755 12 of 13 
 

 

11. Mawatari, K.; Atsumi, M.; Nakamura, F.; Yasuda, M.; Fukuuchi, T.; Yamaoka, N.; Kaneko, K.; Nakagomi, K.; Oku, N. Determi-
nation of Dipicolinic Acid in “Natto” by High-Performance Liquid Chromatography Coupled with Postcolumn Photoirradia-
tion with Zinc Acetate. Int. J. Tryptophan Res. 2019, 12, doi:10.1177/1178646919852120. 

12. Lei, M.Y.; Ge, F.Y.; Ren, S.S.; Gao, X.J.; Zheng, H.G. A water-stable Cd-MOF and corresponding MOF@melamine foam compo-
site for detection and removal of antibiotics, explosives, and anions. Sep. Purif. Techno. 2022, 286, 120433. 

13. Wang, H.; Lustig, W.P.; Li, J. Sensing and capture of toxic and hazardous gases and vapors by metal-organic frameworks. Chem. 
Soc. Rev. 2018, 47, 4729. 

14. Hu, M.L.; Razavi, S.A.A.; Piroozzadeh, M.; Morsali, A. Sensing organic analytes by metal-organic frameworks: A new way of 
considering the topic. Inorg. Chem. Front. 2020, 7, 1598. 

15. Cui, Y.; Chen, B.; Qian, G. Lanthanide metal-organic frameworks for luminescent sensing and light-emitting applications. Coord. 
Chem. Rev. 2014, 273–274, 76–86. 

16. Razavi, S.A.A.; Morsali, A. Metal ion detection using luminescent-MOFs: Principles, strategies and roadmap. Coord. Chem. Rev. 
2020, 415, 213299. 

17. Pal, T.K. Metal-organic framework (MOF)-based fluorescence “turn-on” sensors. Mater. Chem. Front. 2023, 7, 405. 
18. Jiang, B.; Liu, W.; Liu, S.Y.; Liu, W.S. Coumarin-encapsulated MOF luminescence sensor for detection of picric acid in water 

environment. Dye. Pigment. 2021, 184, 108794. 
19. Guo, X.R.; Zhou, L.Y.; Liu, X.Z.; Tan, G.J.; Yuan, F.; Alireza, N.E.; Qi, N.; Liu, J.Q.; Peng, Y.Q. Fluorescence detection platform 

of metal-organic frameworks for biomarkers. Colloids Surf. B Biointerfaces 2023, 229, 113455. 
20. Dong, J.; Dao, X.Y.; Zhang, X.Y.; Zhang, X.D.; Sun, W.Y. Sensing Properties of NH2-MIL-101 Series for Specific Amino Acids via 

Turn-On Fluorescence. Molecules 2021, 26, 5336. 
21. Shukla, V.; Ahmad, M.; Siddiqui, K.A. Colorimetric recognition of a biomarker of trichloroethylene in human urine and photo-

catalytic dye degradation employing unprecedented Co(II) MOF luminescent probe. J. Mol. Struct. 2024, 1308, 138068. 
22. Lei, N.N.; Li, W.C.; Zhao, D.S.; Li, W.Q.; Liu, X.; Liu, L.Y.; Yin, J.R.; Muddassir, M.; Wen, R.M.; Fan, L.M. A bifunctional lumi-

nescence sensor for biomarkers detection in serum and urine based on chemorobust Nickel(II) metal-organic framework. Spec-
trochim. Acta Part A 2024, 306, 123585. 

23. Meng, Z.X.; Yang, F.N.; Wang, X.J.; Shan, W.L.; Liu, D.D.; Zhang, L.Y.; Yuan, G.Z. Trefoil-Shaped Metal–Organic Cages as Flu-
orescent Chemosensors for Multiple Detection of Fe3+, Cr2O72–, and Antibiotics. Inorg. Chem. 2023, 62, 1297. 

24. Chaudhary, M.Y.; Kanzariya, D.B.; Das, A.; Pal, T.K. A fluorescent MOF and its synthesized MOF@cotton composite: Ratiometric 
sensing of vitamin B2 and antibiotic drug molecule. Spectrochim. Acta Part A 2024, 314, 124194. 

25. Geng, J.; Li, Y.Y.; Lin, H.Y.; Liu, Q.Q.; Lu, J.J.; Wang, X.L. A new three-dimensional zinc(II) metal–organic framework as a fluo-
rescence sensor for sensing the biomarker 3-nitrotyrosine. Dalton Trans. 2022, 51, 11390. 

26. Li, W.Q.; Li, W.C.; Liu, X.; Wu, H.N.; Yang, J.Y.; Lu, F.Y.; Fan, L.M. A dual-responsive luminescent sensor for efficient detection 
of 3-nitrotyrosine and dipicolinic acid biomarkers based on copper(II) organic framework. Appl. Organomet. Chem. 2024, 38, 
e7452. 

27. Cai, D.G.; Zheng, T.F.; Liu, S.J.; Wen, H.R. Fluorescence sensing and device fabrication with luminescent metal-organic frame-
works. Dalton Trans. 2024, 53, 394. 

28. Xi, Y.; Hu, M.; Gao, L.; Sun, Q.N.; Ma, E.H.; Hu, W.J.; Li, M.T.; Liu, W.; Sun, J.Y.; Zhang, C.L. A pyrazole-functional 3D cobalt-
organic framework for fluorescence detection of Cu2+ and Hg2+. J. Mol. Struct. 2023, 1284, 135456. 

29. Zhang, W.Q.; Zhang, B.L.; Wang, T.; Chen, J.; Li, Z.Y.; Wang, R.H.; Li, S.Q.; Zhang, J.J. Two new Cd-based metal–organic frame-
works for afterglow detection of Fe3+ and NH3. J. Mater. Chem. A 2024, 12, 7732–7741. 

30. Wu, S.Y.; Lin, Y.N.; Liu, J.W.; Shi, W.; Yang, G.M.; Cheng, P. Rapid Detection of the Biomarkers for Carcinoid Tumors by a Water 
Stable Luminescent Lanthanide Metal-Organic Framework Sensor. Adv. Funct. Mater. 2018, 28, 1707169. 

31. Wang, N.R.; Li, S.S.; Li, Z.H.; Gong, Y.Y.; Li, X. A Zn(II)-Metal-Organic Framework Based on 4-(4-Carboxy phenoxy) Phthalate 
Acid as Luminescent Sensor for Detection of Acetone and Tetracycline. Molecules 2023, 28, 999. 

32. Pavlov, D.I.; Yu, X.L.; Ryadun, A.A.; Samsonenko, D. G.; Dorovatovskii, P. V.; Lazarenko, V. A.; Sun, N.; Sun, Y.; Fedin, V. P.; 
Potapov, A.S. Multiresponsive luminescent metal–organic framework for cooking oil adulteration detection and gallium(III) 
sensing, Food Chem. 2024, 445, 138747. 

33. Tian, X.M.; Yao, S.L.; Qiu, C.Q.; Zheng, T.F.; Chen, Y.Q.; Huang, H.P.; Chen, J.L.; Liu, S.J.; Wen, H.R. Turn-on luminescent sensor 
toward Fe3+, Cr3+, and Al3+ based on a Co(II) metal-organic framework with open functional sites. Inorg. Chem. 2020, 59, 2803. 

34. Ma, K.; Zhao, Y.N.; Han, X. Interesting pH-responsive behavior in benzothiadiazole-derived coordination polymer constructed 
via an in situ click synthesis. Cryst. Growth Des. 2018, 18, 7419–7425. 

35. Mallick, A.; El-Zohry, A.M.; Shekhah, O.; Yin, J.; Jia, J.; Aggarwal, H.; Emwas, A.-H.; Mohammed, O.F.; Eddaoudi, M. Unprec-
edented ultralow detection limit of amines using a thiadiazole-functionalized Zr(IV)-based metal-organic framework. J. Am. 
Chem. Soc. 2019, 141, 7245–7249. 

36. Sheldrick, G.M. SHELXTL, version 6.14; Bruker AXS, Inc. Madison, WI, USA, 2000–2003. 
37. Sheldrick, G.M. Crystal structure refinement with SHELXL. Acta Crystallogr. Sect. C Struct. Chem. 2015, 71, 3–8. 
38. Sarkisov, L.; Harrison, A. Computational structure characterisation tools in application to ordered and disordered porous ma-

terials. Mol. Simul. 2011, 37, 1248–1257. 
39. Spek, A.L.J. Single-crystal structure validation with the program PLATON. J. Appl. Crystallogr. 2003, 36, 7–13. 



Molecules 2024, 29, 2755 13 of 13 
 

 

40. Rani, P.; Husain, A.; Bhasin, K.K.; Kumar, G. Zinc(II)-MOF: A Versatile Luminescent Sensor for Selective Molecular Recognition 
of Flame Retardants and Antibiotics. Inorg. Chem. 2024, 63, 3486. 

41. Ju, Z.M.; Yan, W.; Gao, X.J.; Shi, Z.Z.; Wang, T.; Zheng, H. G. Syntheses, Characterization, and Luminescence Properties of Four 
Metal−Organic Frameworks Based on a Linear-Shaped Rigid Pyridine Ligand. Cryst. Growth Des. 2016, 16, 5, 2496–2503. 

42. Wang, L.Y.; Liu, T.T.; Cheng, J.W.; Zou, H.Q.; Lu, J.; Liu, H.T.; Li, Y.W.; Dou, J.M.; Wang, S.N. Turn-off luminescence sensing 
activities of amide-functionalized Zn-MOF toward biomarker (2-methoxyethoxy)acetic acid and antibiotic tetracycline. J. Mol. 
Struct. 2024, 1296, 136815. 

43. Ru, J.; Shi, Y.X.; Li, T.; Cao, F.; Guo, Q.; Wang, Y.L. A water-stable 2D Y-MOF decorated with tris(3′-F-4′-carboxybiphenyl) amine 
for multi-responsive fluorescence sensing of CrVI and nitrofuran antibiotics. J. Mol. Struct. 2024, 1297, 136978. 

44. Zhang, R.J.; Wang, J.J.; Xu, H.; Zhu, Z.H.; Zheng, T.F.; Peng, Y.; Chen, J.L.; Liu, S.J.; Wen, H.R. Stable Cd(II)-Based Metal-Organic 
Framework as a Multiresponsive Luminescent Sensor for Acetylacetone, Salicylaldehyde, and Benzaldehyde with High Sensi-
tivity and Selectivity. Cryst. Growth Des. 2023, 23, 5564. 

45. Hong, C.; Li, L.; Zou, J.Y.; Zhang, L.; You, S.Y. A turn-on fluorescent Zn(II) metal-organic framework sensor for quantitative 
anthrax biomarker detection. Dalton Trans. 2023, 52, 6067–6076. 

46. Yang, S.L.; Song, D.X.; Li, K.S.; Wang, L.; Zhang, Y.; Sun, Y.G.; Zhu, M.C.; Wu, S.Y. Synthesis of a lanthanide-based bimetallic-
metal-organic framework for luminescence sensing anthrax biomarker. Dye. Pigment. 2023, 220, 111673. 

47. Wang, R.N.; Zhang, H.; Sun, J.; Su, Z.M. Eu3+-MOF fluorescence sensor based on a dual-ligand strategy for visualised detection 
of an anthrax biomarker 2,6-pyridine dicarboxylic acid. Inorg. Chem. Front. 2024, 11, 269. 

48. Wang, L.X.; Li, A.J.; Wang, Z.H.; Wang, W.Z.; Zhou, H.F.; Liu, B. A layered Y(III)-viologen framework for efficient detection of 
nitrofurazone. J. Solid State Chem. 2022, 316, 123617. 

49. Frisch, M.; Trucks, G.; Schlegel, H.; Scuseria, G.; Robb, M.; Cheeseman, J.; Scalmani, G.; Barone, V.; Petersson, G.; Nakatsuji, H. 
Gaussian 16; Gaussian, Inc.: Wallingford, CT, USA, 2016. 

50. Becke, A.D. Density-functional thermochemistry. III. The role of exact exchange. J. Chem. Phys. 1993, 98, 5648–5652. 
51. Weigenda, F.; Ahlrichs, R. Balanced basis sets of split valence, triple zeta valence and quadruple zeta valence quality for H to 

Rn: Design and assessment of accuracy. Phys. Chem. Chem. Phys. 2005, 7, 3297–3305. 
52. Grimme, S.; Ehrlich, S.; Goerigk, L. Effect of the damping function in dispersion corrected density functional theory. J. Comput. 

Chem. 2011, 32, 1456. 
53. Humphrey, W.; Dalke, A.; Schulten, K. VMD: Visual molecular dynamics. J. Mol. Graph. 1996, 14, 33–38. 
54. Lu, T.; Chen, F. Multiwfn: a multifunctional wavefunction analyzer. J. Comput. Chem. 2012, 33, 580–592. 
55. Lu, T.; Chen, Q.X. Independent gradient model based on Hirshfeld partition: A new method for visual study of interactions in 

chemical systems. J. Comput. Chem. 2022, 43, 539. 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-
thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to 
people or property resulting from any ideas, methods, instructions or products referred to in the content. 

 


