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A pH and thermal stable three dimensional framework [Mg(ATDC)(H>0),], (1) (H,ATDC = 2’-amino-1,1":4’,1"-
terphenyl-4,4"-dicarboxylate) with blue fluorescence has been successfully synthesized and characterized. The
Mg-MOF contains 2D [Mg(COO),], sheet, which links ATDC?™ to generate 3D framework with accessible -NH,
groups, which could be beneficial to impact the reorganization on specific small molecules. Importantly, it is the
first reported highly selective fluorescence Mg-MOF for sensing 2,4,6-Trinitrotoluene (TNT), and have the

highest sensitivity for detecting Chromium(III) simultaneously through fluorescence quenching. Furthermore,
the quenching mechanisms are mainly attributed to the photo-induced electron transfer and competitive ab-
sorptions between the excitation/emission of Mg-MOF and analytes, rather than the interactions between -NH,

and analytes.

1. Introduction

Nowdays, how to rapidly detect hazardous organic and heavy metal
ions has been an important challenge for environmental protection
[1,2], homeland security [3,4] and human health [5-7]. The hazardous
nitro aromatic explosives (NAEs) are important materials of industrial
explosives [8], especially for TNT, it can lead to potential explosion
hazard and soil/aquatic pollution when be released into the environ-
ment [9]. Similarly, chromium(III) is one of the hazardous metal pol-
lutants since it is a threat to the environment and toxic to human health
[10,11], the excess Cr®* also can lead to mutations and cancers
[12,13]. However, some current commercial detecting techniques, such
as nuclear magnetic resonance (NMR) [14], atomic absorption spec-
trometry (AAS) [3], mass spectrometry (MS) [15] and so on, are diffi-
cult to meet the needs of the real-time detection because of the com-
plication and time-consuming. Therefore, it is a challenging research
issue to explore new methods for rapidly and selectively detecting NAEs
and heavy-metal ions easily and real-time.

Currently, luminescent MOFs (LMOFs) have received some atten-
tions as chemical sensors because of their high selectivity and

sensitivity, quick response, and recoverability [16,17]. As far as we
know, there are many LMOFs as sensors for sensing nitro aromatic
compounds and heavy-metal ions, mainly for sensing NB and TNP
[18,19], but it hasn’t been reported yet for high selectively sensing
TNT, so it is a significative challenge to develop new LMOFs sensors for
detecting it. In fact, a good number of LMOFs thus far were built by the
lanthanide or transition-metal ions [20,21], the alkaline-earth LMOFs
have been rarely explored for detecting NAEs and heavy-metal ion due
to the difficulties of synthesis and application [22,23]. Recently, we are
interested our research in constructing Mg>* based MOFs and exploring
their applications on luminescent sensing. Combination of the low
toxicity of alkali metals and our research work, a rigid rich electronic
ligand H,ATDC (2’-amino-1,1":4’,1"-terphenyl-4,4"-dicarboxylate) with
active -NH, groups was selected to construct multifunctional Mg*™-
based luminescent sensors. Here, a pH and thermo stable three di-
mensional framework [Mg(ATDC)(H,0),], (1) with blue fluorescence
was prepared, the Mg-MOF contains 2D [Mg(COO),], sheet, which
linked ATDGC?™ to generate 3D framework with accessible -NH,, groups,
which could be beneficial to sense small molecules. Fluorescence stu-
dies show that the Mg-MOF is the first reported recyclable highly
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selective fluorescence sensor for detecting TNT, and the highest sensi-
tive fluorescence sensor for detecting Cr(III) simultaneously through
fluorescence quenching. Furthermore, the quenching mechanisms were
also well studied, the sensing properties were mainly attributed to the
competitive absorptions between the analytes and excitation/ emission
of Mg-MOF, rather than the interactions of weak bondings.

2. Experimental
2.1. Synthesis of Mg-MOF 1

The reactants of H,ATDC(0.1 mmol, 0.42g), Mg(NO3),6H,0
(0.1 mmol, 0.26 g) were dissolved in 10 mL of DMF/MeOH/H,0 (2:1:1,
v/v), 2 drops HCI solution (1 mol/L) was added dropwise. The final
suspension was sealed in a Parr Teflon-lined stainless steel reaction
kettle (15mL) and heated at 90 °C for 4 days, then cooled to room
temperature slowly, light brown block crystals of 1 were obtained in
75% yield by centrifuging and washing two times (based on H,ATDC).
Anal. Caled for CgoHgpO18N4Mg: C, 69.15, H, 4.32, N, 4.03; found C,
69.02, H, 4.50, N, 4.27. IR (KBr, cm ™ 1): 3450(s), 3360(s), 3030(m),
1590(vs), 1540(vs), 1390(vs), 1190(m), 1140(m), 1000(m), 791(s),
640(b), 540(s).

3. Results and discussion
3.1. Crystal structure discussions

The space group of 1 is P2,/c, the building unit contains one
ATDC?™ anion, one Mg(II) cation and two coordinated water molecules
(Table S1 and S2). The Mg(II) center has an octahedral coordination
geometry composed by four other O atoms contributing from four dif-
ferent ATDC?™ in the equatorial plane, and two O atoms of H,O in the
axis (Fig. 1a). In complex 1, each COO- linked two Mg(II) to generate a
2D sheet, the coordinated water hang up and down of the sheet
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(Fig. 1b). Then the ATDC?~ linked the adjacent sheets to form a 3D
framework with rectangular channels and available -NH, groups
(Fig. 1c).

3.2. Thermogravimetric analyses and PXRD patterns

To evaluate the thermo stability of 1, TGA plot has been measured
under N, atmosphere and is shown in Fig. S1. The result reveals that
complex 1 has not weight loss at 35-160 °C, then it has a weight loss of
9.0% at the range of 160-225 °C, which attributes to the departure of
coordinated water molecules (calcd 9.2%), the framework start to de-
compose up to 550 °C, showing the high thermal stability. As shown in
Fig. S2, the PXRD diffraction peaks of the experimental are completely
consistent with the stimulated, showing the high purity of complex 1.

3.3. Fluorescence properties

The solid luminescence excitation and emission spectra of the
H,ATDC and complex 1 have been measured at ambient temperature.
As shown in Fig. S3, the free H,ATDC shows a broad emission with the
fluorescence peak at 500 nm (A.x = 350 nm), and complex 1 show an
intensive emission with the fluorescence peak at 460nm
(Aex = 380 nm). Complex 1 shows superior fluorescence intensity and a
slight blue shift of approximately 40 nm than H,ATDC, which is at-
tributed to tightly stacking and the ligand to ligand charge transfer,
therefore has widely applications in luminescent sensing [21].

3.4. pH stability properties

The stabilities of complex 1 at different pH conditions were studied
at ambient temperature as well, the fluorescence intensities of 1 were
measured after treating with aqueous solution of various pH values for
10h, the results show the fluorescence intensities haven’t obviously
changed when pH values changed from 1 to 12. Further PXRD

Fig. 1. (a) Coordination environment of Mg(Il), #1 = 1-x, 1-y, 1-z; #2 = 1-x, -0.5+Y, 1.5-2; #3 = x, 1.5-y, -0.5+2; (b) Each COO ™ linked two Mg(II) to generate 2D
sheet; (c) Three dimensional framework constructed by ATDC? linking the adjacent sheets.
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Fig. 2. PXRD patterns of 1 in various pH values (1, 2, 11, 12).

characterizations also confirmed the stabilities of complex 1 in different
pH values (pH = 1-12) (Fig. 2 and S4).

3.5. Selective sensing of nitro-explosive compounds and cations

When H,ATDC is coordinated to Mg?* ion, fluorescence intensity is
rapidly enhanced, which attribute to the enhancement of rigidity and
the m-conjugacy of the H,ATDC. Considering the excellent photo-
luminescence and thermal/pH stabilities, it is hoped to explore the
potential fluorescence performances for detecting nitro-explosive
compounds and metal ions. The emission spectrum of 1 indicates that
complex 1 can be well-dispersed in most solvents such as DMA, DMF,
CH,Cl,, EtOH, MeOH and THF to form stable suspension liquids,
complex 1 displays stronger luminescent intensity in DMF, CH;CN and
CH3;0H, while exhibiting weaker intensity in water (Fig. S5).
Consideration of the solubilities of analytes and the stable of suspen-
sion, DMF was selected as the dispersed solvent to explore the potential
fluorescence sensing performances for detecting NAEs and metal ions.

The NAEs, such as 2-nitrotoluene, 2, 6-dinitrotoluene, 3-ni-
trotoluene, p-nitrotoluene, 2,4-dinitrotoluene, trinitrophenol (TNP) and
trinitrotoluene (TNT), can cause environmental pollution and explosion
in chemical industry. Therefore, it is crucial that fast and effective de-
tection of NAEs. In order to study the sensing ability of compound 1
towards many NAEs, fluorescence titration experiments were carried
out by gradual addition of 1 mM solutions of various NAEs. As shown in
Figs. 3 and 4, 2,6-DNT, NB partially affect the emission intensities; 2,4-
DNT, 4-NT, 3-NT, 2-NT have medium affection for the emission in-
tensities. Furthermore, after adding TNP, the emission spectrum ex-
hibits red shift of 20 nm compared to complex 1, showing the existence
of noncovalent H-bonding interaction between -NH, and TNP. which
can be certified by IR spectra of complex 1 and 1-TNP, the vibration
position of -NH,, in 1-TNP exhibits a bit change compare with complex
1 (Fig. S6). Interestingly, such H-bonding interaction didn’t enhance the
quenching effect [19]. While the emission spectra exhibit a bit blue
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Fig. 3. The fluorescence intensities of compound 1 dispersed in different NEs
solutions (1 mM).
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Fig. 4. The fluorescence intensities of 1 dispersed in 0.091 mM different DMF
solutions of NAEs.

shift after adding other NAEs, which are attributed to tightly stacking
and tiny perturbation of NAEs. Interestingly, the emission intensity was
rapidly and completely quenched when TNT solution was added.
Moreover, the TNT induced fluorescence quenching of 1 can be easily
distinguished by the naked eye using a hand-held UV lamp
(Amax = 365 nm) (Fig. 5), demonstrating the applicability of 1 for real-
time detection of TNT.

To further understand the luminescent quenching degree, the
quenching curves were quantitatively studied by Stern-Volmer equation
(S-V plot): Iy/I =1 + K, X [M]. The results reveal that fluorescence
intensities were significantly decreased when TNT acted as quencher,
the S-V plots exists a good linear relationship between the luminescence
intensities and the low concentration of TNT (0-2.5 x 10~% M), and
correlation coefficient is up to 0.994. Whereas the S-V curve subse-
quently deviates from the linear relationship at higher concentrations.
According to the S-V equation, the Ky, value is up to 0.58 x 10* M for
TNT (Fig. 6a—c). To best of our knowledge, the Kj, in this work is larger
than most of LMOFs sensors for TNT in Table 1. Further detailed ana-
lysis denotes that the detection limits for TNT and Cr**are 0.12 and
0.01 umol L™ for 1, respectively, according to 35/k (8: standard error;
k: slope) (Table S3). The detection linear range of 1 for TNT and crit
are 0.12-148 ymol L™ " and 0.01-291 ymol L ™'. To further investigate
the quenching selectivity of TNT to other NAEs, the luminescent in-
tensities were investigated in the presence of other NAEs. The results
indicate that the fluorescence intensities are still decreased significantly
in various NAEs solutions of DMF with concentration of 1 x 102 M
when TNT acted as a quencher (Fig. S7). Thus complex 1 can be used as
an excellent fluorescence sensor for selectively detecting TNT. Ad-
ditionally, the recyclable performance of 1 in TNT was also in-
vestigated, complex 1 can be readily regenerated by washing with DMF
several times (Fig. 7), the results show that after five recycles, the
fluorescence intensities were not significantly reduced. The PXRD
spectrum (Fig. S8) of the sample after five times recycled in TNT so-
lution was measured to confirm the stability of 1. To best our knowl-
edge, it hasn’t been found yet that Mg-MOFs act fluorescent probes for
selective detecting TNT, furthermore, complex 1 is also the first LMOF
sensor for high selective detecting TNT. The difference between the

Fig. 5. Upon the addition of various nitro explosives solution (150 pL each) in
DMF suspension of 1 under UV light (A, = 365 nm).
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Fig. 6. (a) Fluorescence spectra of 1 with different amounts of TNT; (b)

Quenching percentages when adding different concentrations of TNT; (c) S-V
plot of 1 dispersed in different concentrations of TNT.

Table 1
A comparison of MOF-based luminescent probes for the detection of TNT.

Complexes Ko, M™H Detection Limit Ref.
{(Me;NHy)10[ZneLs(05)2Zn5] Gy}, 3.83 X 10°  _ [24]
TB-Zn-CP 1.09 x 10°  _ [25]
PCN-224 3.5 x 10* 50 uM [26]
TMU-32 3.06 x 10°  _ [271
TMU-31 558 x 10° [27]
Fe;0,@Tb-BTC 9.48 x 10*  _ [28]
[Zn,(NDC),(bpy)]-Gy 4.5 x 10° _ [29]
[Mg(ATDC)(H»0)>], 0.58 x 10* 0.12uM This work

quenching mechanisms can be predicted by the fluorescence lifetime of
the fluorophore in the presence of quencher. As shown in Fig. S9, the
average excited state lifetime (t) of 1 were 0.58 and 1.39 ns, respec-
tively, before and after the addition of 130 pLTNP. These average life
values indicate that the quenching process is essentially dynamic in
nature. The fluorescence quantum yields are 1.17% for complex 1 and
2.47% for complex 1 + TNT (Fig. S10).

Sensors & Actuators: B. Chemical 283 (2019) 255-261
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Fig. 7. Five recycle tests of complex 1 for sensing TNT.

According to previous studies, there are three mainly possible
quenching mechanisms for NAEs, the structural collapse or transfor-
mation, the photo-induced electron transfer (PET) from the CB(con-
duction band) of Mg-MOF to the LUMO(lowest unoccupied molecular
orbital) of TNT, resonance energy transfer (RET) between the absorp-
tion spectrum of the TNT and the fluorescence excitation/emission
spectrum of Mg-MOF, or the combination. The structural collapse or
transformation could be excluded because XRD patterns of the recycled
samples reveals that the crystal structure is still maintained after sen-
sing experiments (Fig. S8). From the HOMO and LUMO orbital energies
of electron-deficient NEs as calculated by density functional theory at
the B3LYP/6-31g* level, the electron can be transferred easily from the
CB band of 1 to the LUMO of NEs under excitation, resulting in the
fluorescence quenching, thus indicating the existence of PET. To de-
monstrate the overlap of spectrum exists in the sensing process, the
UV — vis spectra of various NAEs dispersed in DMF were investigated,
the results display that the wide absorption bands obviously exist at
300-500 nm, which can easily overlap with the fluorescence excitation/
emission peaks of Mg-MOF; especially for TNT, showing partly overlap
and resulting in great luminescence quenching as well (Fig. S11)
[30-35]. Besides, XPS spectra were also employed to provide more
information on the interactions between —NH, and TNT. As shown in
Fig. 8, the -NH, (N1s) peaks of 1-TNT (399.0 ev) have not show sig-
nificant change compare with -NH, (N1s) of complex 1 (398.8 ev),
showing that no obvious chemical interactions were found between
—NH, and TNT, the IR spectra of 1 and 1-TNT show the vibration peaks
of -NH, (3200-3500 cm ™ !) have not obviously change as well, so the
chemical interactions between the -NH, and TNT could be excluded
(Fig. S6). Given all this, indicating that the electron and energy transfer
play key roles for the fluorescence quenching.

To investigate the fluorescence sensing performances of complex 1
to various metal ions, complex 1 was dispersed in various 1 X 107> M
DMF solutions of metal ions M(NO3), (M = Na*, Pb%*, Li*, Ca?*,
Agt, cr®t, zn?", €d?*, Ni?*, cu®t, Co®*, Mn?%), then the fluores-
cence sensing experiments were studied under excitation at 290 nm. As
shown in Fig. S12, the fluorescence intensity of the suspension was
almost drastically and rapidly quenched when Cr®* ions was added, the
Cu®* and Hg?* partially affect the emission intensities, while other
metal ions haven’t obviously effect on the emission intensities. Such
distinct quenching effects, especially Cr®* ion, indicate that 1 could be
utilized as a fluorescence sensing probe to detect Cr*>* ions with high
selectivity and sensitivity. Thus, to further explore the sensitivity of 1 as
Cr®* sensor, the fluorescence titrations were examined by changing the
concentrations of Cr** to investigate the quenching behavior. As shown
in Fig. 9a, the fluorescence intensities of 1 are gradually weaken when
the amount of 1 x 102 M Cr®* ions were increased, and the fluores-
cence intensity was quenched more than 90% when the concentration
of Cr*™ is up to 0.29 mM (60 uL)(Fig. 9b). The Stern-Volmer plot for
Cr®*  exhibited a good liner correlation (R2=0.998) at low
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Fig. 8. (a) XPS survey spectra of 1, 1-TNT and 1-Cr®*; (b) N1s XPS spectrum of
1, 1-TNT and 1-Cr®*. (1 dispersed in 102 M TNT or Cr** and dried in air).

concentrations (0-3.5 X 10~° M), the value of K, is estimated to be as
high as 4.32 x 10° M~ ! (Fig. 9¢). To further study whether other metal
ions can disturb the quenching selectivity of Cr**, the luminescent
intensities were investigated with the existence of other metal ions. The
results show that when Cr®* ion was gradient added into various metal
ions solutions of DMF with concentration of 1 X 107> M acted as a
quencher, the fluorescence intensities also significantly decreased, even
for Cu** ion, the quenching effect is still pretty obvious. Which in-
dicates that complex 1 has high selectivity for detecting Cr** (Fig.
S13).

To best our knowledge, only one Mg-MOF was acted as fluorescent
probes for detecting cr’t ions [CH3-dpb]>[Mg3(1,4-NDC)4(p-
H,0),(CH30H)(H,0)]'1.5H,0  (1,4-H,NDC = 1,4-naphthalene  di-
carboxylic acid, dpb = 1,4-bis(pyrid-4-yl)benzene), complex 1 is the
second Mg-MOF act as fluorescent probes for sensing Cr**, and the Ky,
value is up to 4.32 x 10° M~1, greater than the reported value of
1.5 x 10* M~ ! [10]. Actually, this detecting result is the most excellent
among all the LMOFs for detecting Cr®™, and the comparisons are listed
in Table 2. In addition, in order to confirm the recyclability of complex
1, the dispersed solution was centrifuged. As shown in Fig. 10, complex
1 can restored and recycled at least four times. At the same time, PXRD
pattern of the original is completely consistent with the recycled sam-
ples, showing the high stability (Fig. S8). These results prove that
complex 1 is a very ideal fluorescent probe for detecting Cr** ions.

Similarly, according to previous reports and our studies, there are
several reasons that metal cations cause the luminescence quenching:
the ionic exchange, the collapse or change of the structure, and the
competitive photon absorption between the adsorbed ions and MOFs
[39]. In this case, it is sure that the fluorescence quenching of 1 neither
attributed to the structural decomposition nor cationic exchange pro-
cess, because the PXRD pattern of 1 recycled from Cr®* solution was
almost unaffected compared to the simulated patterns. Thus, such
fluorescence quenching is considered to be caused by the wide ab-
sorption between 350 nm and 600 nm of Cr** (Fig. S14). Which cover
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various volume of 1 x 10~2M Cr>* ions. (b) Quenching percentages of 1 upon
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Table 2

The quenching constants of the reported LMOFs for Cr** in suspensions.
Complexes Ky/M ™1 Ref.
[Mg(ATDC)4(H20).] 4.32 x 10°  This

work
[Me,NH,]4[Zne(qptc)s(trz),]-6H,0 439 x 10*  [4]
[CH3-dpb],[Mg3(1,4-NDC)4(u-H,0),(CH;0H) 1.5 x 10* [10]
(H,0)]1.5H,0

[Zn(L)(H20)]-H,0 2.03 x 10* [12]
[Tb(TBOT)(H,0)1(H0)4(DMF)(NMP), 5 1.36 x 10*  [37]
Zn-MOF 5.1 x 10* [38]
[Euy(tpbpc),CO5-4H,01 DMF 514 x 10> [39]

the emission of Mg-MOF at 400-600 nm and hinder the absorption of
Mg-MOF upon excitation, and lead to the quenching of the fluorescence
[36-41].

XPS spectra were checked and demonstrate that the N1s (-NH)
peaks of 1-Cr3* (399.0ev) have not significant change compare with
the N1s (-NH,) of complex 1 (398.8ev) (Fig. 8). The IR spectra of 1 and
1-Cr®* show that the vibration peaks of -NH, (3200-3500 cm ™ 1) have
not obviously change as well, so the interactions between the free Lewis
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Fig. 10. Five cycle tests of 1 for sensing Cr®* (bottom) cations.

base sites of -NH, and Cr®* could be excluded (Fig. S6). The existing of
trace Cr** is due to the absorption of complex 1, which hasn’t been
further washed.

4. Conclusions

In summary, a novel 3D Mg-MOF [Mg(ATDC)(H,0),], (1) has been
synthesized and characterized, complex 1 presents a pH and thermo
stability fluorescent Mg-MOF sensor exhibiting highly selectivity for
TNT and highly sensitivity for Cr®>*. Furthermore, complex 1 can be
quickly regenerated by simple wash with DMF, exhibiting good re-
cyclability for detecting TNT and Cr>*. Most importantly, the Mg-MOF
is the first example for selectively detecting TNT, and also has the
highest sensitivity for quantitative detecting Cr>*. These results prove
that LMOFs with excellent performance can be rationally designed by
importing applicable ligands and metal ions. Future study will be fo-
cused on the preparations of new highly selective and sensitive Mg-
MOF sensors and further understanding of relationships between the
structures and properties.
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