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A new benzothiadiazole-based MOF {[Zn(BIBT)(oba)l-DMA},, (IXUST-3, BIBT = 4,7-bi(l1H-imidazol-1-yl)
benzo-[2,1,3]thiadiazole and Hoba = 4,4-oxybisbenzoate) has been solvothermally synthesized and
characterized by single crystal X-ray diffraction, IR spectroscopy and TGA. The fluorescence studies
suggest that IXUST-3 could simultaneously selectively sense trivalent metal ions including AZ*, Cr** and
Fe®* by a turn-off effect, and the detection limits are 0.055, 0.049 and 0.056 pM, respectively. Moreover,
JXUST-3 exhibits relatively good thermal and chemical stabilities and reusability. The fluorescent test paper
also displayed an obvious turn-off effect, indicating that JXUST-3 can be used as a potential multi-
response fluorescent probe. The possible quenching mechanisms of JXUST-3 for AP* and Fe*" were
competitive energy absorption, and for Cr** ions, they were competitive energy absorption and weak
interactions between Cr®* and the framework. Therefore, JXUST-3 could be viewed as a transition metal
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Introduction

Metal-organic frameworks (MOFs), also known as porous
coordination polymers (PCPs), are an emerging area of crystal
engineering' and are attracting increasing attention due to
their unique structures and potential applications in
luminescence,>™® magnetism,””® storage/separation,’ ">
catalysis,"*™® ion exchange,'” drug delivery'® and so on. In this
situation, the rational design and synthesis of MOFs are quite
meaningful and a large number of such crystalline materials
have been reported." In recent years, with the development of
industry and agriculture, environmental pollution became
more serious, which is harmful to human health, especially
induced by metal ions. Trivalent metal ions involving AI*",
cr’’, and Fe®" are some of the most serious environmental
pollutants owing to their high toxicity.>° Excessive A’ intake
may cause Alzheimer's and Parkinson's disease and central
nervous system dysfunction;>" Cr*" imbalance could result in
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MOF fluorescence sensor for Al**, Cr* and Fe®* by the turn-off effect, simultaneously.

diabetes and even malignant cells;** deficiency or overloading
of Fe** in the body might lead to endotoxemia, gastrointestinal
disturbance, and declining immunity.*® Therefore, it is
necessary to choose a fast and effective method to detect
harmful metal ions. Due to luminescence sensing's operability
and cost-saving with obvious superiorities, such as high
sensitivity and selectivity, real-time response, excellent
photostability and easy recognition with the naked eye, it could
be considered as one of the most promising methods
compared with other ways to detect metal ions.>* Therefore,
the exploration of new MOF materials with excellent
fluorescence sensing ability is extremely worthy.

As is known, multitopic bridging ligands with N, S, P, and/or
O-containing functional groups can exhibit diverse binding
abilities for central metal ions, and therefore could be used as
effective ligands for constructing various coordination
networks.” In addition, the mixed-ligand strategy, especially the
acid-base system, possesses the characteristics of compensating
charge balance, coordination deficiency, repulsive vacuum, and
weak interaction, simultaneously.'® Carboxylate ligands exhibit
various coordination modes and organic ligands with a richly
conjugated m electron system are beneficial for preparing
fluorescent MOFs with novel structures and special properties.
In particular, benzothiadiazole derivatives have visible optical
and electronic properties,®*® and are suitable to be used as an
electron acceptor for molecular optoelectronic devices because
of the strong electron-withdrawing capacity and high electron
affinity.””*® To date, many MOF/CP based fluorescence sensors
for Cr** and Fe*", Cr** and AI*', A" and Fe** or AI*'/Cr**/Fe**
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have been reported,”** while multi-responsive fluorescence
sensors for AI**, Cr*" and Fe*" are limited.?>**">* Therefore, it is
still a great challenge to explore fluorescence sensors for the
detection of various metal ions with multiple responses,
especially the highly charged metal ions.

Herein, a new benzothiadiazole-based MOF namely
{[Zn(BIBT)(oba)|-DMA},, (JXUST-3) was prepared with
4,7-bi(1H-imidazol-1-yl)benzo-[2,1,3]thiadiazole (BIBT) and
4,4"-oxybisbenzoate (Hyoba) (Scheme 1). The fluorescence
measurements demonstrated that JXUST-3 has high
sensitivity and selectivity toward AI**, Cr** and Fe’" via a
fluorescence quenching (turn-off) effect with the detection
limits of 0.055, 0.049 and 0.056 uM, respectively, which are
relatively low compared with those of other related
fluorescence sensors.”?®**? Furthermore, JXUST-3 exhibits
relatively good thermal and chemical stabilities, making it a
great potential fluorescence sensor for detecting AI**, Cr’
and Fe*", simultaneously. Thus, JXUST-3 could be used as a
multifunctional transition metal MOF sensor for AI**, Cr*
and Fe’" through the turn-off effect.

Experimental section
Materials and instrumentation

The BIBT ligand was obtained through the way reported by
our group,” and other chemicals were analytical grade,
purchased from commercial sources and used without
purification. The powder X-ray diffraction (PXRD) spectra
were measured on a Rigaku MiniFlex 600 instrument. The
simulated PXRD spectrum was obtained from the single-
crystal data from Mercury (Hg) program, which is freely
available on the internet at http://www.iucr.org. The IR
spectrum was recorded on a Bruker ALPHA FT-IR
spectrometer with KBr pellets in the range of 4000-400 cm ™.
Thermogravimetric analysis (TGA) was carried out using a
NETZSCH STA2500 (TG/DTA) under an N, atmosphere from
room temperature to 800 °C. The fluorescence emission
spectra of the solid and liquid were recorded on a Hitachi
F4600 fluorescence spectrophotometer. The luminescence
lifetime was measured on a HORIBA Flourolog fluorescence
spectrophotometer. The UV-vis absorption spectra were
collected on a UV-2550 spectrophotometer.

Synthesis of {[Zn(BIBT)(oba)]- DMA},, (JXUST-3)

Zn(NO3),6H,0 (15.0 mg, 0.05 mmol), Hyoba (12.9 mg, 0.05
mmol) and BIBT (13.4 mg, 0.05 mmol) were dissolved in the
mixed solvent of 3 mL DMA, 0.25 mL EtOH and 0.25 mL H,O

N:.‘\ /:N o
) A on
OH
BIBT H,oba
Scheme 1 BIBT and H,oba ligands used for the synthesis of IXUST-3.
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in a 25 mL Teflon-lined autoclave. After the mixture was
sonicated for 10 minutes, the autoclave was sealed and
placed in a 120 °C oven for 3 days. Yellow block crystals were
gained after the autoclave cooling to room temperature for 24
h. The yield was about 25% based on Zn". IR spectrum
(em™): 3832m, 3731m, 3666m, 3443m, 3140w, 2926w, 1602s,
1522s, 1382s, 1317w, 1236s, 1160m, 1085m, 1019w, 944w,
876m, 779w, 698w, 654m, 513w, 434w (Fig. S1, ESI}).

Crystallographic studies for JXUST-3

The single-crystal X-ray diffraction data for JXUST-3 were
collected on a Bruker D8 QUEST diffractometer with Mo-Ka
radiation (1 = 0.71073 A) in w scan mode. SAINT program was
applied to integrate the diffraction profiles.>® The structure was
processed by the direct method and refined by the full-matrix
least squares methods with SHELX 2017/1.°°°° The non-
hydrogen atoms were situated in successive difference Fourier
syntheses and refined by anisotropic thermal parameters on
F?. The hydrogen atoms of the BIBT and H,oba ligands were
theoretically generated at the specific atoms and refined
isotropically by fixed thermal factors. The summary of the
crystallographic data and refinement parameters of JXUST-3 is
shown in Table 1. The selected bond distances and angles of
JXUST-3 are displayed in Table S1 (ESIT).

Results and discussion
Synthesis

JXUST-3 was constructed with the mixed ligands H,oba and
BIBT with Zn(NO;),-6H,O in the solvents DMA, EtOH and
H,0 at 120 °C. The IR spectrum shows that there are peaks
with strong intensity at 1602 cm™" and 1382 cm ™, which are

Table 1 Crystal data and structure refinements of IXUST-3

Compound JXUST-3
Formula C30H,5N504SZn
Mr 677.00

T (K) 273(2)
Crystal system Triclinic
Space group Pi

a (A) 11.1974(3)
b (A) 12.7343(3)
c (&) 12.9086(3)
a () 64.468(1)

£ (°) 73.240(1)

7 (©) 64.474(1)

Vv (A% 1486.83(7)
zZ 2

F(000) 696

Deae (g em™) 1.512

# (mm™) 0.95
Reflections collected/unique 22594/6773
Rine 0.026

R“YWR, [I > 20(1)] 0.0405/0.0945
Ry“/wR,” (all data) 0.0553/0.1034
GOF on F? 1.02

“ Ry = S (1[Fol = |Fel V32 1Fol- * wRy = [ow(|Fol” = |Fel /(S wlFo 2.
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possibly related to -COO™ groups. The peaks at 1522 cm ™" and
1317 cm™ may be attributed to imidazole ring stretching.

Structural characterization

Single-crystal X-ray diffraction results show that JXUST-3
crystallizes in the triclinic P1 space group. The asymmetric unit
of JXUST-3 includes one Zn" ion, one BIBT ligand, one oba*”
anion and one DMA molecule (Fig. 1a). Each Zn" ion is six-
coordinated, and is composed of four oxygen atoms (01, 02,
04B and O5B) from two oba®” anions and two nitrogen atoms
(N1 and N6A) from two BIBT ligands. The Zn-O and Zn-N
bond distances are in the ranges of 2.117(2)-2.313(2) A and
2.0552(19)-2.0699(19) A, respectively (Table S1, ESIt). The Zn1
coordination geometry could be regarded as an octahedron,
which was calculated by the SHAPE 2.1 software®” (Table S2,
ESIT). The adjacent Zn" ions are linked by BIBT to obtain Zn"-
BIBT chains, and then the chains are further connected by
oba®™ to form a two-dimensional (2D) sheet layer structure
(Fig. 1b). From the topological analysis, if each Zn" ion is
viewed as a 4-connected node, the whole 2D structure of
JXUST-3 could be simplified as a (4,4) sheet. Then, the 2D
layers are further packed by m-m interaction to gain a three-
dimensional (3D) supramolecular architecture (Fig. 1c). The
porosity is 25.3% and the total solvent-accessible volume is
376.4 A*, which is estimated by PLATON.>®

PXRD patterns and TGA

The PXRD patterns were recorded to verify the phase purity,
cycle stability and solvent stability of JXUST-3. The PXRD
pattern of the as-synthesized sample fits well with the
simulated one, implying that the experimental sample is pure
phase (Fig. S2a, ESIt). Moreover, the samples were also
soaked in some common organic solvents, including N,N-
dimethylformamide (DMF), dimethylacetamide (DMA),
n-hexane, acetonitrile (CH;CN), acetone, tetrahydrofuran
(THF), H,0, and dichloromethane (CH,Cl,) for 24 h, and the
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PXRD patterns of the experimental samples are also
consistent with the simulated one (Fig. S2b, ESIf), which
elucidates that JXUST-3 has relatively good solvent stability.

In addition, the thermal stability of JXUST-3 was measured
by TGA measurement. The result shows that JXUST-3 has
weight loss from room temperature to 245 °C, which could
be due to the removal of the crystal surface and channel
solvent molecules (weight loss obsd: 13.71%, calcd: 12.87%
(one DMA molecule)). Hereafter, the framework begins to
collapse at above 370 °C, demonstrating that JXUST-3 could
be stable below 370 °C and displays relatively good thermal
stability (Fig. S3, ESI{).

Fluorescence behaviors

JXUST-3 is constructed from d'® metal ion Zn" and organic
fluorescent ligands, and could be deemed as a promising
fluorescent material.>®* The solid fluorescence emission
spectra of BIBT and JXUST-3 were measured at room
temperature. As displayed in Fig. 2, the emission bands are
observed at 527 nm (4¢x = 466 nm) for BIBT and 492 nm (e =
286 nm) for JXUST-3, respectively. In addition, the
fluorescence emission of JXUST-3 is consistent with the CIE
chromaticity diagram (Fig. S4, ESIt). The emission band of
H,oba is at 317 nm (lex = 276 nm).*® As is known, a double
bond composed of ¢ and n bonds and the emission of the
organic ligands are usually ascribed to n* — n and/or n* — n
electronic transitions.®* Therefore, the fluorescence emission
of JXUST-3 should be largely on account of the metal-
perturbed intraligand charge transfer owing to the d'°
electron configuration of Zn". Furthermore, the obvious blue-
shift of the emission band compared with that of the BIBT
ligand may be due to the metal-ligand coordination
interactions.”®®?> In addition, different coordination
environments also have an important influence on the
emission of JXUST-3.>° Moreover, the fluorescence decay
curve indicates that the fluorescence lifetime of JXUST-3 is
4.42 ps (Fig. S5, ESIt).
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Fig. 1 Views of (a) the coordination environment of the Zn' ion in JXUST-3 (H atoms omitted for clarity), symmetry codes: A: x + 1,y - 1, z; B: x +
1, ¥, z-1; (b) the 2D structure of IXUST-3; (c) the 3D supramolecular architecture of IXUST-3.
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Fig. 2 The solid fluorescence emission spectra for BIBT and JXUST-3.

Metal-ion detection

The fluorescence detection experiments of various metal ions
were carried out in an EtOH suspension at room
temperature. Because JXUST-3 was constructed in EtOH
solution and with environmentally friendly characteristics,
EtOH was chosen as the dispersion medium. The JXUST-3
samples were fully milled and immersed in EtOH solution
with the rate of 1 mg per 2 mL, and then the mixture was
ultrasonically treated for half an hour to obtain a stable
suspension. In order to explore the fluorescence sensing
behavior of JXUST-3 toward metal ions, 6 pL 0.1 mol L™
different metal ion solutions were added in a 2 mL EtOH
suspension in a 3 mL quartz cuvette (M(NO;),; M = Na', Li',
Agh, K, Mg*", Ba®, Ca®", Ni*", Co®", cd*", zn>", Cu®', Nd*',
EW*’, Gd*", Er*', AI*', Cr*' and Fe®'; x = 1, 2 and 3; the test
concentration is 0.3 mM). As illustrated in Fig. 3, after the
addition of different metal ions, most of them had a
relatively weak effect on the fluorescence emission intensity
of JXUST-3, while AI**, Cr** and Fe®" ions displayed a
relatively obvious fluorescence quenching effect, especially
Fe*" ions showing a nearly complete quenching effect. The
results demonstrate that JXUST-3 has good selectivity toward
AP*", cr*" and Fe*" ions.

Moreover, the anti-interference experiments of AP’*, Cr**
and Fe*" were also performed (Fig. 4a, ¢ and e). 1 equiv. of AI**/
Cr**/Fe’* metal ions was added to the other metal ion
suspensions, and the fluorescence quenching effect still
existed, revealing the excellent sensitivity characteristic of
JXUST-3 toward AP**, Cr’" and Fe®" ions. To investigate the
correlation between the concentration and emission intensity,
the fluorescence titration experiments were carried out with
the increasing concentrations of Al>*/Cr’*/Fe®” ions, and the
fluorescence intensities gradually decreased with the addition
of AI**/Cr**/Fe** ions. The correlation between the fluorescence
emission intensity ratios Io/I and the concentrations of AI**/
Cr’*/Fe*" is exhibited in Fig. S6 (ESIf), which shows a good
linear correlation (R*> = 0.994, 0.995 and 0.994). And the
detection limits were 0.055, 0.049 and 0.056 uM, respectively,
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Fig. 3 Fluorescence relative intensities of JXUST-3 in an EtOH
suspension with different metal ions (0.3 mM), lex = 286 nm.

which were calculated by 3¢/k (o: the standard error; k: the
slope). Although several MOF-based materials display
fluorescence sensing toward Al**, Cr*" and Fe*" ions, JXUST-3
has relatively low detection limits by the turn-off effect (Table 2
).204632 These results demonstrate that JXUST-3 could be
viewed as a multifunctional fluorescent probe for AI**, Cr** and
Fe*" with high sensitivity and selectivity.

In addition, fluorescent test paper was prepared for practical
application by immersing the filter paper in the EtOH
suspension of JXUST-3. Then, the capillaries were used to
absorb Fe*'/AI**/Cr*" ions solution to write the corresponding
element symbols. The results demonstrate that there is a
fluorescence quenching effect with different quenching degrees
(Fig. 5). Therefore, the fluorescent test paper provides a facile,
fast, portable and naked-eye recognizable method under UV
light for the selective detection of AI**, Cr’*" and Fe*" ions.

Recycling capability is also an important indicator in
practical applications. Thus, a fast and simple method to
evaluate the recycling capability of JXUST-3 for the fluorescence
sensing of AI**, Cr** and Fe®" is carried out. The as-synthesized
sample of JXUST-3 was simply immersed in 0.3 mM AI**/Cr**/
Fe*" ion EtOH solution for fifteen minutes and then washed
five times with EtOH, respectively. As displayed in Fig. 6, the
fluorescence intensities show a slight change and the PXRD
patterns of the recycled samples are well consistent with the
simulated one (Fig. S2c, ESIt), revealing that the framework is
still stable. Therefore, JXUST-3 can be cyclically utilized at least
four times as a multifunctional fluorescence sensor for AI**,
Cr*" and Fe*" ions.

To investigate the possible turn-off sensing mechanism
toward AI**, Cr’" and Fe®', the related experiments were
carried out. As we know, the fluorescence quenching
mechanisms may be due to reasons including the collapse of
the structure, exchange of cations, energy competition of
absorption and interactions between sensing ions and MOF
frameworks.?”*” The PXRD patterns of JXUST-3 immersed in
AP**, cr’ and Fe*' ions are consistent with the simulated
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Fig. 4 Fluorescence intensity ratio histograms of JXUST-3 dispersed in EtOH with different metal ions (red) and subsequent addition of 1 equiv. of
A" ions (blue) (a), Cr** ions (green) (c) and Fe*" ions (yellow) (e) and the fluorescence intensities of JXUST-3 in the different concentrations of
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Table 2 The summary of the detection limits for detecting A*, Cr** and Fe** simultaneously

Detection limit of Detection limit of Detection limit of Medium
Complex AP cr’t Fe* solvent Ref.
{[Zn(BIBT)(0ba)]- DMA},, (JXUST-3) 0.055 uM (off) 0.049 uM (off) 0.056 uM (off) EtOH This work
Tb-TCPP 7.79 nM (on) 9.94 nM (on) 16.4 nM (on) DMF 52
[Zn(5-NH,-1,3-bdc)(H,0)] 2.44 pM (off-on) 13.9 uM (off-on) 0.317 uM (off) H,0 51
[Zn,(5-NH,-1,3-bdc),(NI-bpy-44)] DMF 5.59 uM (off) 7.87 uM (off) 0.709 uM (off) H,O 51
[Eu(DLDA)(DMF)(H,0)(COO0)],, 2.38 uM (off) 0.945 uM (off) 1.93 uM (off) DMA 46
[Eu,(ppda),(npdc)(H,0)]-H,O 0.011 pM (off) 0.617 pM (off) 0.166 pM (off) H,0 47
{[Co3(BIBT);(BTC),(H,0),]-solvents}, (JXUST-2) 0.10 uM (on) 0.10 uM (on) 0.13 uM (on) DMA 48
[Cd(Hcip)(bpea)o. 5(H20)], 1.31 uM (on) 1.84 M (on) 3.24 pM (off) DMF 20
{[Tb,(HL),(H,0),]-2Cl-5H,0}, — (off) — (off) — (off) H,0 49
{[Zn4(DPBT),(BDC),]-H,0-2DPBT},, — (on) — (on) — (off) DMF 50

Fig. 5 The fluorescent test paper treated with A**, Cr>* and Fe®* ions
(0.1 M).

one, confirming the structural stability of JXUST-3. Thus, the
fluorescence quenching effects of the Al**, Cr*" and Fe®* ions
were not caused by the framework collapse (Fig. S2a, ESIT).
In addition, owing to the neutral framework and difference
of electron configuration, it is very difficult for JXUST-3 to
achieve the turn-off effect by the exchange of the AI*'/Cr*'/
Fe** ions with the central Zn>" within the framework.
Furthermore, the XPS spectra of JXUST-3@AI**/Cr**/Fe" (the
JXUST-3 sample immersed in 0.3 mM AI*'/Cr*'/Fe*" and
washed with EtOH five times) displayed that there was a Cr
2p peak after the sample immersion in Cr*" ions, while there
are no obvious peaks of Al 2p and Fe 2p after the sample
immersion in AI’** and Fe®* ions®*™® (Fig. S7, ESIt),
indicating that Cr*" jons may exist in the framework and
induce interactions with JXUST-3.>*°> Importantly, the UV-vis

absorption spectra of the AI**, Cr** and Fe*" ions show that
there are overlaps with the excitation spectrum of JXUST-3
(Fig. S8, ESIf). Therefore, the excitation energy may be
absorbed by the AI**, Cr’" and Fe*" ions. Consequently, the
possible luminescence quenching mechanism for the AI**
and Fe’" ions may be owing to the energy competitive
absorption, and for the Cr*" ions, it may be due to the
competitive energy absorption and weak interactions between
cr** and the framework of JXUST-3.

Conclusions

In conclusion, a new benzothiadiazole-based MOF (JXUST-
3) was synthesized by a mixed-ligand strategy with BIBT
and H,oba under solvothermal conditions. JXUST-3
displays relatively good thermal and chemical stability.
Interestingly, fluorescence detection experiments
demonstrated that JXUST-3 could simultaneously selectively
probe trivalent AI**, Cr** and Fe*" ions via a turn-off
effect with relatively high selectivity and sensitivity, anti-
interference ability and recycling performance. The
detection limits are 0.055, 0.049 and 0.056 uM,
respectively. In addition, JXUST-3 was also manufactured
as a fluorescent test paper for practical applications, and
the test paper also displayed the obvious turn-off effect.
Importantly, JXUST-3 could be considered as a transition
metal MOF based fluorescence sensor for AI**, Cr’" and

Relative intensity
Relative intensity

JXUST-3 Runl Run2 Run3 Run4

(a) (b)

Fig. 6 The fluorescence relative intensities of IXUST-3 after four times of recycling toward Al
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Fe** by turn-off effects. Furthermore, the possible
fluorescence quenching mechanisms of JXUST-3 for AI*
and Fe®" were energy competitive absorption, and for Cr**
ions, they were energy competitive absorption and weak
interactions between Cr’" and JXUST-3. Therefore, JXUST-3
could be viewed as a potential multifunctional
fluorescence sensor for AI**, Cr’" and Fe®'. Further studies
of BIBT-based fluorescent MOF materials are ongoing in
our laboratory.
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