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er-stable 3D Zn-MOF with 8-fold
interpenetrated diamondoid topology showing
“turn-on/turn-off” luminescent detection of Al3+

and SNT in aqueous media†

Xiuting Gao,a Xiaohe Wang,a Miaomiao Feng,a Ming Yangb and Qingfu Zhang *a

The effective detection of Al3+ and antibiotics pollutants is crucial for environmental protection and human

health due to their high toxicity and nondegradability, but it is still currently challenging. In this work,

a methyl-decorated acylamide-containing dicarboxylate ligand H2L was elaborately designed and

successfully synthesized, which was further employed to react with Zn(II) ions and dpe ligands to

construct a new luminescent Zn-MOF, namely {[Zn(L)(dpe)]$DMF$3H2O}n (1). X-ray crystallography

reveals that MOF 1 is a 3D 8-fold [4 + 4] interpenetrated diamondoid framework with isolated DMF and

water molecules in the pores, in which the uncoordinated acylamide groups are found and facilitate the

Zn-MOF to recognize analyte molecules. The activated solvent-free MOF sample (denoted as 1a) exhibits

excellent water stability and good luminescent performance. The luminescence sensing experiments

show that 1a could behave as a bi-responsive chemical sensor for “turn-on” and “turn-off” luminescent

detection of Al3+ and SNT in aqueous media, respectively. The sensing mechanisms have also been

discussed. Furthermore, MOF 1a was successfully applied to the effective determination of Al3+ and SNT

in real water samples. This represents, to our knowledge, the first example of a MOF material for “turn-

on” and “turn-off” luminescent detection of Al3+ and SNT in water, which will promote the practical

application of water-stable luminescent MOF sensors in monitoring metal ions and antibiotics pollutants

in the environmental water matrices.
Introduction

Trivalent aluminum ions (Al3+) and antibiotics pollutants are
becoming a serious global problem for harming the ecological
environment and human health due to their high toxicity and
nondegradability.1–4 Al3+ is one of the common cations that can
cause drinking water pollution. The excess Al3+ entering the
human body would lead to severe illnesses including Alz-
heimer's disease and Parkinson's disease.5,6 Similarly, the abuse
of antibiotics such as sulfanitran (SNT) has brought about high
level of antibiotic residue, although the antibiotics have been
widely used for the treatment of bacterial infections in human
beings and animals. The large amount of antibiotics residues in
various aquatic environment would not only generate the drug
resistance for microbial strains among mankind but also
increase the risk of human carcinogenic and mutagenic
eering, Liaocheng University, Liaocheng

u.cn

e of Matter, Chinese Academy of Sciences,

(ESI) available: Crystallographic data,
2104369. For ESI and crystallographic
DOI: 10.1039/d1ra06590d

629
diseases by bioaccumulation effect.7–9 Currently, the inductively
coupled plasma mass spectrometry (ICP-MS),10 atomic absorp-
tion spectrometry (AAS)11 and liquid chromatography tandem
mass spectrometry (LC-MS)12 are the conventional methods to
detect Al3+ or antibiotics, but they exhibit some disadvantages
such as complicated operation, expensive equipment, and time-
consuming procedure. Therefore, it is urgent for scientists to
develop a simple, inexpensive and time-saving approach for
detection of Al3+ and SNT in water.

Luminescent metal–organic frameworks (MOFs), as a new
type of crystalline materials, are obviously superior to other
luminescent materials due to their excellent optical perfor-
mance, permanent porosity, high surface area, and easily tail-
orable structures and functions.13–15 Taking advantage of these
unique merits, some luminescent MOFs have been successfully
developed into “turn-on” and “turn-off” bi-responsive chemical
sensors for detecting different pollutants including metal ions
and/or organic pollutants via luminescence enhancing or
luminescence quenching mechanism, respectively. For
example, Wang and co-workers reported a luminescent 3D Cd-
MOF behaving as a bi-responsive chemical sensor in DMF
solutions for “turn-on” detecting Al3+ and Cr3+ as well as “turn-
off” detecting Fe3+, respectively.16 Li group reported a highly
© 2021 The Author(s). Published by the Royal Society of Chemistry
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luminescent 3D Zn-MOF acting as a bi-responsive chemical
sensor for “turn-on” detecting toluene vapor and “turn-off”
detecting nitrobenzene vapor, respectively.17 Zhang et al. re-
ported a luminescent 2D Zn-MOF serving as a bi-responsive
chemical sensor in the aqueous phase for “turn-on” detecting
Al3+ and “turn-off” detecting nitroaromatic explosives, respec-
tively.18 However, to our knowledge, no study on exploring MOF
as “turn-on” and “turn-off” bi-responsive luminescent sensor
for detecting Al3+ and antibiotics has been reported so far.

Water stability of luminescent MOFs in various water envi-
ronment even acid and base aqueous solutions is key factor for
practical applications.19–21 Generally, there are two most
commonmethods to improve the water stability of target MOFs.
The rst one is the use of high-valent metal ions to form strong
coordination bonds with organic ligands.22,23 The other one is
the incorporation of hydrophobic groups around coordination
sites of organic ligands to enhance the hydrophobic property of
MOFs, and then to protect coordination bonds from hydro-
lysis.24 In addition, a comparative study showed that the inter-
penetrated topological structure would also obviously enhance
the water stability of target MOFs.25,26

In this work, a methyl-decorated acylamide-containing
dicarboxylate ligand, 4,40-((naphthalene-1,4-dicarbonyl)
bis(azanediyl))bis(2-methylbenzoic acid) (H2L), has been elab-
orately designed and successfully synthesized, in which two
hydrophobic methyl groups are introduced into the ortho-
position of the coordination carboxylate groups in order to
enhance the water stability of target MOFs, as well as two acy-
lamide groups are also introduced into H2L ligands as guest-
accessible functional organic sites (FOS) in order to improve
their sensing ability. As expected, a new Zn-MOF {[Zn(L)(dpe)]$
DMF$3H2O}n (1) was obtained by reaction of H2L, Zn(NO3)2-
$6H2O and 1,2-di(pyridin-4-yl)ethane (dpe) under solvothermal
condition. X-ray crystallography revealed that MOF 1 exhibited
a 3D 8-fold [4 + 4] interpenetrated diamondoid framework with
isolated DMF and water molecules in the pores. The activated
solvent-free MOF sample 1a was fabricated by the solvent-
exchange and vacuum heat treatment technique, showing an
enhanced stability in water, boiling water, as well as HCl and
NaOH aqueous solution. The luminescence sensing experi-
ments showed that 1a could behave as a bi-responsive chemical
sensor for “turn-on” and “turn-off” luminescent detection of
Al3+ and SNT in aqueous media (Fig. 1). In addition, the “turn-
on” and “turn-off” luminescent sensing mechanisms for Al3+

and SNT have also been discussed. To our knowledge, this
represents the rst example of bi-responsive MOF sensor for
“turn-on” and “turn-off” luminescent detection of Al3+ and SNT
in aqueous media.

Experimental section
Materials and measurements

All chemicals were of analytical grade and used without further
purication. Elemental analyses for C, H, and N were carried
out on an Elementar vario EL cube analyzer. Infrared spectra
were recorded on a Nicolet-5700 FT-IR spectrophotometer with
KBr pellets. Powder X-ray diffraction (PXRD) patterns were
© 2021 The Author(s). Published by the Royal Society of Chemistry
recorded on a Rigaku SmartLab 9 kW diffractometer with Cu Ka
radiation (l ¼ 1.5418 Å) at room temperature. Thermogravi-
metric analyses (TGA) were performed under the nitrogen
atmosphere on a Netzsch STA 449F5 thermal instrument.
Adsorption isotherms for water vapor were measured with an
Hiden intelligent gravimetric sorption analyzer at 298 K. The
contact angle toward water was recorded with Krüss DSA 100S
instrument. X-ray photoelectron spectroscopy (XPS) were per-
formed on a Thermo Fisher Scientic Escalab Xi+ system. The
absorption spectra were recorded on a Persée T9CS UV-Vis
spectrophotometer. The photoluminescence spectra were
measured on a Hitachi F-4700 spectrophotometer.
Synthesis of {[Zn(L)(dpe)]$DMF$3H2O}n (1)

Amixture of Zn(NO3)2$6H2O (29.8 mg, 0.1 mmol), H2L (48.2 mg,
0.1 mmol) and dpe (18.4 mg, 0.1 mmol) in DMF/H2O (3 mL, v/v
¼ 1 : 2) was sealed in a Teon-lined stainless steel vessel and
heated at 120 �C for 3 days, and then cooled to room tempera-
ture at a rate of 5 �C h�1. Colorless block crystals of MOF 1 were
obtained with a 60.2% yield based on Zn(II). Elemental anal.
calcd for C43H45N5O10Zn (%): C, 60.25; H, 5.29; N, 8.17; anal.
found: C, 60.23; H, 5.32; N, 8.21. Selected IR (KBr, cm�1): 3423,
1664, 1615, 1525, 1383, 1311, 1253, 833, 793.
Sample activation of 1a

The as-synthesized sample of 1 was rstly immersed into
anhydrous methanol for 3 days, and the methanol was
refreshed three times each day. Then the similar procedure was
utilized to treat the sample with dichloromethane to remove
methanol molecules. Aer removal of dichloromethane by
centrifuging, the sample was dried under vacuum at 80 �C for
12 h to yield activated solvent-free sample 1a. Solid samples of
1a were ground into powder and used for other measurements.
Luminescence measurements

In a typical luminescence experiment, 0.86 mg nely grounded
powder of 1awas added to a cuvette containing 10mL deionized
water, and then ultrasonicated for 8 h to form a uniform
suspension. All the titration experiments were performed by
adding the selected analytes to 1 mL of 1a suspension. The
luminescence spectra were recorded with an emission peak
around 470 nm upon excitation at 340 nm. All the experiments
were performed in triplicate, and the consistent results were
reported.
DFT calculation

HOMO–LUMO energies were obtained using Materials Studio
7.0 version. In the DFT calculations, the exchange-correlation
functional PW916 within the generalized gradient approxima-
tion (GGA) and the double numerical plus polarization (DNP)
basis set as implemented in the DMol3 package of MS were used
to optimize the geometries and evaluate the HOMO–LUMO
energies of the analytes.
RSC Adv., 2021, 11, 32622–32629 | 32623
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Fig. 1 Schematic diagram of luminescent MOF 1a as a bi-responsive chemical sensor for “turn-on” and “turn-off” detection of Al3+ and SNT
respectively, including (i) synthesis of pristine MOF 1, (ii) activation of MOF 1a, and (iii) detection of different analytes.
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X-ray crystallography

Single-crystal X-ray diffraction data were collected on a Bruker
SMART-1000 CCD diffractometer with graphite-
monochromated Mo Ka (l ¼ 0.71073 Å) radiation at 298 K.
The structure was solved by direct methods and rened by the
full-matrix least-squares methods on F2 using the SHELXL-2018
program.27 Crystal and renement data are summarized in
Table S1.† Selected bond lengths and angles are listed in Table
S2.†
Results and discussion
Description of crystal structure

Single-crystal X-ray diffraction analysis reveals that MOF 1
crystallizes in the monoclinic space group P21/n and consists of
one Zn(II) ion, one L2� ligand, one dpe ligand, three isolated
H2O and one isolated DMF molecules in the asymmetric unit
(Fig. S1†). In MOF 1, the central Zn(II) ion (Zn1) is four-
coordinated by two carboxylic O atoms (O1 and O6A,
symmetry codes: A: x � 3/2, �y + 1/2, z � 1/2) from two different
L2� ligands and two pyridyl N atoms (N3 and N4B, symmetry
codes: B: x � 1/2, �y + 3/2, z + 1/2) from two different dpe
ligands, displaying a distorted [ZnO2N2] tetrahedral coordina-
tion geometry. All the Zn–O and Zn–N lengths are in the normal
range (Table S2†). The deprotonated L2� ligand in 1 acts as
a linear m2-bridging ligand with two monodentate coordination
carboxylic O atoms, and the dpe also acts as a linear m2-bridging
ligand with two coordination pyridyl N atoms (Fig. S2†). Inter-
estingly, ten 4-connected tetrahedral Zn(II) centres are linked by
six linear m2-bridging L2� ligands and six linear m2-bridging dpe
ligands to construct an diamondoid cage with a large internal
pore diameter of 21.5 Å (Fig. 2a). These adjacent diamondoid
cages via sharing 4-connected Zn(II) centres are further
extended into form a 3D dia network, which possesses large
pores (25.13 � 25.09 Å2) along the crystallographic [10�1]
direction (Fig. 2b). Due to the large pores in the single non-
interpenetrated 3D network, eight such independent 3D
networks interpenetrate with each other to form an 8-fold
32624 | RSC Adv., 2021, 11, 32622–32629
interpenetration structure in 1 (Fig. 2c). The detailed analyses
show that the 8-fold interpenetrated structure in 1 can be best
described as the [4 + 4] mode, in which a single network is
interpenetrated by three other identical networks to form a 4-
fold interpenetration network that then cross each other
(Fig. 2d). As reported, the 8-fold interpenetration with [4 + 4]
mode is rather rare.28–31 In spite of the high level of interpene-
tration, MOF 1 still possesses available pores lled with guest
DMF and H2O molecules (Fig. S3†). Aer removal of the guests,
the solvent-accessible void volume is up to 23.6% as calculated
by PLATON,32 which is close to that observed in 8-fold inter-
penetrated [Zn(oba)(pip)]n (oba ¼ 4,40-oxy-
bis(benzenedicarboxylate), pip ¼ 4-pyridyl functionalized
benzene-1,3-dicarbohydrazide) (27.2%)33 but much larger than
that in [Zn(L1)(1,4-BDC)]$H2O (L1 ¼ N,N0-di(4-pyridyl)
adipoamide; 1,4-H2BDC ¼ 1,4-benzenedicarboxylic acid)
(4.9%).34
Stability test

To obtain porous MOFs materials, the solvent-exchange and
vacuum heat treatment technique are usually used to removal of
isolated solvent molecules. Therefore, the thermal stability of 1
was investigated rstly. As shown in the Fig. S4a,† the ther-
mogravimetric analysis (TGA) of 1 shows an initial weight loss of
14.78% in the range of 120–260 �C, which may be attributed to
the loss of one isolated DMF and three isolated H2O molecules
(calcd 14.83%). No further weight loss is observed below 305 �C,
indicating a good thermal stability. Upon further heating, the
framework begins to decompose and the nal residue may be
attributed to ZnO (obsd 9.45%, calcd 9.50%). The above results
are also supported by the variable-temperature PXRD data
(Fig. S4b†). Whereas the TGA of activated 1a does not show any
weight loss below 305 �C, indicating completely removing the
isolated DMF and H2O molecules and successfully obtaining
a porous solvent-free MOF material.

Considering the practical application in aqueous media, the
water stability of porous 1a was further investigated in water,
boiling water, as well as HCl and NaOH aqueous solution. As
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Illustrating the structure of 1: (a) the assembly of a single diamondoid cage. (b) A single non-interpenetrated 3D framework (c) 8-fold
interpenetrated 3D framework. (d) The 8-fold interpenetrated topology with [4 + 4] mode.
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shown in Fig. S5a,† PXRD patterns of 1a aer immersion in
water at RT for two weeks and in boiling water for 72 h well
match with those of untreated 1a, demonstrating the high water
stability. The further PXRD measurements of 1a samples aer
treated by different HCl and NaOH aqueous solution exhibit
that the diffraction peaks don't show apparently change with
pH of 3–10 for 12 h, indicating the good water stability under
these conditions; whereas the diffraction peaks start to disap-
pear when pH < 2 or pH > 11, indicating the decomposition of
1a occurs (Fig. 3a). Moreover, the water adsorption isotherms of
1a in all ve cycles almost overlap with that of origin one,
further conrming the excellent water stability of 1a (Fig. 3b).
The introduction of methyl groups in H2L ligand and high
degree of interpenetrated structure may be the main factors in
enhancing the water stability of 1a, although it still exhibits
a slight hydrophilic nature with water contact angle of 86�

(Fig. S5b†).
Luminescence properties

MOFs constructed from d10 metal ions and electron-rich p-
conjugated organic ligands are usually considered as the
excellent luminescent materials. Thus, the luminescence
property of 1a dispersed in water was investigated at room
temperature. As shown in Fig. S6,† MOF 1a exhibits a strong
Fig. 3 (a) PXRD patterns of 1a samples after treated by different HCl
and NaOH aqueous solution with pH 1–11 for 12 h. (b) Water
adsorption isotherm cycles of 1a at 298 K.

© 2021 The Author(s). Published by the Royal Society of Chemistry
emission peak appearing at 470 nm upon excitation at 340 nm.
Compared with the free ligand H2L, the emission peak of MOF
1a displays a large red-shi about 66 nm, which may be
assigned to the ligand-to-metal charge transfer (LMCT).35–38
Detection of metal ions

Considering the high water stability and good luminescent
performance, MOF 1a was applied to detect different metal ions
in aqueous solution. In this work, a series of metal ions
including Li+, K+, Na+, Ni2+, Co2+, Zn2+, Mg2+, Cu2+ and Al3+,
were tested. As shown in Fig. 4a, the luminescence intensity of
1a is obviously increased upon the addition of Al3+, which is
nearly 3 times of the initial luminescence intensity when the
concentration of Al3+ is up to 167.0 mM. The other metal ions
display ignored or slightly reduced the luminescence intensity
of 1a under the similar conditions.
Fig. 4 (a) Enhancement efficiency of 1a toward different metal ions.
(b) Emission intensities of 1a upon incremental addition of Al3+. (c) SV
plot of Al3+ at lower concentrations. (d) Selective detection of Al3+ in
the presence of other interfering metal ions.

RSC Adv., 2021, 11, 32622–32629 | 32625
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Fig. 5 (a) PXRD patterns of 1a and 1a + Al3+. (b) UV-vis absorption
spectra of 1a upon addition of various metal ions. (c) UV-vis absorption
spectra of 1a upon incremental addition of Al3+. (d) The schematic
illustration of ACE effect for 1a + Al3+.
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To further study sensing ability of 1a toward Al3+, the lumi-
nescence titrations experiments were performed. The pH is an
important parameter in detection of Al3+, because the specia-
tion of Al3+ will be greatly affected by pH values. As shown in
Fig. S7,† the Al3+ will be gradually hydrolysed to form
[Al(H2O)6]

3+, [Al(H2O)5(OH)]2+, [Al(H2O)4(OH)2]
+, Al(OH)3,

[Al(OH)4]
� and so on, with the increase of pH value. Together

with consideration of the water stability of 1a, pH ¼ 3 is the
optimal detection for the present Al3+ detection. As shown in
Fig. 4b, the luminescence intensity of 1a at 470 nm progressively
enhances with increasing the concentration of Al3+. The
enhanced luminescence efficiency of Al3+ is analysed by using
the Stern–Volmer equation18: I0/I ¼ Ksv[Q] + 1, where [Q] is the
molar concentration of the analyte and Ksv is the enhancement
constant (M�1), I0 and I are the luminescence intensities before
and aer addition of the analyte, respectively. As shown in
Fig. 4c, the SV plot of Al3+ is nearly linear at low concentration
and the enhancement constant is about 5.9 � 103 M�1, which is
very close to the reported value of Zn-MOF for detection of Al3+

(6.04 � 103 M�1).39 Based on the slope of the calibration curve
(K) and the standard deviation (d) for three repeated lumines-
cence measurements of blank solutions, the limit of detection
(LOD, 3d/K) of 1a toward Al3+ is calculated to be 41.9 ppb, which
is better than the reported luminescent MOF sensors for Al3+

detection (Table S3†). It is worth noting that the present LOD
toward Al3+ (41.9 ppb) is much lower than the recommended
level of Al3+ in drinking water from the United States Environ-
mental Protection Agency (200 ppb). The selective detection of
Al3+ in the presence of other interfering metal ions was also
examined. As shown in Fig. 4d, the emission intensity of 1a
almost does not change in the presence of other interfering
metal ions but is signicantly enhanced upon the introduction
of Al3+ into the mixture of 1a and other interfering metal ions,
which indicates that the interference from other metal ions
could be neglected and conrms the highly selective detecting
ability of 1a toward Al3+. In addition, MOF 1a could be regen-
erated and reused by centrifuging the dispersed solution aer
sensing of Al3+ and washing with water several times, which
could almost regain the initial luminescence intensity over ve
cycles (Fig. S8†). Thus, MOF 1a could be used as a highly
selective and reversible “turn-on” luminescent sensor for the
detection of Al3+ in practical applications.

To better understand the luminescence enhancement effect
of 1a toward Al3+, an explanation of the possible mechanism
was attempted. As known, the luminescent sensing effect of
MOFs caused by metal ions usually derives from the damage of
the MOF structures,40 the cation changes between metal centres
of MOFs and the target cations,41 or the host–guest interactions
between MOFs and analytes.42,43 As shown in Fig. 5a, the PXRD
patterns with addition of Al3+ are similar to that of experimental
1a, suggesting that the framework maintains its integrity. Thus,
the turn-on sensing mechanism of 1a toward Al3+ could not be
due to the collapse of the MOF structure. Furthermore, the
luminescence enhanced mechanism of 1a toward Al3+ should
also not result from cation-exchange due to the neutral frame-
work of 1a. The XPS data exhibit that there exist Al3+ aer the
luminescence titration experiments of 1a (Fig. S9†). Therefore,
32626 | RSC Adv., 2021, 11, 32622–32629
the sensing mechanism may be attributed to the host–guest
interactions between Al3+ and the framework of 1a. In IR
spectra, the characteristic C]O vibration band of acylamide
group is shied from 1664 (for 1a) to 1630 cm�1 (for 1a + Al3+)
and a new absorption peak is observed at 590 cm�1 in 1a + Al3+,
both indicate the presence of Al / O contact between Al3+ and
the acylamide C]O units (Fig. S10†). As shown in Fig. 5b, the
UV-vis spectra show that the absorbance of 1a in range of 320–
400 nm almost doesn't change with addition of different metal
cations except Al3+, which indicates that the sensing mecha-
nism may be the absorbance caused enhancement (ACE)
effect.44 To eliminate the inuence of Al3+ itself, the Al3+

absorption spectrum was also measured in aqueous solution
(Fig. S11†). The result shows that the Al3+ have no absorbance in
the range of 320–400 nm, so we rationally believe that the
signicant absorbance enhancement of 1a should derive from
the complexation of 1a and Al3+. In addition, the UV-vis titration
experiments of 1a toward Al3+ were performed to further eluci-
date the ACE mechanism. As show in Fig. 5c, the absorbance of
1a gradually enhances with the increasing of Al3+ concentra-
tions, which is well consistent with the above luminescence
titration results. However, both absorption and emission
wavelengths of 1a basically do not change in UV-vis (Fig. 5c) and
luminescence (Fig. 4b) titration experiments. Therefore, we
speculated the luminescence enhancement mechanism of 1a
toward Al3+ should be that 1a + Al3+ absorbs more energy than
pristine 1a from the light source in the excitation process, and
then it will release more energy than 1a in the emission process,
thus yielding the luminescent “turn-on” effect (Fig. 5d). The
similar phenomena were also observed in other luminescent
MOF sensors for detection of Al3+.43,44
Detection of antibiotics

The similar procedure was used to investigate the sensing
ability of 1a for detecting different antibiotics including
© 2021 The Author(s). Published by the Royal Society of Chemistry
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sulfanitran (SNT), sulfadiazine (SDZ), sulfamethazine (SMZ),
sulfamethoxazole (SMX), roxithromycin (ROX), azithromycin
(AZM) and gentamicin (GEN) in aqueous media. As shown in
Fig. 6a, MOF 1a presents a high quenching efficiency about
96.8% toward SNT, while the quenching efficiencies toward
other antibiotics are very low.

To further study sensing ability of 1a toward SNT, the
luminescence titrations experiments were performed. As shown
in Fig. 6b, the luminescence intensity of 1a progressively
decreases with the gradual addition of SNT. The S–V equation
can also be employed to analysed the quenching efficiency of
SNT according to the literature.18 As shown in Fig. 6c, the SV
plot for SNT was nearly linear below 74.1 mM but subsequently
deviated from linearity and bent upward at higher concentra-
tions. The nonlinear nature of SV plot of SNTmay be ascribed to
an energy-transfer process or self-absorption.45–48 The quench-
ing constant is calculated to be 2.8 � 104 M�1 for SNT, which is
close to the reported value of luminescent MOF sensors toward
antibiotics analytes.49–52 The LOD could reach 20.2 ppb based on
3d/K, showing the highly sensitive sensing ability to SNT for 1a.
The selective detection of SNT in the presence of other inter-
fering antibiotics was also examined. As shown in Fig. 6d, the
emission intensity of 1a almost does not change in the presence
of other interfering antibiotics but is signicantly quenched
upon the introduction of SNT into the mixture of 1a and other
interfering antibiotics, which indicates that the interference
from other antibiotics could be neglected and conrms the
highly selective detecting ability of 1a toward SNT. In addition,
MOF 1a could be also regenerated and reused by centrifuging
the dispersed solution aer sensing of SNT and washing with
water several times, which could almost regain the initial
luminescence intensity over ve cycles (Fig. S12†). Thus, the
MOF 1a could be used as a highly selective and reversible “turn-
off” luminescent sensor for the detection of SNT in practical
applications.

In order to better understand the luminescence quenching
effect of 1a toward SNT, the quenching mechanism was inves-
tigated. Taking account of the strong p-conjugated effect of H2L
Fig. 6 (a) Quenching efficiency of 1a toward different antibiotics. (b)
Emission intensities of 1a upon incremental addition of SNT. (c) SV plot
of SNT. Inset: SV plot at lower concentrations. (d) Selective detection
of SNT in the presence of other interfering antibiotics.

© 2021 The Author(s). Published by the Royal Society of Chemistry
ligand and the nature of electron deciency of analytes, the
photoinduced electron transfer (PET) mechanism is proposed.
Generally, the excited electrons lying in the higher LUMO of the
luminescent ligand are transferred to the lower LUMO of the
electron-decient analytes, resulting in luminescence quench-
ing. The lower the LUMO energy of analytes, the more easily the
electrons are transferred to the acceptor.49 As revealed by Fig. 7a
and Table S4,† the calculated LUMO energies are in good
agreement with the maximum quenching efficiency observed in
SNT, but the order of the experimental quenching efficiencies is
not fully in accordance with the LUMO energies of the other
antibiotics. Therefore, the PET might be not the only mecha-
nism for luminescence quenching in the current system. To
further ascertain the possible luminescence quenching reason,
the excitation spectrum of 1a and the UV-vis absorption spectra
of various antibiotics were investigated. As shown in Fig. 7b, the
absorption spectrum of SNT has the greatest degree of over-
lapping with the excitation spectrum of 1a, but no effective
spectral overlaps are observed between 1a and other antibiotics.
Thus, the excitation energy from the light source could be
partially absorbed by SNT, which causes the luminescence
weakening or quenching. The above facts suggest that the inner
lter effect (IFE) may be another reason for the luminescence
quenching of SNT in this system. Obviously, the coexistence of
PET and IFE between 1a and SNT leads to the “turn-off” lumi-
nescent effect, and yields highly sensitive and selective detec-
tion of SNT in aqueous solution.
Application to real water samples

The excellent water stability and good luminescent sensing
feature inspired us to explore 1a as an effective chemical sensor
for determining the concentrations of Al3+ and SNT in real water
samples, such as tap water, the Dongchang Lake and the Yellow
River. The water samples spiked with different concentrations
of Al3+ and SNT were analysed with the proposed method in this
work. As shown in Table S5,† the recoveries are 93.7 to 107.6%
with relative standard deviation (RSD) variations from 1.1 to
4.8%, which display satisfactory recoveries and acceptable
accuracies. The above results exhibit the feasibility and reli-
ability of the proposed luminescent analysis method for the
accurate determination of Al3+ and SNT in environmental water
matrices.
Fig. 7 (a) HOMO and LUMO energies of antibiotics arranged in the
descending order of LUMO energy. (b) Spectral overlap of the exci-
tation spectrum of 1a with the absorption spectra of different
antibiotics.

RSC Adv., 2021, 11, 32622–32629 | 32627

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra06590d


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
N

ov
em

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 7

/3
1/

20
25

 8
:0

8:
52

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Conclusions

In summary, a new luminescent Zn-MOF was successfully
synthesized based on an elaborately designed methyl-decorated
acylamide-containing dicarboxylate ligand H2L. The as-
synthesized MOF 1 shows a three-dimensional 8-fold [4 + 4]
interpenetrated diamondoid framework with isolated DMF and
water molecules in the pores, in which the uncoordinated acy-
lamide groups are found and facilitated the Zn-MOF to recog-
nize analyte molecules. The activated MOF 1a featured an
enhanced water stability due to the introduction of hydrophobic
methyl groups in H2L ligand and possession of the high degree
of interpenetration structure. The luminescence sensing
experiments showed that 1a could behave as a bi-responsive
chemical sensor for “turn-on” and “turn-off” luminescent
detection of Al3+ and SNT in aqueous media, respectively. The
sensing mechanisms have also been discussed. Furthermore,
the practical application feasibility of the present luminescent
analysis method for the sensing of Al3+ and SNT in real water
samples was demonstrated. To our knowledge, this represents
the rst example of bi-responsive MOF sensor for “turn-on” and
“turn-off” luminescent detection of Al3+ and SNT in aqueous
media. The present study will provide a new insight in design
and syntheses of excellent water-stable luminescent MOFs as bi-
responsive luminescent sensors for monitoring metal ions and
antibiotics pollutants in the environmental water matrices.
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9 M. Bacanlı and N. Başaran, Food Chem. Toxicol., 2019, 125,
462–466.
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