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Luminescent metal-organic frameworks (LMOFs) have been widely developed in the field
of chemical sensing owing to their outstanding photoluminescence performance, high
selectivity, anti-interference, high sensitivity, and fast response, and have become one of
the research hotspots of emerging functional materials. However, in practical applications,
many tests are carried out in the water environment, and fragile water stability greatly limits
the application of MOFs in the field. Therefore, it is important to develop a method to
enhance the water stability of MOFs. Herein, a new complex {[Zn(L)]-CH3CN},, (Zn-MOF,
HsL = 5-(benzimidazol-1-yl) isophthalic acid) with a superior photophysical property has
been synthesized first. Its water stability was highly enhanced by the doping of Cu''ions by
the one-pot method. In addition, the detection performances of doping material Cug 1/Zn-
MOF for sixteen metal ions and thirteen antibiotics were well studied. It was found that
Cug.1/Zn-MOF displays high sensitivity, fast response, lower detection limit, and long-term
stability for the detection of Fe**, NFT, NFZ, FZD, and TC in the aqueous medium.

Keywords: Cu(ll) ion doping, luminescent metal-organic frameworks, detection of Fe 3+, detection of antibiotics,
Zn-MOF

INTRODUCTION

Antibiotics play important roles in the treatment of bacterial infections, but in recent decades, the
overuse and even abuse of antibiotics have brought serious impacts on human health and ecological
balance (Li et al., 2020; Zhong et al., 2020). On the other hand, iron, a necessary trace element of the
human body, is essential to life activities, but Fe’* ion, a kind of high-charge metal ion, usually causes
environmental pollution and harms the health of life (Zhao et al., 2017; Panda et al., 2021). To ensure
the health and safety of the ecosystem, it is necessary to establish an effective detection method for
antibiotics and cations in the environment.

LMOFs have attracted extensive attention in the field of chemical sensing because of their
excellent electronic and optical properties, designable main structure, porosity, fast response, and
high sensitivity (Cui et al., 2012; Kreno et al., 2012; Yang et al., 2019; Esrafili et al., 2020; Hu et al,,
2020; Yang et al., 2020a; Yang et al., 2020b; Esrafili et al., 2021). Some LMOFs have been used for the
detection of antibiotics and cations, and have shown good detection performance and sensitivity
(Zhao et al., 2017; Zhang et al., 2017b; Yi et al., 2018; Abdollahi et al., 2020; Li et al., 2021; Xiao et al.,
2021). However, most tests can only be performed in organic solvents due to the fragile water stability
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of LMOFs. Therefore, the water stability of MOFs largely
determines whether it can be further commercialized and
applied. In this case, it is of great significance to develop a
method that not only enhances the water stability of LMOFs
but also ensures its detection performance.

At present, a variety of methods have been reported to
improve the water stability of MOFs, but most of them focus
on post-synthesis exchange (Liu et al., 2014; Yang et al., 2014),
post-synthesis modification (Garibay and Cohen, 2010;
Volkringer and Cohen, 2010), hydrophobic surface treatment
(Hou et al,, 2016; Qian et al., 2017), and composite hydrophobic
materials (Yang and Park, 2012; Zhang et al., 2014). However,
MOFs treated by the aforementioned methods are difficult to
produce hydrophilic groups, which may not be conducive to
practical industrial applications (Qiu et al., 2020). The strategy of
doping metal ions into MOFs to improve water stability has been
reported, and this approach may provide a new way to solve the
stability problem (Li et al., 2012; Zhu et al,, 2016). Li’s group
improved the water stability of MOF-5 by doping Ni(II) for the
first time using the thermal solvent method (Li et al., 2012). The
result showed that the doping of Ni(II) ion not only improved the
stability in the aqueous solution due to the formation of Ni,Zn,_
0% secondary construction unit, but also increased the specific
surface area and pore size of MOF-5. Zhu’s group doped metal
ions Cu**, Fe**, and Cd*" into STU-1 with poor hydrostability
(Zhu et al, 2016). After doping metal ions, the crystallinity
remained well and their structures remained unchanged after
being soaked in boiling water for 7 days. The water adsorption
isotherm indicated that the STU-1s doped with metal ions was a
strongly hydrophobic material. The authors speculated that the
enhanced hydrophobicity may be ascribed to the disturbance of
the doped metal ions on the surface of MOFs, which hindered the
formation of water clusters. Wang’s group synthesized MIL-
101(Cr) doped with Ni ion by presynthesis method for the
first time (Qiu et al., 2020). The result suggested that the Ni-
doped MIL-101(Cr) retains its octahedral shape, high specific
surface area, and large pore size. The stability of MIL-101(Cr)
with Ni doping is significantly improved in various pH
environments. This strategy of doping inert metal ions is
significant for the practical application of LMOFs. First, the
enhancement of water stability after doping makes it possible
for cycle detection in the water environment. Second, the
hydrophilic structure of the original MOFs is retained after
doping, which is more conducive to its efficient operation in
the water environment (Qiu et al., 2020).

In this work, {[{Zn(L)]-CH;CN},, (Zn-MOF) was synthesized
using Zn(NO3),-6H,0 and 5-(benzimidazol-1-yl) isophthalic
acid (H,L) ligand. The selection of H,L ligand is based on the
following considerations: 1) H,L ligand containing carboxylic
acid groups, aromatic ring, and benzimidazol-1-yl fluorescence
conjugated groups is beneficial to the formation of large Stokes
shift, which may have potential in fluorescence detection
(Zhang et al., 2017a; Liu et al., 2018; Park et al., 2020) and
the sensitivity (Zhou et al., 2018); 2) the various coordination
modes of carboxylic acids increase the coordination diversity of
complexes (Fan et al., 2021); 3) the flexible benzimidazol-1-yl
arm can fine-tune the coordination structure through axial
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rotation (Cheng and Kuai, 2012). Although subsequent
experiments displayed that Zn-MOF had good fluorescence
intensity in the water environment, their frames gradually
disintegrated, which was also confirmed by the changes of
powder X-ray diffraction (PXRD) and emission wavelength
after immersion in aqueous solutions for 7 days. Therefore, in
order to realize the recycling of Zn-MOF as sensors in the
water environment, it is necessary to improve its hydrostability
without losing its detection performance. The method of
doping inert metal ions into the existing skeleton was
considered first. Considering that Zn-MOF has a binuclear
paddle-wheel secondary building unit (SBU), we chose Cu(II)
ion as the pre-doped metal ion. The main considerations are as
follows: 1) The metal ions in binuclear paddle-wheel SBUs with
Dy;, being symmetric can be Cu', Zn", Co™, Fe'', Cd", etc., but
Cu'"-paddle wheel SBUs generally have better thermodynamic
stability (Song et al., 2012; Wei et al.,, 2013). 2) In previous
reports, Cu'" ions have been successfully incorporated into Zn"
paddle-wheel binuclear clusters (Zhang et al., 2011; Song et al.,
2012; Wei et al., 2013). 3) Fluorescence materials with large
Stokes shift will be an interesting topic. Doping Cu ions into
the main frame may alter the optical properties of the
materials, providing greater Stokes shifts (Liu et al., 2015).
Fortunately, we directly synthesized a series of Cu/Zn
bimetallic MOFs with different Cu ion doping ratios by the
one-pot method. The water stability of the doped MOFs is
significantly higher than that of the original Zn-MOF.
Subsequently, Cug ;/Zn-MOF was selected as a fluorescence
sensor for fluorescence detection of sixteen metal ions and
thirteen antibiotics in aqueous solutions. The fluorescence
detection results showed that Fe’*, NFT, NFZ, FZD, and TC
had obvious fluorescence quenching for Cu, ;/Zn-MOF. It is
noteworthy that the Cu'" ion doping strategy improves not only
the water stability of the original LMOFs but also their
detection sensitivity.

EXPERIMENTAL

Materials and General Methods

Starting reagents, solvents, and materials were commercially
available and at least of analytical grade. The H,L ligands were
purchased from Jinan Henghua Sci. and Tec. Co. Ltd. PXRD
patterns at diffraction angles from 5° to 55° were obtained with
a D/MAX-3D diffractometer. Elemental analysis was
performed by Perkin-Elmer Elementarvario elemental
analysis instrument. Fourier transform infrared spectra (FT-
IR) were recorded on Nicolet iS50 (4,000-400 cm™).
Thermogravimetric analysis (TGA) was performed on a
SDT 2960 thermal analyzer from room temperature to
800°C at a heating rate of 10°C/min under nitrogen flow.
Ultraviolet-visible ~(UV-vis) absorption spectra were
obtained by UV-2600 UV-vis spectrophotometer.
Fluorescence detection was carried out on CARY Eclipse
Fluorescence Spectrophotometer at room temperature.
Energy dispersive spectrometer (EDS) was obtained by JSM-
6490LV (JEOL Ltd., Japan) electron microscope.
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TABLE 1 | Crystallographic data for Zn-MOF complexes.

Crystal data Zn-MOF
Formula C17H11N304Zn
Formula weight 386.66
Crystal system Monoclinic
Space group P2+/c
a/h 10.8973(4)
b/A 10.2359(3)
c/A 15.6463(5)
al® 90

B 108.863(4)
y/ 90
Volume/A® 1707.33(15)
V4 4
Dcalc (g cm™) 1.504
Absorption coefficient (mm™") 1.465
F(000) 784
Rint 0.0283
GOF on F? 1.008

R indices [I>20(/)]
R indices (all data)

Ry = 0.0376, wR, = 0.1019
Ry = 0.0476, wR, = 0.1082

X-Ray Crystallographic Analysis

Single-crystal X-ray diffraction data of Zn-MOF were collected
by Oxford Diffraction SuperNova area-detector diffractometer
with the program of CrysAlisPro. The crystal structure was solved
by SHELXS-2016 and SHELXL-2016 software (Sheldrick 2008).
The crystallographic data and structure refinements are shown in
Table 1. The CIF file of Zn-MOF (CCDC No. 2143524) can be
downloaded free of charge via http://www.ccdc.cam.ac.uk/conts/
retrieving.html. Selected bond lengths and bond angles for the
Zn-MOF complex are shown in Supplementary Table S1.

Water Stability Test

Powder samples (120 mg) were dispersed in vials containing
10 ml of aqueous solution, respectively. The vials were kept at
room temperature for 1-7 days, and 30 mg samples were taken
out at 1, 3, and 7 days, respectively, for PXRD tests. The results
demonstrated that the doping of Cu ions improved the water
stability of the Zn-MOF. In order to investigate the stability,
Cug.1/Zn-MOF powder was dispersed in a vial containing 3 ml
aqueous solutions with different pH scales (pH = 1-14) for 1 h,
and then the PXRD test was carried out. In addition, in order to
explore the fluorescence performance of Cu®* doped Zn-MOF at
different pH values, the synthesized sample Cug,/Zn-MOF
(2.0 mg) was added into aqueous solutions (3.0 ml) with
different pH values, and ultrasonicated for 20 min; then the
fluorescence spectra were immediately determined.

Luminescence Sensing Experiments

For the detection of metal ions, 2.0 mg samples were finely
ground and added into 3.0 ml of deionized water of M(NO3),
(1mM, M = Na*, Ca**, K%, Li*, Zn**, Mg*", Co**, Mn**, Cd*",
Ni**, Ag", Pb**, Cu®*, AI’*, Cr’*, and Fe’*). For the detection of
antibiotics, 2.0 mg samples were finely ground and added into
3.0ml of varied selected antibiotics solutions (100 ppm),
including tetracyclines (tetracycline TC; nystatin NS),
sulfonamides (sulfamethoxydiazine SM), chloramphenicols
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(chloramphenicol CHL), aminoglycosides (gentamicin GEN;
kanamycin KAN; hygromycin HYG; streptomycin sulfate STR;
spectinomycin ~ SH),  nitrofurans  (nitrofurazone  NFZ;
nitrofurantoin NFT; furazolidone FZD), and [-lactams
(cefotaxime CEF). In order to maintain its homogeneity, the
mixtures were ultrasonicated for 20 min to form a suspension.
The luminescence data of the suspension were monitored under
the same conditions.

Synthesis of Zn-MOF

A mixture of Zn(NO3),-6H,0 (29.8 mg, 0.1 mmol), H,L (14.1
mg, 0.05 mmol), CH;CN/H,O (2 ml/3 ml), and one drop of dilute
HNO; (1 M) was added to a 10 ml Pyrex vial and stirred for
20 min. Then it was transferred to a Teflon-lined stainless steel
vessel and reacted at 120°C for 72 h. After being cooled to room
temperature at a rate of 5°C min™", the light yellow block crystals
were obtained by filtration and collection, washed with CH;CN,
and then air-dried naturally with a yield of 83.8% (based on H,L.
Anal. Calc. (%) for C;7H;N30,Zn (Mr = 386.68): C 52.80 H 2.87,
N 10.87; found (%): C 52.85, H 2.91, N 10.82. IR (KBr pellet,
cm™Y): 3,468 (w), 3,105 (m), 3,074 (w), 2,246 (w), 1837 (w), 1786
(w), 1,654 (s), 1,589 (s), 1,511 (s), 1,458 (s), 1,426 (s), 1,388 (s),
1,310 (s), 1,239 (s), 1,179 (m), 1,112 (m), 1,043 (w), 1,004 (w), 921
(s), 850 (w), 784 (s), 750 (s), 718 (s), 689 (m), 648 (w), 531 (m),
456 (s).

Synthesis of Cu,/Zn-MOF (x = 0.01, 0.1, 0.2, 0.5): A mixture
of Zn(NO,),-6H,0 (29.5 mg, 0.099 mmol; 26.8 mg, 0.09 mmol;
23.8 mg, 0.08 mmol; 14.9 mg, 0.05mmol), Cu(NO;),-3H,0
(0.242 mg, 0.001 mmol; 242 mg, 0.0l mmol; 4.83 mg,
0.02mmol; 12.1 mg, 0.05 mmol), H,L (14.1 mg, 0.05 mmol),
CH;CN/H,0 (2 ml/3 ml), and two drops of HNO3 (62%, aq.)
was added to a 10 ml Pyrex vial and stirred for 20 min, and then
transferred to a Teflon-lined stainless steel vessel and reacted at
120°C for 72 h. After being cooled to room temperature at a rate
of 5Cmin~’, the light blue block crystals were obtained by
filtration and collection, washed with CH;CN, and then air-
dried naturally with a yield of 81.2, 82.9, 81.1, and 82.7%,
respectively (based on H,L).

RESULTS AND DISCUSSION

Crystal Structure of {[Zn(L)] CH3CN},
(Zn-MOF)

Single-crystal X-ray analysis reveals that {[Zn(L)]-CH;CN},
crystallizes in the monoclinic system, P2;/c space group. In
Zn-MOF, the asymmetric unit contains one Zn(II) atom, one
fully deprotonated L*" ligand, and one free acetonitrile molecule
(Figure 1A). Zn(II) atom is in the five-coordination mode with
four oxygen atoms from four carboxylic acid ligands and one
nitrogen atom from the benzimidazolium. Zn-O bond lengths
range from 2.027(2) to 2.035(2) A, and Zn-N bond length is
2.021(2) A. Adjacent two zinc atoms were bridged by four
carboxyl groups to form a bimetallic unit. Each bimetallic unit
was connected with four nodes in four directions by different
isophthalate groups to generate an infinite 2D layer (Figure 1B).
Adjacent layers were joined by nitrogen atoms (N1) of imidazole
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FIGURE 1 | (A) Coordination environment of Zn?* ion. (B) The 2D layered structure of Zn-MOF. (C) View of the three-dimensional structure of Zn-MOF. (D)
Topological analysis of Zn-MOF. Symmetry codes: #1 —x+1, —y+1, —z; #2 —x+2, y+1/2, —z+1/2; #3 X, —y+1/2, z-1/2; #4 —x+1, y+1/2, —z+1/2.

groups to give rise to a three-dimensional structure (Figure 1C).
From a topological viewpoint, each dinuclear Zn(II) cluster
connects six L° ligands, and each L* ligand links three
dinuclear Zn(II) clusters. As illustrated in Figure 1D, Zn-
MOF could be simplified as a 3,6-c network with the Schlifli
symbol {4-6%},{4%.6'°.8%} with TOPOS (Blatov et al., 2014).

EDS and FTIR

The chemical compositions of Zn-MOF and Cu,/Zn-MOF were
determined by EDS (Supplementary Figures S1-S5), as
displayed in Supplementary Table S2. The results showed
that the Cu/Zn ratios were obviously higher than the synthesis
ratio. This phenomenon may be due to stronger bonds formed
between Cu(II) ions and H,L ligands (Niu et al., 2014). The SEM-
mapping of the Cug ;/Zn-MOF shown in Supplementary Figure
$6 further indicates the existence of copper and the uniform
distribution of copper and zinc in the skeleton structure.

The FTIR spectra of Zn-MOF and Cu,/Zn-MOF (x =0.01, 0.1,
0.2, 0.5) were carried out and shown in Supplementary Figure
§7. The C=O stretching vibration of the free ligand H,L is
1720 cm™', while it is not visible in the five complexes, which
illustrates the coordination of carboxylic acids with metals. The
vibration band at 1,589 cm™ and 1,389 cm™' of the five
complexes can be associated with the asymmetrical stretching
vibration and symmetrical stretching vibration of -COO-,
respectively. The observed band at 1,653 cm™" in the FTIR
spectrum of Zn-MOF is assigned as the stretching vibration of
the -C=N- bond (Huang et al., 2020), which migrates to the lower

band with Cu ion doping (Cuyg ;/Zn-MOF: 1,653 cm™}, Cug1/Zn-
MOF: 1,651 cm™, Cug,/Zn-MOEF: 1,647 cm™, Cugs/Zn-MOF:
1,639 cm ™), probably due to competitive coordination between
Cu®" and Zn**. The signals at 455 cm™" can be attributed to the
stretching vibration of Zn-O. For the copper-doped Zn-MOF,
slight shifts (Cugo,/Zn-MOF: 455 cm™',  Cug/Zn-MOF:
461 cm™', Cuyg,/Zn-MOF: 467 cm™, Cugs/Zn-MOF: 478 cm™)
were observed, suggesting the coordination of Cu with the
carboxylic group of H,L ligand. The FTIR spectra of Zn-MOF
and Cu-doped Zn-MOF are almost the same, which further
indicates that the two materials exhibit an isomorphic structure.

Thermal and Chemical Stability

The thermal stabilities of compounds Zn-MOF and Cu,/Zn-
MOF (x = 0.01, 0.1, 0.2, 0.5) were examined by TGA under a
N, atmosphere in the temperature range 25-800°C. As shown in
Supplementary Figure S8, in the Zn-MOF complex, the weight
loss rate reached 9.82% (calcd.10.61%) at 152-275°C, which is to
the loss of one acetonitrile molecule. Then the skeleton of the
compound began to collapse at 419 °C. The analysis of TGA curve
of Cug 91/Zn-MOF confirmed that the weight loss rate was 10.34%
(caled.10.61%) at 167-275°C, and the skeleton of the compound
began to collapse at 413°C. For Cu,;/Zn-MOF, the weight loss
rate was 10.22% (calcd.10.61%) at 166-300°C, and the skeleton of
the compound began to collapse at 381°C. For Cuy ,/Zn-MOF, the
weight loss rate was 9.31% (calcd.10.61%) at 167-295°C, and the
skeleton of the compound began to collapse at 352°C. For Cuy s/
Zn-MOF, the weight loss rate was 9.27% (calcd.10.61%) at
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FIGURE 2| (A) PXRD patterns of Zn-MOF and Cu,/Zn-MOF (x=0.01, 0.1, 0.2, and 0.5). PXRD patterns of Zn-MOF (B) and Cug 1/Zn-MOF (C) soaked in water for
1, 3, and 7 days, respectively. (D) PXRD patterns of Cug 1/Zn-MOF soaked in different pH (1-14) solutions for 1 h.

170-295°C, and the skeleton of the compound began to collapse
at 348°C. We found that the doping of Cu(Il) ions have a
significant effect on the decomposition temperature of organic
frames. With the increase of the Cu(II) ion doping ratio, the
thermal stability decreases gradually, which probably due to
copper divalent is easier to be reduced than zinc divalent at
high temperature.

As shown in Figure 2A, the PXRD spectra of Zn-MOF were in
good agreement with the simulation diagram, indicating the high
degree of pure phase. When different proportions of Cu' were
doped into Zn-MOF, the positions of diffraction peaks were
unchanged, suggesting that copper doping did not change the
crystal structure of Zn-MOF. The doped Cu ion may be
incorporated into the framework of Zn-MOF (Cao et al, 2018).

In order to test the stability of the skeleton structure, the Zn-
MOF powder sample was soaked in water for 7 days, and its
PXRD patterns were investigated. As shown in Figure 2B, after
soaking in water for one day, the Zn-MOF sample remained
basically crystalline, but the peak value was weakened, and an
additional peak appeared at 28 = 11.2°, indicating that the frame
began to decompose (Kaye et al, 2007). The peak value was
significantly reduced at 3 days, showing an acceleration of
decomposition. After one week, the structure changed and the
skeleton became unknown. As shown in Figure 2C and
Supplementary Figure S9, four Cu-doped bimetal samples

were immersed in water for 7 days, and their peak positions
matched well, indicating that Cu-doped Zn-MOF had stronger
water stability. The enhancement of water stability may be due to
the formation of stronger coordination bonds after Cu' replaces
part of Zn" in the original skeleton structure, which possibly
improves the thermodynamic stability of metal clusters (Ding
et al, 2019; Qiu et al, 2020). In practical applications, the
chemical stability was also important in an aqueous
environment. Therefore, the chemical stabilities of Cug;/Zn-
MOF were studied by soaking samples in water with varying
pH (from 1 to 14), and adjusted using HCl and NaOH. PXRD
patterns showed that samples were highly resistant and matched
well with the original sample in a pH range of 3-12 (Figure 2D).

Fluorescence Properties
It is known that d'° configuration of Zn"" is difficult to oxidize or
reduce; thus, the metal-to-ligand charge transfer (MLCT) or
ligand-to-metal charge transfer (LMCT) is difficult to occur
(Zhang et al., 2010). However, Zn" ion coordinated with
conjugated organic ligands may cause intraligand charge
transfer (LLCT) (Yao et al, 2019). H,L ligand containing
carboxylic acid and aromatic and N-containing heterocycle
may exist in m*—m or/and m¥—n electronic transitions.

The fluorescence emission of H,L ligand and various
complexes in detected. As shown in

water were
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Supplementary Figure S10, the fluorescence of Zn-MOF was
significantly enhanced at 397 nm relative to the ligand in aqueous
solution. The increased fluorescence may probably be attributed
to LLCT induced by Zn" ion (Dong et al., 2018), which may
improve the rigidity of the structural unit due to the coordination
interactions between the flexible ligand and Zn", and finally lead
to the reduction of the non-radiative relaxation of the excited
state (Dong et al., 2019). Subsequently, with the increase of the
Cu" doping ratio, the emission intensity gradually decreases.
When the Cu" doping rate increases to 0.5, the fluorescence
emission intensity is almost equal to that of H,L ligand. It is well
known that the unsaturated electronic state of Cu'" ion (3d°) may
cause MLCT, which causes the fluorescence quenching (Cui et al.,
2012; Niu et al.,, 2014; Zheng et al., 2017). After doping of Cu" ion,
a new electron cloud distribution was formed, which may
increase the energy loss of the system through non-radiative
d-d transitions, and also weaken the LLCT, ultimately leading to a
decrease in fluorescence intensity.

Selection of Fluorescence Sensor

For a qualified fluorescence sensor, the stability of its frame
structure, the luminescence intensity, and the sensitivity of
fluorescence detection should be fully considered. Based on
the aforementioned situation, Cug;/Zn-MOF was selected as
the fluorescence sensor for subsequent fluorescence detection.
Three factors were mainly taken into account: First, although
Zn-MOF has stronger fluorescence intensity than Cu/Zn-MOF,
its fragile structural stability in the water environment precludes
its possibility of being used as a fluorescence sensor in the water,
which can also be verified by its seven-day fluorescence spectra
in water (Supplementary Figure S11). From the perspective of
structural and fluorescence stability in water, Cu'"" ion-doped
Zn-MOF is a better choice (Supplementary Figures S10, S12).
Second, in terms of fluorescence emission intensity, Cug 1/Zn-
MOF and Cuy 1/Zn-MOF are slightly weaker than Zn-MOF, but
significantly stronger than Cug,/Zn-MOF and Cug 5/Zn-MOF.
Therefore, Cugg;/Zn-MOF or Cug;/Zn-MOF may be more
suitable as fluorescence sensors. Third, Stokes shift is also an
important factor to consider. In fluorescence detection, the
increase of Stokes shift is beneficial to reduce background
interference and enhance the signal-to-noise ratio and
detection sensitivity (Kundu et al., 2012; Ren et al., 2018). As
shown in Supplementary Figure S10, compared with the Stokes
shift of 114 nm (Ao = 283 nm, Ao, = 397 nm) of Cugg,/Zn-
MOF, the Stokes shift of Cug ;/Zn-MOF is up to 140 nm (A =
257 nm, Aepy = 397 nm). As the fluorescence sensing material
with large Stokes shift is rare and attractive, Cug ;/Zn-MOF was
selected as the fluorescence sensor for subsequent fluorescence
detection.

Subsequently, the time-varying fluorescence spectra of Cug;/
Zn-MOF samples in the water environment were measured. As
shown in Supplementary Figure S13, the fluorescence intensity
of Cuyg1/Zn-MOF in the water at different time periods did not
change significantly. In addition, the fluorescence spectra of
Cug1/Zn-MOF at different pH values were also measured. As
shown in Supplementary Figure S14, the fluorescence emission
spectra of Cug;/Zn-MOF at a pH range from 4 to 11 did not
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change significantly, which proved that the fluorescence of Cu,/
Zn-MOF also has good acid-base stability.

Detection of Metal Cations

For extensive purpose, sixteen metal ions, including Na*, Ca*",
K*, Li*, Zn™, Mg**, Co™*, Mn**, Cd**, Ni**, Ag", Pb**, Cu™",
AP’*, Cr’**, and Fe’" at the same concentration, were utilized for
investigating the sensibility of Cug;/Zn-MOF. As shown in
Figures 3A,B, compared with other cations, only Fe** ion
showed obvious fluorescence quenching behavior. The
fluorescence intensity at 397nm was impaired by 93.8%
compared with the initial value. This indicated that Cuy/Zn-
MOF can be used as a visual sensor for selective detection of Fe’*
ion in water. The selectivity experiment of Cuy;/Zn-MOF was
explored. As shown in Figure 3C, the results showed that the
interference of other cations can be ignored in the process of Fe’*
ion detection, which further confirms the selectivity of Cug/Zn-
MOF for Fe’* detection.

In order to explore the limit of detection (LOD) of Cuyg,/Zn-
MOF as a fluorescence sensor for the detection of Fe** ion, a
fluorescence titration experiment was carried out. As shown in
Figure 3D and Supplementary Figure S15, with the
concentration of Fe’* ion increased, the fluorescence intensity
of the suspension decreased gradually, and the fluorescence
quenching can be observed when the concentration of Fe**
ion was 833 uM. The linear Stern-Volmer (S-V) equation, (Io/
I) = Kgy[C] + 1, can be used to explain the quenching efficiency
(Li et al, 2016), where Iy and I represent the fluorescence
intensities of Cug;/Zn-MOF suspension at 397 nm before and
after addition of Fe’*, respectively. Kgy is the Stern-Volmer
constant and [C] is the concentration of Fe’*. As shown in
the Stern-Volmer plot of Cuy;/Zn-MOF (Figure 3E) in the
concentration range of 0-70 uM, the KSV was calculated to be
2.76 x 10* M~ (R* = 0.995). According to the slope and standard
error of the fitting curve, the LOD for Fe>* was calculated to be
0.76 uM according to 30/Kgy (Qu et al., 2020), where o is the
standard  deviation for eleven repeated luminescent
measurements (o = 0.0070). The sensitivity of Cup;/Zn-MOF
is a rival to most of the reported MOF-based sensors for Fe**
(Supplementary Table S3), suggesting that it has potential
application value in the detection of Fe’*.

The study of fluorescence quenching mechanism is of great
significance for the exploration of more effective fluorescence
materials. In the previous reports on the detection of metal ions,
the quenching of fluorescence is usually caused by structure
collapse, cation exchange, excitation energy competitive
absorption, and energy resonance transfer (Mi et al., 2019). As
shown in Supplementary Figure S9, after soaking in Fe**
solution for 4h, the PXRD patterns were unchanged,
indicating that the fluorescence quenching is attributed to
neither skeleton collapse nor cation exchange. In addition, the
rapid response of Fe** detection also ruled out the possibility of
fluorescence quenching caused by cation exchange because cation
exchange cannot occur in a short period of time. As can be seen in
Supplementary Figure S16, Fe’* ions have a wide absorption
band from 200 to 450 nm, which overlaps with the emission
spectra range 310-510 nm of Cuyg ;/Zn-MOF. Therefore, the main
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FIGURE 3| (A) Emission spectra of Cug 1/Zn-MOF immersed in aqueous solutions with metal ions. (B) Sensing effects of Cug_1/Zn-MOF on different metal ions. (C)
Selective detection of Fe®* on Cug 1/Zn-MOF in the presence of different metal ions in aqueous solutions. (D) Photoluminescence spectra of Cug, 1/Zn-MOF in aqueous
solutions upon incremental addition of Fe**. (E) Stern-Volmer plot of Cug 1/Zn-MOF upon adding different concentration of Fe®+.

reason for fluorescence quenching may be on account of the
fluorescence resonance energy transfer (FRET) (Nagarkar et al.,
2013). In addition, Fe** ion has a higher UV absorption at
257 nm, and when the excitation wavelength chose 257 nm,
Fe’* ion has a higher excitation energy competitive absorption.

Detection of Antibiotics

Due to the excellent fluorescence performance and water stability
of Cug/Zn-MOF, the detection performances of Cuy ;/Zn-MOF
on thirteen common antibiotics in six categories were studied.
The results showed that NFT, NFZ, FZD, and TC had obvious
quenching effect compared with other antibiotics (Figure 4).

Luminescent Detection Toward Nitrofurans
In order to explore the sensitivity of Cug;/Zn-MOF as a fluorescence
sensor for the detection of nitrofurans, fluorescence titration
experiments were carried out. The detection of nitrofuran
antibiotics mostly focused on fluorescence enhancement or
quenching. In this experiment, with the increase of titrated
concentration, the fluorescence emission peak not only showed
fluorescence quenching (Supplementary Figure S17) but also
displayed obvious redshift (NFT: 397-448 nm, NFZ: 397-456 nm,

FZD: 397-440nm) (Figure 4). Generally, the decrease of
fluorescence intensity and the redshift of fluorescence emission
peak with the increase of the detection concentrates are rare. The
emission wavelength shift may be attributed to a strong interaction
between the analyte and the sensor (Hu et al,, 2013; Lei et al., 2021).
To verify this interaction, three nitrofurans were added separately to
Cuyg1/Zn-MOF solution. As shown in Supplementary Figure S18,
the UV absorption peaks were found to be redshifted, which
indicated the existence of static quenching, strong interactions,
and the formation of ground state complexes (Zhang et al., 2017¢;
Kardar et al,, 2020). In addition, emission wavelength shifts during
titration are rare and attractive, which could enhance the detection
specificity by adding an additional recognition dimension, in addition
to the traditional recognition dimension of fluorescence intensity
enhancement or quenching (Hu et al., 2013).

Considering the red-shift factor of fluorescence spectrum, the
maximum emission peak corresponding to each titration
concentration was selected in the calculation of the quenching
rate of antibiotics and the value of fitting curve, instead of the
fluorescence emission peak at a fixed wavelength. In this case,
when the titrated concentration of NFT and NFZ reached
75 ppm, the fluorescence quenching efficiency rate was 90.9
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and 94.1%, respectively. When the titrated concentration of FZD
reached 100 ppm, the fluorescence quenching rate was 85.3%. To
further understand the luminescent quenching degree, the
quenching curves were quantitatively studied by Stern-Volmer
equation. As shown in Figure 4, the Stern-Volmer plots
illustrated a linear relationship in the low concentration region
with a Kgy of 0.2212 ppm™" (5.27x10*M™") for NFT, 0.2447
ppm™'  (4.85x10*M™") for NFZ, and 0.1660 ppm™
(3.74x10*M™") for FZD. Based on the Kgy values, the
detection limits of Cug;/Zn-MOF toward NFT, NFZ, and FZD
were calculated to be 95.0 ppb (0.4 uM), 85.8 ppb (0.43 uM), and
126.5 ppb (0.56 (M), respectively.

In general, the Stern-Volmer equation shows a linear relationship
between the concentration of the analyte and luminescent strength.
However, in the detection of NFT and FZD, the fitting curve shows a
double exponential type. In this case, the Stern-Volmer equation
should be expressed as Iy/I-1 = Ig[Kgy]+lg[C]. This means that the
quenching of luminescence may be the result of both dynamic and
static factors (Yang Y et al., 2020). In addition, fluorescence emissions
of NFT, NFZ, FZD, and TC were detected at 257 nm excitation
wavelength, and it was found that NFT and FZD had weak
fluorescence emission in the 400-510 nm region, while NFZ and
TC had almost no fluorescence emission (Supplementary Figure
$19). By comparing the fluorescence quenching curves of NFT and
FZD titration experiments with the fluorescence emission curves of
NEFT and FZD itself, it was found that the curve shapes were similar.
In other words, at 257 nm excitation wavelength, as the concentration
of NFT and FZD increases, the fluorescence spectra are gradually
weakened and redshifted, and the coincidence degree with the
fluorescence emission peak of NFT and FZD itself gradually
increases (Supplementary Figure S20). As a result, at higher
concentrations of NFT and FZD, the fluorescence quenching
degree was weakened by the fluorescence emission of NFT and
FZD itself.

Luminescent Detection Toward

Tetracyclines
Similarly, in order to further explore the quantitative detection
ability of TC by complex Cug;/Zn-MOF, the TC solution was

dropped into the complex suspension for fluorescence titration
(Figure 5A). With the dripping of TC, the fluorescence intensity
of the suspension decreases gradually, and the fluorescence
quenching occurred when the TC concentration was 89 ppm.
The fluorescence quenching rate was 94.8% compared with the
initial value. This indicated that Cuy;/Zn-MOF can be used as
visual sensor for selective detection of TC in water. The
quenching curves were quantitatively studied by Stern-Volmer
equation. As shown in Figure 5B, the Stern-Volmer plot
illustrated a linear relationship in the low concentration region
with a Kgy 0f 0.1237 ppm_1 (5.94x10* M) for TC. Based on the
Ksy value, the detection limit of Cug;/Zn-MOF toward TC was
calculated to be 169.8 ppb (0.35puM). Compared with the
reported MOF-based sensors for the detection of antibiotics,
the result implied that Cug;/Zn-MOF has potential application
value in the detection of NFT, NZF, FZD, and TC
(Supplementary Table S4).

Mechanism Analysis

The mechanism analysis of antibiotic detection is as follows: the
PXRD patterns of Cuy ;/Zn-MOF soaked in four antibiotics were
basically unchanged compared with those before soaking
(Supplementary Figure S9D), which ruled out the possibility
of fluorescence quenching caused by skeleton collapse. The
excitation spectra of Cug;/Zn-MOF overlapped with the UV
absorption spectra of SM, CHL, CEF, NFT, NFZ, FZD, and TC,
but hardly overlapped with other antibiotics (Supplementary
Figure S21), indicating that there may be competitive excitation
energy absorption effect between the seven antibiotics and Cuy ,/
Zn-MOF. All the seven antibiotics have fluorescence quenching
effect on Cuy ;/Zn-MOF, but the fluorescence quenching effect of
NFT, NFZ, FZD, and TC is significantly stronger than that of SM,
CHL, and CEF, indicating that other factors may be involved in
the fluorescence quenching. As shown in Supplementary Figure
$21, the emission spectra of Cug ;/Zn-MOF overlapped with the
UV absorption spectra of NFT, NFZ, FZD, and TC, and hardly
overlapped with other antibiotics. To some extent, this may
explain that NFT, NFZ, FZD, and TC have stronger
fluorescence quenching rates for Cug;/Zn-MOF than SM,
CHL, and CEF, and suggested that FRET may also be an
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FIGURE 6 | (A) Kubelka-Munk plots of Cug 1/Zn-MOF. (B) Mott-Schottky plots of Cug 1/Zn-MOF. (C) Schematic of electron transfer from the LUMO of MOFs to the
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important reason of fluorescence quenching. In addition, due to
the low LUMO energy levels of antibiotics, photoinduced electron
transfer (PET) is also a possible luminescence quenching
mechanism (Toal and Trogler, 2006; Nagarkar et al., 2014).
The valence band energy levels (VB) and conduction band
energy levels (CB) of MOF can be described in a pattern
similar to molecular orbitals (MOs) (Wang et al, 2016).
Specifically, the electrons in the Cugy;/Zn-MOF-occupied
orbital (HOMO) are excited to the lowest unoccupied orbital
(LUMO), followed by the transfer to the antibiotic with a lower
LUMO level. To explain the possibility of this process, we
calculated and derived the band structures of Cug;/Zn-MOF
and antibiotics. According to Kubelka-Munk, the bandgap is
about 3.6eV (Figure 6A). As shown in Figure 6B, the
Mott—Schottky plots show a flat band potential of about
—-1.2'V versus Ag/AgCl for Cug;/Zn-MOF, while the LUMOs
of NFT, NFZ, FZD, and TC were calculated to be —3.86¢V,
-3.62 eV, -3.75 eV, and —4.53 eV, respectively (Wang et al., 2016;
Malik and Iyer, 2017). Due to the conduction band of MOFs
being at a higher energy level than the lowest unoccupied
molecular orbital (LUMO) of the antibiotic, electrons were
transferred from MOFs to the antibiotics (Figures 6C, D),
which eventually leads to the fluorescence quenching of MOFs.

Recyclability and Fast Response Time

The aforementioned experimental results indicated that Cuyg;/
Zn-MOF displays good water stability and detection sensitivity.
In addition, the fluorescence sensor also needs to have good cyclic

stability and fast response. After usage, the sensor can be
regenerated by centrifugation and acetone washing. After
soaking in 5 analytes for 4 h, the main peak of PXRD patterns
matched well with that before soaking (Supplementary Figure
S9D), and the fluorescence quenching efficiency remained
unchanged after 5 cycles (Supplementary Figure S22). The
results showed that the sensor exhibited good recyclability. In
addition, the sensor showed rapid response to all the five analytes
at different concentrations, as shown in Supplementary Figure
§22, and the fluorescence intensity decreased within 20s and
remained stable after 120 s.

Comparison of Detection Sensitivity

It has been proved that the doping of Cu'" ions contributes to the
improvement of the water stability of Zn-MOF. Subsequently, in
order to verify the influence of the doping of Cu ions on the
sensitivity of detection, the original Zn-MOF was used as
fluorescence sensors to conduct titration experiments on Fe’*,
NFT, NFZ, FZD, and TC, respectively. As shown in
Supplementary Figure $23-S27, the Stern-Volmer plots
illustrated a linear relationship in the low concentration region
with a Kgy of 1.01x10*M™' for Fe’*, 9.33x10*ppm™
(2.22x10* M) for NFT, 1.12 x10°ppm™" (2.23x10*M™") for
NFZ, 4.74x10*ppm™" (1.07x10°M™") for FZD, and
496x10* ppm™" (2.39x10*M™) for TC. The data showed that
compared with Cuy,/Zn-MOF, the Kgy of Zn-MOF for five
pollutants are significantly reduced. In other words, proper Cu'"
doping improves the sensitivity of Zn-MOF to detect analytes. The
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mechanism of the higher sensitivity of Cug;/Zn-MOF in the
detection of analytes is still not completely clear. We speculate
that it may be related to the following factors: First, the increase of
Stokes shift reduces the background interference, which is
beneficial to the strong penetration to the sample, and enhances
the detection sensitivity. Second, the liquid UV spectrum displayed
that the UV absorption of TC was similar at 257 and 283 nm, while
the UV absorptions of Fe’*, NFT, NFZ, and FZD were stronger at
257 nm than at 283 nm (Supplementary Figure S28). In other
words, it might have stronger excitation competitive absorption at
257 nm, leading to the enhancement of fluorescence quenching.

CONCLUSION

In summary, we constructed a Zn-MOF complex with superior
photophysical property. Subsequently, we successfully doped Cu""
ions into Zn-MOF in a simple and feasible way to enhance its
water stability. This strategy enables LMOFs, which were initially
limited by water stability, to implement detection in aqueous
solvents. Interestingly, subsequent detection showed that
bimetallic LMOFs doped with an appropriate proportion of
Cu" ions had lower detection limits for Fe**, NFT, NFZ, FZD,
and TC. This study is of great significance to broaden the range of
alternative LMOFs in practical application and may provide a
new strategy for the design of LMOFs in the future.

DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and
accession number(s) can be found below:http://www.ccdc.

REFERENCES

Abdollahi, N., Akbar Razavi, S. A., Morsali, A., and Hu, M.-L. (2020). High
Capacity Hg(II) and Pb(II) Removal Using MOF-Based Nanocomposite:
Cooperative  Effects of Pore Functionalization and Surface-Charge
Modulation. J. Hazard. Mater. 387, 121667. doi:10.1016/j.jhazmat.2019.121667

Blatov, V. A,, Shevchenko, A. P., and Proserpio, D. M. (2014). Applied Topological
Analysis of Crystal Structures with the Program Package ToposPro. Cryst.
Growth Des. 14, 3576-3586. doi:10.1021/cg500498k

Cao, J., Yang, Z.-H., Xiong, W.-P., Zhou, Y.-Y,, Peng, Y.-R,, Li, X, et al. (2018).
One-Step Synthesis of Co-Doped UiO-66 Nanoparticle with Enhanced
Removal Efficiency of Tetracycline: Simultaneous Adsorption and
Photocatalysis. Chem. Eng. ]. 353, 126-137. doi:10.1016/j.cej.2018.07.060

Cheng, X. C,, and Kuai, H. W. (2012). Synthesis, Characterization, and Magnetic
Properties of Two New Co (II) Coordination Polymers with a Carboxylate-And
Benzimidazolylcontaining Ligand. Z. Naturforsch B 67, 1255-1262. doi:10.
5560/znb.2012-0235

Cui, Y., Yue, Y., Qian, G., and Chen, B. (2012). Luminescent Functional Metal-
Organic Frameworks. Chem. Rev. 112, 1126-1162. doi:10.1021/cr200101d

Ding, M., Cai, X., and Jiang, H.-L. (2019). Improving MOF Stability:
Approaches and Applications. Chem. Sci. 10, 10209-10230. doi:10.1039/
C95C03916C

Dong, J.-P., Shi, Z.-Z., Li, B, and Wang, L.-Y. (2019). Synthesis of a Novel 2D
Zinc(ii) Metal-Organic Framework for Photocatalytic Degradation of Organic
Dyes in Water. Dalton Trans. 48, 17626-17632. doi:10.1039/C9DT03727F

Synthesis and Sensing

cam.ac.uk/conts/retrieving.html; The CIF file (CCDC No.
2143524).

AUTHOR CONTRIBUTIONS

BL and L-YW conceived the idea and designed the research.
R-QJ, GT, Y-JC, and L-YZ synthesized and characterized the
materials; all authors analyzed data and wrote the article.

FUNDING

The authors gratefully acknowledge the financial support of this
work by the National Natural Science Foundation of China
(U1904199 and 21671114), the Science Foundation for
Excellent Youth of Henan Province (212300410064), Young
Backbone Teachers in Colleges and Universities of Henan
Province (2018GGJS119), the Program for Science and
Technology Innovation Talents at the University of Henan
Province (22HASTIT007), the Scientific Research and Service
Platform Fund of Henan Province (2016151), the Fund of
Scientific and Technological Innovation Team of Water
Ecological Security for Water Source Region of Mid-line of
South-to-North Diversion Project of Henan Province, and
Nanyang Normal University.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fchem.2022.860232/
full#supplementary-material

Dong, S, Hu, ], Zhang, X, and Zheng, M. (2018). A Bifunctional Zn(II)-MOF as
Recyclable Luminescent Sensor for Detecting TNT and Fe3+ with High Selectivity
and Sensitivity. Inorg. Chem. Commun. 97, 180-186. doi:10.1016/j.inoche.2018.
09.039

Esrafili, L., Firuzabadi, F. D., Morsali, A., and Hu, M.-L. (2021). Reuse of Predesigned
Dual-Functional Metal Organic Frameworks (DF-MOFs) after Heavy Metal
Removal. J. Hazard. Mater. 403, 123696. doi:10.1016/j,jhazmat.2020.123696

Esrafili, L., Morsali, A., Hu, M.-L., Azhdari Tehrani, A., Carlucci, L., Mercandelli,
P., et al. (2020). Size-Selective Urea-Containing Metal-Organic Frameworks as
Receptors for Anions. Inorg. Chem. 59, 16421-16429. doi:10.1021/acs.
inorgchem.0c02215

Fan, M., Sun, B, Li, X,, Pan, Q,, Sun, J., Ma, P,, et al. (2021). Highly Fluorescent
Cadmium Based Metal-Organic Frameworks for Rapid Detection of Antibiotic
Residues, Fe3+ and Cr2072- Ions. Inorg. Chem. 60, 9148-9156. doi:10.1021/
acs.inorgchem.1c01165

Garibay, S. J., and Cohen, S. M. (2010). Isoreticular Synthesis and Modification of
Frameworks with the UiO-66 Topology. Chem. Commun. 46, 7700-7702.
doi:10.1039/C0CC02990D

Hou, L., Wang, L., Zhang, N., Xie, Z., and Dong, D. (2016). Polymer Brushes on
Metal-Organic Frameworks by UV-Induced Photopolymerization. Polym.
Chem. 7, 5828-5834. doi:10.1039/C6PY01008C

Hu, M.-L,, Razavi, S. A. A,, Piroozzadeh, M., and Morsali, A. (2020). Sensing
Organic Analytes by Metal-Organic Frameworks: A New Way of Considering
the Topic. Inorg. Chem. Front. 7, 1598-1632. doi:10.1039/c9qi01617a

Hu, Z., Pramanik, S., Tan, K., Zheng, C., Liu, W., Zhang, X, et al. (2013). Selective,
Sensitive, and Reversible Detection of Vapor-Phase High Explosives via Two-

Frontiers in Chemistry | www.frontiersin.org

February 2022 | Volume 10 | Article 860232


http://www.ccdc.cam.ac.uk/conts/retrieving.html
http://www.ccdc.cam.ac.uk/conts/retrieving.html
https://www.frontiersin.org/articles/10.3389/fchem.2022.860232/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fchem.2022.860232/full#supplementary-material
https://doi.org/10.1016/j.jhazmat.2019.121667
https://doi.org/10.1021/cg500498k
https://doi.org/10.1016/j.cej.2018.07.060
https://doi.org/10.5560/znb.2012-0235
https://doi.org/10.5560/znb.2012-0235
https://doi.org/10.1021/cr200101d
https://doi.org/10.1039/C9SC03916C
https://doi.org/10.1039/C9SC03916C
https://doi.org/10.1039/C9DT03727F
https://doi.org/10.1016/j.inoche.2018.09.039
https://doi.org/10.1016/j.inoche.2018.09.039
https://doi.org/10.1016/j.jhazmat.2020.123696
https://doi.org/10.1021/acs.inorgchem.0c02215
https://doi.org/10.1021/acs.inorgchem.0c02215
https://doi.org/10.1021/acs.inorgchem.1c01165
https://doi.org/10.1021/acs.inorgchem.1c01165
https://doi.org/10.1039/C0CC02990D
https://doi.org/10.1039/C6PY01008C
https://doi.org/10.1039/c9qi01617a
https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Jia et al.

Dimensional Mapping: A New Strategy for MOF-Based Sensors. Cryst. Growth
Des. 13, 4204-4207. doi:10.1021/cg4012185

Huang, Z., Zhao, M., Wang, C., Wang, S., Dai, L., and Zhang, L. (2020). Preparation
of a Novel Zn (II)-Imidazole Framework as an Efficient and Regenerative
Adsorbent for Pb, Hg, and as Ion Removal from Water. ACS Appl. Mater. Inter.
12, 41294-41302. doi:10.1021/acsami.0c10298

Kardar, Z. S., Shemirani, F., and Zadmard, R. (2020). Determination of Iron (II)
and Iron (III) via Static Quenching of the Fluorescence of Tryptophan-
Protected Copper Nanoclusters. Mikrochim Acta 187, 81-89. do0i:10.1007/
s00604-019-4067-4

Kaye, S. S., Dailly, A., Yaghi, O. M., and Long, J. R. (2007). Impact of Preparation
and Handling on the Hydrogen Storage Properties of Zn,O (1, 4-
Benzenedicarboxylate) 3 (MOEF-5). J. Am. Chem. Soc. 129, 14176-14177.
doi:10.1021/ja076877g

Kreno, L. E., Leong, K., Farha, O. K., Allendorf, M., Van Duyne, R. P., and Hupp,
J. T. (2012). Metal-Organic Framework Materials as Chemical Sensors. Chem.
Rev. 112, 1105-1125. doi:10.1021/cr200324t

Kundu, J., Ghosh, Y., Dennis, A. M., Htoon, H., and Hollingsworth, J. A. (2012).
Giant Nanocrystal Quantum Dots: Stable Down-Conversion Phosphors that
Exploit a Large Stokes Shift and Efficient Shell-To-Core Energy Relaxation.
Nano Lett. 12, 3031-3037. doi:10.1021/n13008659

Lei, Z., Hu, L., Yu, Z.-H., Yao, Q.-Y., Chen, X, Li, H,, et al. (2021). Ancillary Ligand
Enabled Structural and Fluorescence Diversity in Metal-Organic Frameworks:
Application for the Ultra-sensitive Detection of Nitrofuran Antibiotics. Inorg.
Chem. Front. 8, 1290-1296. doi:10.1039/d0qi01098g

Li, C.-P., Long, W.-W., Lei, Z., Guo, L., Xie, M.-],, L, J., et al. (2020). Anionic
Metal-Organic Framework as a Unique Turn-On Fluorescent Chemical Sensor
for Ultra-Sensitive Detection of Antibiotics. Chem. Commun. 56, 12403-12406.
doi:10.1039/DOCCO5175F

Li, H, Shi, W., Zhao, K, Li, H., Bing, Y., and Cheng, P. (2012). Enhanced
Hydrostability in Ni-Doped MOEF-5. Inorg. Chem. 51, 9200-9207. doi:10.
1021/ic3002898

Li, X, Yang, L, Zhao, L., Wang, X.-L,, Shao, K.-Z., and Su, Z.-M. (2016).
Luminescent Metal-Organic Frameworks with Anthracene Chromophores:
Small-Molecule Sensing and Highly Selective Sensing for Nitro Explosives.
Cryst. Growth Des. 16, 4374-4382. doi:10.1021/acs.cgd.6b00482

Li, Y., Wang, J., Huang, Z., Qian, C,, Tian, Y., and Duan, Y. (2021). An Eu-Doped
Zr-Metal-Organic Framework for Simultaneous Detection and Removal of
Antibiotic Tetracycline. J. Environ. Chem. Eng. 9, 106012. doi:10.1016/j.jece.
2021.106012

Liu, M., Yao, W., Li, C.,, Wu, Z., and Li, L. (2015). Tuning Emission and Stokes Shift
of CdS Quantum Dots via Copper and Indium Co-Doping. RSC Adv. 5,
628-634. doi:10.1039/c4ral1349g

Liu, T. F,, Zou, L., Feng, D., Chen, Y. P,, Fordham, S., Wang, X,, et al. (2014).
Stepwise Synthesis of Robust Metal-Organic Frameworks via Postsynthetic
Metathesis and Oxidation of Metal Nodes in a Single-Crystal to Single-Crystal
Transformation. J. Am. Chem. Soc. 136, 7813-7816. doi:10.1021/ja5023283

Liu, Z.-Q., Chen, K,, Zhao, Y., Kang, Y.-S., Liu, X.-H., Lu, Q.-Y,, et al. (2018).
Structural Diversity and Sensing Properties of Metal-Organic Frameworks with
Multicarboxylate and 1H-Imidazol-4-Yl-Containing Ligands. Cryst. Growth
Des. 18, 1136-1146. doi:10.1021/acs.cgd.7b01572

Malik, A. H,, and Iyer, P. K. (2017). Conjugated Polyelectrolyte Based Sensitive
Detection and Removal of Antibiotics Tetracycline from Water. ACS Appl.
Mater. Inter. 9, 4433-4439. doi:10.1021/acsami.6b13949

Mi, X, Sheng, D., Yu, Y. E,, Wang, Y., Zhao, L., Lu, J., et al. (2019). Tunable Light
Emission and Multiresponsive Luminescent Sensitivities in Aqueous Solutions
of Two Series of Lanthanide Metal-Organic Frameworks Based on Structurally
Related Ligands. ACS Appl. Mater. Inter. 11, 7914-7926. doi:10.1021/acsami.
8b18320

Nagarkar, S. S., Desai, A. V., and Ghosh, S. K. (2014). A Fluorescent Metal-Organic
Framework for Highly Selective Detection of nitro Explosives in the Aqueous
Phase. Chem. Commun. 50, 8915-8918. doi:10.1039/C4CC03053B

Nagarkar, S. S., Joarder, B., Chaudhari, A. K., Mukherjee, S., and Ghosh, S. K.
(2013). Highly Selective Detection of Nitro Explosives by a Luminescent Metal-
Organic Framework. Angew. Chem. Int. Ed. 52, 2881-2885. doi:10.1002/anie.
201208885

Niu, Y.-F., Zhao, W., Han, J., GeTian, X. L., and Zhao, X.-L. (2014).
Unprecedented Metal-Ion Metathesis in a Metal-Carboxylate Chain-

Synthesis and Sensing

Based Metal-Organic Framework. CrystEngComm 16, 2344-2347.
doi:10.1039/C3CE42214C

Panda, S. K., Mishra, S., and Singh, A. K. (2021). Recent Progress in the
Development of MOF-Based Optical Sensors for Fe3+. Dalton Trans. 50,
7139-7155. doi:10.1039/d1dt00353d

Park, H. ], Chae, E. A, Seo, H. W, Jang, ].-H., Chung, W.J,, Lee, J. Y., et al. (2020).
New Blue Phosphorescent Heteroleptic Ir (Iii) Complexes with Imidazole-And
N-Methylimidazole Carboxylates as Ancillary Ligands. J. Mater. Chem. C 8,
13843-13851. doi:10.1039/D0TC03773G

Qian, X,, Sun, F,, Sun, J., Wu, H,, Xiao, F., Wu, X, et al. (2017). Imparting Surface
Hydrophobicity to Metal-Organic Frameworks Using a Facile Solution-
Immersion Process to Enhance Water Stability for CO2capture. Nanoscale
9, 2003-2008. doi:10.1039/C6NR0780110.1039/c6nr07801j

Qiu, S, Wang, Y., Wan, J., Han, J., Ma, Y., and Wang, S. (2020). Enhancing Water
Stability of MIL-101 (Cr) by Doping Ni (II). Appl. Surf. Sci. 525, 146511. doi:10.
1016/j.apsusc.2020.146511

Qu, B, Mu, Z,, Liu, Y., Liu, Y., Yan, R, Sun, ], et al. (2020). The Synthesis of Porous
Ultrathin Graphitic Carbon Nitride for the Ultrasensitive Fluorescence
Detection of 2,4,6-trinitrophenol in Environmental Water. Environ. Sci.
Nano 7, 262-271. doi:10.1039/c9en01165j

Ren, T.-B., Xu, W., Zhang, W., Zhang, X.-X., Wang, Z.-Y., Xiang, Z., et al. (2018). A
General Method to Increase Stokes Shift by Introducing Alternating Vibronic
Structures. J. Am. Chem. Soc. 140, 7716-7722. doi:10.1021/jacs.8b04404

Sheldrick, G. M. (2008). A Short History of SHELX. Acta Cryst. Sect A. 64, 112-122.
doi:10.1107/S0108767307043930

Song, X,, Jeong, S., Kim, D., and Lah, M. S. (2012). Transmetalations in Two
Metal-Organic Frameworks with Different Framework Flexibilities: Kinetics
and Core-Shell Heterostructure. CrystEngComm 14, 5753-5756. doi:10.1039/
C2CE26115D

Toal, S. J., and Trogler, W. C. (2006). Polymer Sensors for Nitroaromatic
Explosives Detection. J. Mater. Chem. 16, 2871-2883. doi:10.1039/B517953]

Volkringer, C., and Cohen, S. M. (2010). Generating Reactive MILs: Isocyanate-
and Isothiocyanate-Bearing MILs through Postsynthetic Modification. Angew.
Chem. Int. Ed. 49, 4644-4648. d0i:10.1002/anie.201001527

Wang, B, Lv, X.-L,, Feng, D., Xie, L.-H., Zhang, J., Li, M, et al. (2016). Highly Stable
Zr (IV)-Based Metal-Organic Frameworks for the Detection and Removal of
Antibiotics and Organic Explosives in Water. J. Am. Chem. Soc. 138,
6204-6216. doi:10.1021/jacs.6b01663

Wei, Z., Lu, W, Jiang, H.-L., and Zhou, H.-C. (2013). A Route to Metal-Organic
Frameworks through Framework Templating. Inorg. Chem. 52, 1164-1166.
doi:10.1021/ic3019937

Xiao, J., Liu, M. Tian, F, and Liu, Z. (2021). Stable Europium-Based
Metal-Organic  Frameworks for Naked-Eye Ultrasensitive Detecting
Fluoroquinolones Antibiotics. Inorg. Chem. 60, 5282-5289. doi:10.1021/acs.
inorgchem.1c00263

Yang, J., Wang, X,, Dai, F., Zhang, L., Wang, R., and Sun, D. (2014). Improving the
Porosity and Catalytic Capacity of a Zinc Paddlewheel Metal-Organic
Framework (MOF) through Metal-ITon Metathesis in a Single-Crystal-to-
Single-Crystal Fashion. Inorg. Chem. 53, 10649-10653. d0i:10.1021/ic5017092

Yang, S.J., and Park, C. R. (2012). Preparation of Highly Moisture-Resistant Black-
Colored Metal Organic Frameworks. Adv. Mater. 24, 4010-4013. doi:10.1002/
adma.201200790

Yang, X.-G,, Lu, X.-M,, Zhai, Z.-M,, Qin, ].-H,, Chang, X.-H., Han, M.-L,, et al. (2020a).
n-Type Halogen Bonding Enhanced the Long-Lasting Room Temperature
Phosphorescence of Zn(ii) Coordination Polymers for Photoelectron Response
Applications. Inorg. Chem. Front. 7, 2224-2230. doi:10.1039/D0QI00191K

Yang, X.-G., Lu, X.-M., Zhai, Z.-M., Zhao, Y., Liu, X.-Y., Ma, L.-F,, et al. (2019).
Facile Synthesis of a Micro-Scale MOF Host-Guest with Long-Lasting
Phosphorescence and Enhanced Optoelectronic Performance. Chem.
Commun. 55, 11099-11102. doi:10.1039/C9CC05708K

Yang, X.-G., Zhai, Z.-M.,, Lu, X.-M,, Qin, J.-H,, Li, F.-F., and Ma, L.-F. (2020b).
Hexanuclear Zn(II)-Induced Dense n-Stacking in a Metal-Organic Framework
Featuring Long-Lasting Room Temperature Phosphorescence. Inorg. Chem. 59,
10395-10399. doi:10.1021/acs.inorgchem.0c01415

Yang, Y., Zhao, L., Sun, M., Wei, P,, Li, G., and Li, Y. (2020). Highly Sensitive
Luminescent Detection toward Polytypic Antibiotics by a Water-Stable and
White-Light-Emitting MOF-76 Derivative. Dyes Pigm. 180, 108444. doi:10.
1016/}.dyepig.2020.108444

Frontiers in Chemistry | www.frontiersin.org

12

February 2022 | Volume 10 | Article 860232


https://doi.org/10.1021/cg4012185
https://doi.org/10.1021/acsami.0c10298
https://doi.org/10.1007/s00604-019-4067-4
https://doi.org/10.1007/s00604-019-4067-4
https://doi.org/10.1021/ja076877g
https://doi.org/10.1021/cr200324t
https://doi.org/10.1021/nl3008659
https://doi.org/10.1039/d0qi01098g
https://doi.org/10.1039/D0CC05175F
https://doi.org/10.1021/ic3002898
https://doi.org/10.1021/ic3002898
https://doi.org/10.1021/acs.cgd.6b00482
https://doi.org/10.1016/j.jece.2021.106012
https://doi.org/10.1016/j.jece.2021.106012
https://doi.org/10.1039/c4ra11349g
https://doi.org/10.1021/ja5023283
https://doi.org/10.1021/acs.cgd.7b01572
https://doi.org/10.1021/acsami.6b13949
https://doi.org/10.1021/acsami.8b18320
https://doi.org/10.1021/acsami.8b18320
https://doi.org/10.1039/C4CC03053B
https://doi.org/10.1002/anie.201208885
https://doi.org/10.1002/anie.201208885
https://doi.org/10.1039/C3CE42214C
https://doi.org/10.1039/d1dt00353d
https://doi.org/10.1039/D0TC03773G
https://doi.org/10.1039/C6NR0780110.1039/c6nr07801j
https://doi.org/10.1016/j.apsusc.2020.146511
https://doi.org/10.1016/j.apsusc.2020.146511
https://doi.org/10.1039/c9en01165j
https://doi.org/10.1021/jacs.8b04404
https://doi.org/10.1107/S0108767307043930
https://doi.org/10.1039/C2CE26115D
https://doi.org/10.1039/C2CE26115D
https://doi.org/10.1039/B517953J
https://doi.org/10.1002/anie.201001527
https://doi.org/10.1021/jacs.6b01663
https://doi.org/10.1021/ic3019937
https://doi.org/10.1021/acs.inorgchem.1c00263
https://doi.org/10.1021/acs.inorgchem.1c00263
https://doi.org/10.1021/ic5017092
https://doi.org/10.1002/adma.201200790
https://doi.org/10.1002/adma.201200790
https://doi.org/10.1039/D0QI00191K
https://doi.org/10.1039/C9CC05708K
https://doi.org/10.1021/acs.inorgchem.0c01415
https://doi.org/10.1016/j.dyepig.2020.108444
https://doi.org/10.1016/j.dyepig.2020.108444
https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Jia et al.

Yao, S.-L,, Liu, S.-J., Tian, X.-M., Zheng, T.-F., Cao, C., Niu, C.-Y,, et al. (2019). A
ZnlI-Based Metal-Organic Framework with a Rare Tcj Topology as a Turn-On
Fluorescent Sensor for Acetylacetone. Inorg. Chem. 58, 3578-3581. doi:10.1021/
acs.inorgchem.8b03316

Yi, F.-Y., Wang, S.-C., Gu, M., Zheng, J.-Q., and Han, L. (2018). Highly Selective
Luminescent Sensor for CCl4 Vapor and Pollutional Anions/Cations Based on
a Multi-Responsive MOF. J. Mater. Chem. C 6, 2010-2018. doi:10.1039/
C7TC05707E

Zhang, F., Hou, L., Zhang, W., Yan, Y., Wu, Y, Yang, R, et al. (2017a). Two Metal-
Organic Frameworks Based on a Flexible Benzimidazole Carboxylic Acid
Ligand: Selective Gas Sorption and Luminescence. Dalton Trans. 46,
15118-15123. doi:10.1039/C7DT03363]

Zhang, F., Yao, H., Zhao, Y., Li, X,, Zhang, G., and Yang, Y. (2017b). Mixed Matrix
Membranes Incorporated with Ln-MOF for Selective and Sensitive Detection of
Nitrofuran Antibiotics Based on Inner Filter Effect. Talanta 174, 660-666.
doi:10.1016/j.talanta.2017.07.007

Zhang, L.-P., Ma, ].-F,, Yang, J., Pang, Y.-Y., and Ma, J.-C. (2010). Series of 2D and
3D Coordination Polymers Based on 1,2,3,4-Benzenetetracarboxylate and
N-Donor Ligands: Synthesis, Topological Structures, and Photoluminescent
Properties. Inorg. Chem. 49, 1535-1550. d0i:10.1021/ic9019553

Zhang, Q., Lei, M., Yan, H., Wang, J., and Shi, Y. (2017c). A Water-Stable 3D
Luminescent Metal-Organic Framework Based on Heterometallic
[Eulll6ZnII] Clusters Showing Highly Sensitive, Selective, and
Reversible Detection of Ronidazole. Inorg. Chem. 56, 7610-7614. doi:10.
1021/acs.inorgchem.7b01156

Zhang, W., Hu, Y., Ge, ], Jiang, H.-L., and Yu, S.-H. (2014). A Facile and General
Coating Approach to Moisture/Water-Resistant Metal-Organic Frameworks
with Intact Porosity. J. Am. Chem. Soc. 136, 16978-16981. doi:10.1021/
ja509960n

Zhang, Z.-J., Shi, W., Niu, Z., Li, H.-H., Zhao, B., Cheng, P., et al. (2011). A New
Type of Polyhedron-Based Metal-Organic Frameworks with Interpenetrating
Cationic and Anionic Nets Demonstrating Ion Exchange, Adsorption and
Luminescent Properties. Chem. Commun. 47, 6425-6427. doi:10.1039/
C1CC00047K

Zhao, D., Liu, X.-H., Zhao, Y., Wang, P., Liu, Y., Azam, M,, et al. (2017).
Luminescent Cd(ii)-Organic Frameworks with Chelating NH2 Sites for

Synthesis and Sensing

Selective Detection of Fe(iii) and Antibiotics. J. Mater. Chem. A. 5,
15797-15807. doi:10.1039/C7TA03849F

Zheng, X, Fan, R,, Song, Y., Wang, A, Xing, K., Du, X,, et al. (2017). A Highly
Sensitive Turn-On Ratiometric Luminescent Probe Based on Postsynthetic
Modification of Tb3+@Cu-MOF for H2S Detection. J. Mater. Chem. C 5,
9943-9951. doi:10.1039/C7TC02430D

Zhong, W.-B,, Li, R.-X,, Lv, J., He, T., Xu, M.-M., Wang, B,, et al. (2020). Two
Isomeric In(iii)-MOFs: Unexpected Stability Difference and Selective
Fluorescence Detection of Fluoroquinolone Antibiotics in Water. Inorg.
Chem. Front. 7, 1161-1171. doi:10.1039/C9QI01490]

Zhou, C., Lin, H., Shi, H., Tian, Y., Pak, C., Shatruk, M., et al. (2018). A Zero-
Dimensional Organic Seesaw-Shaped Tin Bromide with Highly Efficient
Strongly Stokes-Shifted Deep-Red Emission. Angew. Chem. Int. Ed. 57,
1021-1024. doi:10.1002/anie.201710383

Zhu, X.-W., Zhou, X.-P.,, and Li, D. (2016). Exceptionally Water Stable
Heterometallic Gyroidal MOFs: Tuning the Porosity and Hydrophobicity
by Doping Metal Ions. Chem. Commun. 52, 6513-6516. doi:10.1039/
C6CC02116F

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors, and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Jia, Tan, Chen, Zuo, Li and Wang. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Chemistry | www.frontiersin.org

13

February 2022 | Volume 10 | Article 860232


https://doi.org/10.1021/acs.inorgchem.8b03316
https://doi.org/10.1021/acs.inorgchem.8b03316
https://doi.org/10.1039/C7TC05707E
https://doi.org/10.1039/C7TC05707E
https://doi.org/10.1039/C7DT03363J
https://doi.org/10.1016/j.talanta.2017.07.007
https://doi.org/10.1021/ic9019553
https://doi.org/10.1021/acs.inorgchem.7b01156
https://doi.org/10.1021/acs.inorgchem.7b01156
https://doi.org/10.1021/ja509960n
https://doi.org/10.1021/ja509960n
https://doi.org/10.1039/C1CC00047K
https://doi.org/10.1039/C1CC00047K
https://doi.org/10.1039/C7TA03849F
https://doi.org/10.1039/C7TC02430D
https://doi.org/10.1039/C9QI01490J
https://doi.org/10.1002/anie.201710383
https://doi.org/10.1039/C6CC02116F
https://doi.org/10.1039/C6CC02116F
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

	CuII Ion Doping Enhances the Water Stability of Luminescent Metal–Organic Framework, Realizing the Detection of Fe3+ and An ...
	Introduction
	Experimental
	Materials and General Methods
	X-Ray Crystallographic Analysis
	Water Stability Test
	Luminescence Sensing Experiments
	Synthesis of Zn-MOF

	Results and Discussion
	Crystal Structure of {[Zn(L)]·CH3CN}n (Zn-MOF)
	EDS and FTIR
	Thermal and Chemical Stability
	Fluorescence Properties
	Selection of Fluorescence Sensor
	Detection of Metal Cations
	Detection of Antibiotics
	Luminescent Detection Toward Nitrofurans
	Luminescent Detection Toward Tetracyclines
	Mechanism Analysis
	Recyclability and Fast Response Time
	Comparison of Detection Sensitivity

	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	Supplementary Material
	References


