
Contents lists available at ScienceDirect

Journal of Hazardous Materials

journal homepage: www.elsevier.com/locate/jhazmat

Broad spectrum detection of veterinary drugs with a highly stable metal-
organic framework
Bin Wanga, Jing-Hao Liub, Jiamei Yub,⁎, Jie Lva, Chen Donga, Jian-Rong Lia,⁎

a Beijing Key Laboratory for Green Catalysis and Separation, College of Environmental and Energy Engineering, Beijing University of Technology, Beijing 100124, PR China
b College of Materials Science and Engineering, Beijing University of Technology, Beijing 100124, PR China

G R A P H I C A L A B S T R A C T

A R T I C L E I N F O

Editor: G. Li Puma

Keywords:
Broad spectrum detection
Fluorescence quenching
Metal-organic frameworks (MOFs)
Veterinary drugs

A B S T R A C T

The broad spectrum detection of veterinary drugs is very important for rapid and large-scale safe screen of
animal-derived foods. Metal-organic frameworks (MOFs), as a kind of emerged functional porous materials are
quite promising in the chemical sensing and molecular detection. In this work, we report the high-performance
broad spectrum detection of 15 commonly-used veterinary drugs through the fluorescence quenching in a newly-
designed chemically stable Al-based MOF, Al3(μ3-O)(OH)(H2O)2(PPTTA)3/2 (BUT-22). To the best of our
knowledge, this is the first systematic investigation for the application of MOFs in the detection/sensing of
veterinary drugs through fluorescence quenching method. The quenching efficiencies of the tested veterinary
drugs on BUT-22 are all beyond 82%, and the limits of detection (LOD) are low at parts per billion (ppb) levels.
Interestingly, BUT-22 also enables the selective detection of nicarbazin (NIC) through the clearly-observed red
shift of its maximum fluorescence emission wavelength. Moreover, the fluorescence quenching mechanism was
explored with the help of theoretical calculations. Our work indicates that MOFs are favorable materials for the
detection of veterinary drugs, being potentially useful in monitoring drug residues of animal-derived foods.

1. Introduction

Veterinary drugs are frequently used in animals to combat infec-
tions and induce growth. However, these drugs can be accumulated in
animal tissues and the residues can cause severe risks to human health,

such as toxic effects and allergic reactions. Another consequence is the
development of resistant bacteria, which might interfere in the effi-
ciency of veterinary drugs and even difficult diseases treatment (Ritter
et al., 2006). In order to increase food safety, maximum residue levels
(MRLs) are established for veterinary drugs in different kinds of food
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(Passantino and Russo, 2008). Therefore, the development of sensitive
analytical methodologies for the detection of these compounds is of
paramount interest. The detection of veterinary drug residues in food-
stuff samples was typically performed based on instrumental methods
such as by gas chromatography (GC) coupled to electron capture de-
tection (ECD) (Iglesias-Garcia et al., 2008; Aulakh et al., 2006), mass
spectrometry (MS) (Fernandez-Alvarez et al., 2009; Guo et al., 2009) or
tandem mass spectrometry (MS/MS) (Carro et al., 2005). These in-
strumental methods, however, share some common drawbacks, such as
high cost, complex sample preparation process, time-consuming, and
require complex equipment and trained personnel. In addition, instru-
mental methods are also disadvantageous in the rapid and large-scale
screening of animal-derived food samples and the self-examination of
livestock farms. Therefore, the development of a simple and broad
spectrum veterinary drug detection method is highly desired.
Optical sensing by utilizing the change in fluorescence readout in-

duced by sensor-analyte interactions is a powerful detection method
(You et al., 2015). Metal-organic frameworks (MOFs) built by metal
ions/clusters and organic linkers are a class of emerging functional
porous materials. The superior properties of high specific surface areas,
tunable composition and structure, and facile functionalization endow
them with many advantages compared to the traditional materials in
applications of chemical detection (Kreno et al., 2012; Lustig et al., 2017;
Wang et al., 2018; Zhu et al., 2018), molecule reorganization (Sawano
et al., 2015; Zhang et al., 2015), gas storage (Li et al., 2014; Spanopoulos
et al., 2016), separation (Nugent et al., 2013; Cui et al., 2016; Liao et al.,
2017; Hu et al., 2018), catalysis (Jiang et al., 2014; Yang et al., 2018;
Zhang et al., 2018; Tang and Wang, 2018; Zhang et al., 2017a; Deria
et al., 2016), proton conduction (Joarder et al., 2017), and so on. Par-
ticularly, large numbers of MOFs possess unique optical properties. This
type of MOFs, also known as luminescent MOFs (LMOFs) are promising
candidates for sensing applications (Kreno et al., 2012; Lustig et al.,
2017; Liu et al., 2017; N’Dala-Louika et al., 2017). In previous work, we
reported the design and synthesis of two highly stable Zr-MOFs, BUT-12
and -13 for the selective detection of antibiotics (Wang et al., 2016). The
detection limits of the two MOFs toward the several antibiotic molecules
are ppb levels, showing MOFs are promising in the drugs detection.
However, it was confirmed that the fluorescence of most Zr-MOFs is li-
gand centered, and their change is mainly based on the interactions
between the analytes and the organic ligands in MOFs (Bai et al., 2016).
For some veterinary drug molecules, the interactions of them with or-
ganic ligands in Zr-MOFs are too weak to cause the fluorescence change.
In addition, in the actual animal-derived foods, various of veterinary
drugs are often co-exist. Broad spectrum detection of their residues is
thus very important. Therefore, new MOFs should be developed for the
broad spectrum detection of veterinary drugs. In addition to Zr-MOFs, Al-
based MOFs also possess good chemical stability such as in water and
prominent fluorescent properties (Yang et al., 2013). Besides the organic
ligands, the Al metal centers can also provide fluorescence, which can
provide additional interaction sites for drug molecules. Typically, large
number of Al-MOFs are constructed from the classical Al3(μ3-O)(OH)
(H2O)2(COO)6 secondary building unit (SBU), which contains the term-
inal coordinated H2O/OH groups. In addition, most veterinary drug
molecules contain −OH or –NH2 group, which can form hydrogen
bonding interactions with the terminal coordinated H2O/OH groups
mentioned above, thus leading to the sensitive fluorescence change of Al-
MOFs, thereby achieving high-performance broad spectrum detection of
the veterinary drugs.
In this work, a new chemically stable Al-MOF, Al3(μ3-O)(OH)

(H2O)2(PPTTA)3/2 (BUT-22, PPTTA4–=4,4′,4′',4′”-(1,4-phenylenebis(pyr-
idine-4,2,6-triyl))tetrabenzate, BUT=Beijing University of Technology)
with a soc-a topological framework structure was designed and synthesized
for the broad spectrum detection of veterinary drugs. BUT-22 shows ex-
cellent chemical stability, high surface area, moderate pore sizes, and good
fluorescent emission. Fifteen veterinary drugs of six classes: nitrofurans
(NFs), sulfonamides (SAs), tetracyclines, chloramphenicols (CPs),

anticoccidial drugs, and anthelmintic drugs were then studied. It was found
that the quenching efficiencies of the selected 15 veterinary drugs on BUT-
22 all beyond 82% and the limits of detection (LOD) of BUT-22 toward
these veterinary drugs are low at ppb levels. More interestingly, this MOF
also enables the selective detection of nicarbazin (NIC).

2. Materials and methods

2.1. Synthesis

All general reagents and solvents (AR grade) were commercially
available and used as received. The ligand acids, H4PPTTA and
H4BCQDA were synthesized according to our previous work (Wang
et al., 2017). Al-soc-MOF-1 was synthesized according to the literature
method (Alezi et al., 2015).

[Al3(μ3-O)(OH)(H2O)2(PPTTA)3/2]·S (BUT-22·S) (S represents non-
assignable solvent molecules). Al(NO3)3·9H2O (100mg, 0.26mmol),
H4PPTTA (50mg, 0.07mmol), and propionic acid (3.0mL) were ultra-
sonically dissolved in 15mL of DMF in a 20mL Teflon-lined stainless-
steel autoclave. The autoclave was then heated at 150 °C for 48 h in an
oven. After cooling to room temperature (RT) spontaneously, the re-
sulting colorless crystals were harvested by filtration and washed with
DMF and acetone, and then dried in air (yield 73mg). FT-IR (KBr pellets,
cm–1): 3392 (w), 1646(s), 1589(s), 1533(m), 1381(s), 1243(w), 1098(w),
1003(w), 795(m).

2.2. Single-crystal X-ray diffraction

The crystal data of BUT-22 were collected on a Rigaku MicroMax-
007HF diffractometer equipped with a graphite-monochromatic enhanced
Cu Kα radiation (λ=1.54184Å) at 100 K. The datasets were corrected by
empirical absorption correction using spherical harmonics, implemented
in the SCALE3 ABSPACk scaling algorithm. The structure of BUT-22 was
solved by direct methods and refined by full-matrix least-squares on F2

with anisotropic displacement using the SHELXTL software package. Non-
hydrogen atoms were refined with anisotropic displacement parameters
during the final cycles. Hydrogen atoms of the ligands were calculated in
ideal positions with isotropic displacement parameters. Those in OH
groups and coordinated H2O molecules were not added but were calcu-
lated into molecular formula of the crystal data. There are large solvent
accessible pore volumes in the crystals of BUT-22, which are occupied by
highly disordered solvent molecules. No satisfactory disorder model for
these solvent molecules could be assigned, and therefore the SQUEEZE
program implemented in PLATON was used to remove the electron den-
sities of these disordered species (Spek, 2003). Thus, all of electron den-
sities from free solvent molecules have been “squeezed” out. The details of
structural refinement can be found in Tables S1 and the cif file.

2.3. Activation of the as-synthesized MOF sample

As-synthesized sample of BUT-22 or Al-soc-MOF-1 sample was
firstly soaked in fresh DMF for 24 h and then the extract was discarded.
Fresh acetone was subsequently added, and the sample was allowed to
stay in it for 4 h. This procedure was repeated three times over one day.
After decanting the acetone extract, the sample was dried under a dy-
namic vacuum (< 10−3 Torr) at RT for 3 h. Before adsorption mea-
surement, the sample was further activated using the “outgas” function
of the adsorption analyzer at 90 °C for 10 h.

2.4. Fluorescence measurements

The finely grounded powder sample of BUT-22 or Al-soc-MOF-1
(5mg) was immersed in 40mL of DMF and ultrasonicated for 30min to
form stable turbid suspension (Fig. S10), then 1mL of it was added to a
cuvette. The fluorescence upon excitation at 280 nm of BUT-22 (or
285 nm of Al-soc-MOF-1) was measured in-situ after incremental
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addition of freshly prepared analyte solution (0.3 μM). The mixed so-
lution was stirred at constant rate during experiment to maintain its
homogeneity. All the experiments were performed in triplicate, and
consistent results are reported.

2.5. Aqueous-phase adsorption

Freshly prepared BUT-22 sample (10mg) was totally activated and
then transferred into DMF solutions of nitrofurazone (NZF) and tetra-
cycline (TCY) with given concentrations (10 ppm) in a vial, respectively.
UV−vis spectra of the solutions were recorded to characterize the ad-
sorption performances of BUT-22 along with the soaking time at 298 K.

2.6. Calculation details

The possible binding sites of NIC in BUT-22 were calculated by
conventional grand canonical monte carlo (GCMC), using Sorption
program in Materials Studio software. The simulation boxes contain
1× 1 × 1 unit cells. The Metropolis method was used in all simulation
process. The long-range electrostatic interactions were dealt with the
Ewald summation technique. The vdW interactions were described by a
12-6 Lennard-Jones (LJ) potential using parameters from the universal
force field (UFF) (Rappe et al., 1993) and a cutoff radius of 14 Å. The
charges of BUT-22 were calculated using the charge equilibration (Qeq)
method as implemented in Material Studio. The charges and geometry
optimization of NIC were calculated using the DFT method. The DFT
calculations are performed with the Dmol3 program in Material Studio
software. The Perdew-Burke-Ernzerhof (PBE) method based on the
generalized gradient approximation (GGA) was used.

2.7. Cyclic tests

In a typical experimental setup, 5mg finely grounded sample of
BUT-22 or Al-soc-MOF-1 was weighed and added to a cuvette con-
taining 1.0 mL of DMF under stirring. The fluorescence upon excitation
at 280 nm of BUT-22 (or 285 nm of Al-soc-MOF-1) suspension was
measured in situ after addition of 500 μL freshly prepared NZF solution
(0.3 mM). After measurement, the MOF sample was centrifuged and
washed with acetone several times and dried in an 80 °C oven for 1 h to
remove the residual solvents. The regenerated sample was used again
for the detection of NZF.

3. Results and discussion

3.1. Synthesis and Structure

Solvothermal reaction of H4PPTTA with Al(NO3)3·9H2O in the pre-
sence of propionic acid as competing reagent in N,N’-dimethylforma-
mide (DMF) yielded cubic-shaped single crystals of Al3(μ3-O)(OH)
(H2O)2(PPTTA)3/2 (BUT-22). Its’ phase purity was checked by PXRD
measurement. As shown in Fig. 2a, the experimental PXRD patterns
match well with that simulated from the single-crystal data, indicating
its’ pure phase. In addition, the absence of characteristic bonds near
1696 cm–1 for carboxyl groups of free carboxylic acid ligands in the FT-
IR spectrum of BUT-22 indicates that the acid ligands are deprotonated,
and their carboxylate groups were all coordinated with the metal ions
in the MOF (Fig. S1). The TGA curves of BUT-22 are shown in Fig. S2,
indicating that it is stable up to ca. 470 °C.
Single-crystal X-ray diffraction reveals that BUT-22 crystallizes in

cubic Pm-3n space group. Its framework consists of classical trinuclear
Al3(μ3-O) cluster core (Fig. 1a) linked by elongated tetratopic ligand,
PPTTA4– (Fig. 1b). In BUT-22, there exists one crystallographically in-
dependent Al atom, which is eight-coordinated in an octahedral co-
ordination geometry (Fig. 1a). Each Al atom is coordinated by four
O atoms from different carboxylate groups, one μ3-O atom, and one

terminal−OH/H2O entities. Three Al atoms connected with each other

by one μ3-O, two H2O, one −OH, and six carboxyl groups from six dif-
ferent ligands to form a Al3(μ3-O)(OH)(H2O)2(COO)6 secondary building
unit (SBU) (Fig. 1a). Furthermore, these SBUs are linked by PPTTA4− li-
gands to form a 3D framework with embedded cubic cages that are in-
terconnected through square channels along the a, b, and c directions. The
edge length of the cubic cage is 15Å (atom to atom distance). There are
two types of interconnected channels in BUT-22, type I is square shaped
and type II is almost circular shaped (Fig. 1d) and the edge length of them
are all 15 Å (atom to atom distance). From the topological view point,
PPTTA4− ligands can be seen as 4-connected nodes and Al3 clusters serve
as 6-connected nodes (Fig. 1a, b), the 3D framework structure of BUT-22
can thus be simplified as a 4,6-coordinated bi-nodal net with the point
symbol of {44·62}3{46·89}2, which corresponds to the soc-a topology ac-
cording to Topos 40 software (Fig. 1e). The total solvent-accessible volume
in the framework of BUT-22 was estimated to be 80.5% of its unit-cell
volume, as estimated by PLATON (Spek, 2003). It should also be pointed
out that BUT-22 is iso-structural to a previously reported Al-MOF, Al-soc-
MOF-1 constructed from a similar ligand, 5′,5””-(1,4-phenylene)bis
(([1,1':3',1”-terphenyl]-4,4”-dicarboxylate)) (BCQDA4–) (Fig. S7a) (Alezi
et al., 2015). The difference of between the two ligands is that ring2 in
BCQDA4– is a benzene ring and that in PPTTA4– is a pyridine ring (Fig. S7).
The absence of H atom on the pyridine N atoms leads to a smaller steric
hindrance, thus the dihedral angles between the ring 2 and terminal
benzene ring (ring 1) of PPTTA4– (30.3°) is smaller than that (33.8°) in
BCQDA4–. BUT-22 and Al-soc-MOF-1 thus provide a good platform for
exploring the effect of the functional groups in ligands on the sensing
performances of MOFs as discussed below.

3.2. Porosity and stability

The permanent porosity of BUT-22 has been confirmed by N2 sorp-
tion at 77 K and PXRD measurements (Fig. 2). Saturated N2 uptake of
1371 cm3 (STP) g–1 was achieved, and the evaluated BET surface area is
4488m2 g–1. The experimental total pore volume for BUT-22 is
2.11 cm3 g–1, being in close to the calculated value of 2.12 cm3 g–1 based
on PLATON calculation (Spek, 2003). Based on the N2 adsorption data,
the pore size distributions were calculated by density functional theory
(DFT) method, which gave two types of pores of 19 and 22 Å for BUT-22
(Fig. 2b, insert). In addition, we also measured the N2 sorption isotherm
of Al-soc-MOF-1 at 77 K (Fig. S4). Saturated N2 uptake of 1501 cm3 (STP)
g–1 was achieved, and the evaluated BET surface area is 4089m2 g–1. In
order to examine the chemical stabilities of BUT-22, its sample was
treated in water and pH=1 HCl aqueous solution at RT. After being
soaked in these solutions for 24 h, the measured PXRD patterns show
retained crystallinity and unchanged structure (Fig. 2a). Furthermore,
the N2 sorption isotherms for the samples after being treated in the so-
lutions mentioned above were measured and almost the same uptakes
were observed as that of the pristine sample, which further confirms the
framework stability of BUT-22 under these conditions (Fig. 2b).

3.3. Detection of veterinary drugs

The solid-state fluorescent properties of BUT-22 as well as its’ ligand
acid were firstly measured at RT. Experimentally, finely grounded
powder samples of BUT-22 were immersed in DMF solution and then
ultrasonicated over 30min to form a steady turbid suspension.
Interestingly, we found that the suspension was stable in a short time
period of operation. Even after 6 h there is almost no precipitate found in
the bottom of the bottle (Fig. S10a). In addition, we also checked the
fluorescence of the blank BUT-22 solution at different times. We found
that, even after 4 h, the fluorescence of BUT-22 solution was almost the
same with the as-prepared one, further confirming the stability of the
MOF solution (Fig. S10b). In order to check the consistency of the par-
ticle size, SEM of the suspension was measured, and we found the par-
ticle size of BUT-22 solution is about 200 nm (Fig. S10c), being basically
uniform and quite small. The small and uniform particles are indeed
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more easily dispersed homogenously. Similar phenomenon has been re-
ported in our previously work (Wang et al., 2017). As shown in Fig. S8a,
H4PPTTA exhibits fluorescent emission at 544 nm upon the excitation at
400 nm, while BUT-22 shows emission at 390 nm upon the excitation at
310 nm. The blue shift of the emission peak of BUT-22 may be attributed
to the charge transfer between Al3+ and PPTTA4– ligand. Similar
phenomenon has been reported in other literature (Xu and Yan, 2016).
On naked eye observation, under excitation at 310 nm using a xenon
lamp BUT-22 has a bright blue color, whereas H4PPTTA shows a yellow
color when excited with the wavelength of 400 nm (Fig. S8b)." to "The
solid-state fluorescent properties of BUT-22 as well as its’ ligand acid
were firstly measured at RT. As shown in Fig. S8a, H4PPTTA exhibits
fluorescent emission at 544 nm upon the excitation at 400 nm, while
BUT-22 shows emission at 390 nm upon the excitation at 310 nm. The
blue shift of the emission peak of BUT-22 may be attributed to the charge
transfer between Al3+ and PPTTA4– ligand. Similar phenomenon has

been reported in other literature (Xu and Yan, 2016). On naked eye
observation, under excitation at 310 nm using a xenon lamp BUT-22 has
a bright blue color, whereas H4PPTTA shows a yellow color when ex-
cited with the wavelength of 400 nm (Fig. S8b). For the preparation of
the MOF solution for the sensing applications, finely grounded powder
samples of BUT-22 were immersed in DMF solution and then ultra-
sonicated over 30min to form a steady turbid suspension. Interestingly,
we found that the suspension was stable in a short time period of op-
eration. Even after 6 h there is almost no precipitate found in the bottom
of the bottle (Fig. S10a). In addition, we also checked the fluorescence of
the blank BUT-22 solution at different times. We found that, even after
4 h, the fluorescence of BUT-22 solution was almost the same with the as-
prepared one, further confirming the stability of the MOF solution (Fig.
S10b). In order to check the consistency of the particle size, SEM of the
suspension was measured, and we found the particle size of BUT-22 so-
lution is about 200 nm (Fig. S10c), being basically uniform and quite

Fig. 2. (a) PXRD patterns of BUT-22 and (b) N2 adsorption/desorption isotherms at 77 K of BUT-22 samples after treatments in water and pH=1 HCl aqueous
solution for 24 h, respectively (inset shows DFT pore size distribution evaluated by using the N2 adsorption data).

Fig. 1. Construction and the structure of BUT-22: (a)
Al3(μ3-O)(OH)(H2O)2(COO)6 SBU and simplified 6-
connected node, (b) H4PPTTA ligand acid and simpli-
fied 4-connected node; (c) the cubic cage in BUT-22;
(d) framework structure of BUT-22 (H atoms are
omitted for clarity. color code: Al, wathet-blue; C,
black; O, red; and N, blue); and (e) the augmented soc
net.
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small. The small and uniform particles are indeed more easily dispersed
homogenously. Similar phenomenon has been reported in our previously
work (Wang et al., 2017).
Based on its’ unique pore structure and good fluorescent property,

BUT-22 was explored for the application in the detection of veterinary
drugs based on fluorescent sensing. For comparison, the detection
ability of Al-soc-MOF-1 toward veterinary drugs was also tested. To
explore the ability of BUT-22 and Al-soc-MOF-1 to sense a trace
quantity of veterinary drug residues, fluorescence quenching titrations
were performed with the piece by piece addition of veterinary drug
residues to BUT-22 dispersed in DMF. Six classes of frequently used
veterinary drugs: nitrofurans (furazolidone, FZD; nitrofurazone, NZF;
nitrofurantoin, NFT), sulfonamides (sulfadiazine, SDZ; sulfamethazine,
SMZ sulfamethoxazole, SOM; sulfasalazine, SLA; sulfaclozine, SAZ),
tetracyclines (tetracycline, TCY; oxytetracycline, OXY; minocycline,
MIN), chloramphenicols (chloramphenicol, CAP), anticoccidial drugs
(dinitolmide, DIN; nicarbazin, NIC) and anthelmintic drugs (niclo-

samide, NCA) were checked (Fig. S9). For BUT-22, it was found that
high fluorescence quenching occurred upon the incremental addition of
the veterinary drugs mentioned above (Fig. S11-S25). Fig. 3c shows the
percentage of fluorescence quenching in terms of adding a certain
amount of different veterinary drugs at RT. It showed that, NZF, NFT,
and FZD gave the highest quenching efficiencies of ˜98%. In addition,
other veterinary drugs present high quenching efficiencies of higher
than 82%. For Al-soc-MOF-1, except for DIN, CAP, and SOM, other
veterinary drugs gave relative high quenching efficiencies (Fig. S26-
S40). Moreover, as shown in Fig. 3c, the quenching efficiencies of BUT-
22 are higher than those of Al-soc-MOF-1 for most of the veterinary

drugs we studied, except SLA and TCY, indicating its better detection
ability.
Interestingly, as shown in Fig. 3a and 3b, when NIC was added, the

fluorescence emissions of the two MOFs displayed a significant red
shift. Where, 500 μL NIC (0.3mM) was added the shift wavelength of
BUT-22 and Al-soc-MOF-1 is 33 and 29 nm, respectively. Even 20 μL
NIC was added, the emissions of the two MOFs display obviously red
shift with the changed wavelength of BUT-22 and Al-soc-MOF-1 being 8
and 6 nm, respectively. Other analytes, however, showed no obvious
effect on the emission wavelength of the two MOFs (Fig. S11-S40).
The fluorescent quenching efficiency can be quantitatively explained

by the Stern-Volmer (SV) equation: I0/I=Ksv[Q] + 1, where Ksv is the
quenching constant (M−1), [Q] is the molar concentration of the analyte,
I0 and I are the luminescence intensities before and after addition of the
analyte, respectively (Nagarkar et al., 2013). As indicated in Fig. S11-
S40, except for CAP, SDZ, and SMZ, the SV plots for other veterinary
drugs are nearly linear at low concentration ranges, but subsequently
deviate from linearity and bend upwards at higher concentrations. Such
phenomenon of nonlinear SV plots might be due to self-absorption or an
energy-transfer process (Shi et al., 2015; Zhang et al., 2014). In Table S2,
we list the Ksv values of the 15 veterinary drugs, and it was found that the
tested veterinary drugs have relatively high Ksv values on the two MOFs.
Particularly, BUT-22 has the highest Ksv value of 209592 M–1 toward
NZF and Al-soc-MOF-1 has the highest value of 92624 M–1 toward SLA.
Based on the Ksv values and the standard deviations (Sb) from three re-
peated fluorescent measurements of blank solutions, the limit of detec-
tion (LOD, 3Sb/Ksv) of BUT-22 toward these veterinary drugs were cal-
culated (Table S2). BUT-22 has the lowest LOD for NZF (0.07 μM,

Fig. 3. Effect on the emission spectra of (a) BUT-22 and (b) Al-soc-MOF-1 dispersed in DMF upon incremental addition of NIC (0.3 mM); (c) Fluorescence quenching
of BUT-22 (blue bar) and Al-soc-MOF-1 (orange bar) by different veterinary drugs at RT.
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corresponding to 14 ppb) and Al-soc-MOF-1 has lowest LOD for SLA
(0.09 μM, corresponding to 15 ppb). It should be pointed out that in the
previous work we reported the selective detection of NZF by using two
Zr-MOFs, BUT-12 and -13. After that, several MOFs such as CTGU-8
(Zhou et al., 2018), [NaCd2(L)(BDC)2.5]·9H2O, [Cd2(L)(2,6-NDC)2]·DMF·
5H2O and [Cd2(L)(BPDC)2]·DMF·9H2O (Zhao et al., 2017) have also been
used for the detection of NZF. The LOD of BUT-12, BUT-13, CTGU-8,
[NaCd2(L)(BDC)2.5]·9H2O, [Cd2(L)(2,6-NDC)2]·DMF·5H2O, and [Cd2(L)
(BPDC)2]·DMF·9H2O is 58, 90, 39, 162, 75, and 60 ppb, respectively, all
larger than that of BUT-22. A good fluorescent sensor for specific analyte
should have low detection limit, the detection ability of BUT-22 toward
NZF is thus better than those of all the MOFs mentioned above. In ad-
dition, it is interesting to check the sensing ability of BUT-22 toward
some real samples and compare the results with those from instrumental
analysis. To do this, the waste water from a livestock farm was taken for
the test. Firstly, ultra-performance liquid chromatography mass spectrum
(UPLC-MS) was used for the analysis of the species and quantity of the
veterinary drugs the waste water contains. As shown in Fig. S43, UPLC-
MS measurement shows that there exist NFT, NZF, and SDZ in the waste
water sample and their concentrations were calculated to be 40.7, 39.6,
and 73.2 ppb, respectively. Then, 0.5mL water sample was added into
BUT-22 solution (1.0mL) to see its’ effect on the fluorescence of BUT-22.
As shown in Fig. S45, the addition of water sample can slightly quench
the fluorescence of BUT-22, and the quenching efficiency is 5%. Ob-
viously, the sensing of veterinary drugs through the fluorescence
quenching of BUT-22 is qualitative and cannot district individual species
compared with those of conventional ways such as UPLC-MS. However,
the operation of our method is easy, and it doesn’t need complicated
sample pretreatment process which would be more suitable for the rapid
and large-scale screening of animal-derived food samples and the self-
examination of livestock farms.
Although BUT-22 has excellent detection abilities toward selected

15 veterinary drug molecules, during the screening of commonly used
veterinary drugs, however, we found that not all drugs can quench the
fluorescence of BUT-22. As shown in Fig. S46a and b, thiamphenicol
(THI) and erythrocin (ERY) cannot efficiently quench the fluorescence
of BUT-22. The THI slightly enhances the fluorescence of BUT-22 and
the quenching efficiency of ERY is only 5% under the same conditions
of other selected veterinary drugs. In addition, after checking the
structures of the tested veterinary drugs, we found that all nitrofurans
molecules contain furan ring and all sulfonamides contain aniline. We
thus checked the detection ability of BUT-22 toward furan and aniline.
As shown in Fig. S46c and d, the addition of these two molecules can
hardly quench the fluorescence of BUT-22. Thus, BUT-22 can selective
detect some veterinary drugs, even from other types of substances.

3.4. Detection mechanism analysis

In order to better understand the fluorescence quenching effect of
BUT-22 and Al-soc-MOF-1 toward the veterinary drug molecules, the
quenching mechanism was proposed. Generally, the quenching on
fluorescent MOFs by organic pollutants are mainly explained by the
following mechanisms: (1) fluorescence resonance energy transfer
(FRET), (2) photoinduced electron transfer (PET), (2) the competition of
excitation light between analyte and the MOF, and (4) dynamic/static
quenching mechanism (Lustig et al., 2017). FRET occurs only when the
emission spectrum of a fluorophore overlaps with the absorption spec-
trum of the acceptor (Nagarkar et al., 2013). As shown in Fig. 4a, the
absorption band of NZF has the greatest degree of overlapping with the
emission spectra of BUT-22 and Al-soc-MOF-1, followed by SLA, NFT,
FZD, TCY, NIC, MIN, OXY, NCA, SCZ, DIN, and CAP. It should be pointed
out that, the absorption band of NZF almost completely overlaps with the
emission spectra of two MOFs, thus almost all of the energy of the MOFs
emitted through fluorescence transfers to NZF, leading to the complete
fluorescence quench of the two MOFs. Indeed, in the detection experi-
ments only 300 μL NZF (0.3mM) can quench 98% fluorescence of BUT-

22. In addition, the absorption bands of SLA, NFT, FZD, TCY, NIC, MIN,
OXY, and NCA also overlap the emission spectra of the MOFs well, thus
the quenching efficiencies of them are also good. On the contrary, the
absorption bands of SDZ, SMZ, and SOM almost have no overlapping
with the emission spectra of the two MOFs, but they also have good
quenching efficiencies. Thus, FRET is not the only mechanism for the
fluorescence quenching observed in these systems.
The PET mechanism is dependent on the energy level of the lowest

unoccupied molecular orbital (LUMO) of the MOF and that of the analyte
(Nagarkar et al., 2013). If the LUMO energy level of MOF is higher than
that of analyte, then the excited electron of the MOF could transfer to the
LUMO of the analyte, resulting in the fluorescence quenching. We thus
calculated the orbital energies of the LUMOs and highest occupied mole-
cular orbitals (HOMOs) of tested veterinary drugs by density function
theory (DFT) calculations (on B3LYP/6-31g*). The HOMO and LUMO
energies of the two MOFs were calculated based on cyclic voltammetry
(CV) data using a platinum (Pt) disk electrode as the working electrode
while Ag/AgCl was used as the reference electrode, similar method has
been reported in other works (Fig. S47) (Huang et al. 2013; Zhang et al.,
2017b). As shown in Fig. 4b and Table S3, the LUMO energy levels of DIN,
NZF, CAP, FZD, and NFT are below those of BUT-22 and Al-soc-MOF-1,
while those of other tested analytes are above those of BUT-22 and Al-soc-
MOF-1. Thus, in the detection of DIN, NZF, CAP, FZD, and NFT, there
exists a PET process. As mentioned above, the absorption spectra of SDZ,
SMZ, and SOM have almost no overlap with the emission spectra of the
two MOFs, and the LUMO energy levels of them is much higher than those
of the two MOFs. Thus, neither FRET nor PET process play a role in the
detection of the three veterinary drugs mentioned above.
The competition of the excitation absorption between the analyte and

the MOF can also lead to the energy degradation, thereby quenching the
fluorescence of the latter (Hu et al., 2015). The work of this mechanism
depends on the overlapping between the absorption spectrum of the
analyte and the excitation spectrum of the MOF. As shown in Fig. 4c, the
absorption spectra of SDZ, SMZ, and SOM almost completely overlap
with the emission spectra of the two MOFs. Thus, the three veterinary
drugs would compete the energy of excitation light with the two MOFs,
leading to the fluorescence quenching of them. In addition, the excitation
spectra of the two MOFs also overlap the absorption spectra of other
veterinary drugs to some extent, thus the adding of these drug molecules
also can quench the fluorescence of the two MOFs.
As discussed above, for most of these checked veterinary drugs, it was

found that the quenching efficiencies on BUT-22 are better than those on
Al-soc-MOF-1. The only difference of the two MOFs is the existence of
pyridine N atoms on the ligand of the former. The pyridine N atoms
could collide with the added veterinary drugs, leading to the dynamic
quenching. The dynamic quenching process can be confirmed by the
changes of the fluorescent lifetimes: if the fluorescent lifetime of veter-
inary drug incorporated MOF becomes shorter than that of the original
MOF, then we can say that the dynamic quenching process occurs (Dong
et al., 2015; Xiang et al., 2014). As shown in Fig. 3c, the quenching
efficiencies of DIN on the two MOFs have the largest difference, thus we
measured the fluorescence lifetimes of the DIN incorporated MOFs and
compared them with those of pristine MOFs (Fig. S48). It was found that
fluorescent lifetime of BUT-22 shortened from 9.74 to 7.05 ns after the
DIN incorporation, thus verifying the existence of the dynamic
quenching process. Similarly, after DIN incorporation the fluorescent
lifetime of Al-soc-MOF-1 shortened from 7.24 to 6.25 ns, also indicating
the existence of dynamic quenching process in it. However, the reduced
percentage of the fluorescence lifetime of BUT-22 (28%) is larger than
that of Al-soc-MOF-1 (13%) under the same conditions, implying the
contribution of the pyridine N atoms in the dynamic quenching process.
In addition, in our previously reported work, we have demonstrated

that the pore of MOFs actually plays an important role of the pre-
concentrate of analytes, which makes the analytes contact with MOFs
more sufficiently, thereby leading to an enhanced florescence response
(Wang et al., 2016). Similar phenomenon should happen on BUT-22.
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Besides, the sensing is mainly occurred in the pores of MOFs. To con-
firm this hypothesis, the adsorption experiments of BUT-22 toward
three representative veterinary drugs with different sizes, NZF, TCY,
and ERY (the size of which is 8.9× 4.1, 14.1× 6.9, and 14.1×13.4 Å,
respectively, Fig. S49a-c) were performed. It should be pointed out that
the size of ERY is almost the same as the channel size of BUT-22 (15 Å)
when van der waals radius was considered. Experimentally, freshly
prepared BUT-22 sample (10mg) was totally activated and then
transferred into DMF solution of NZF (or TCY and ERY) with given
concentration and volume (10 ppm, 5mL) in a vial, respectively.
UV–vis spectra of the solutions were recorded in-suit to characterize the
adsorption performance of BUT-22 along with the soaking time at
298 K. As shown in Fig. S49d and e, BUT-22 represents high adsorption
rates toward NZF and TCY and the removal efficiencies BUT-22 toward
NZF and TCY are 72 and 51%, respectively. The intensity of ERY,
however, almost has no change even after adsorption for 270min,
which means that BUT-22 cannot absorb ERY in its pores (Fig. S49f). As
mentioned above, the addition of ERY (500 μL) can only quench the
fluorescence of BUT-22 in 5%, which is largely different from NZF and
TCY (quenching efficiencies of 98 and 90%, respectively). As mentioned
above, the adsorption ability of BUT-22 toward NZF is better than that
of TCY and the calculated detection limit of BUT-22 toward the former
is lower than the latter. These results clearly show that the sensing is
mainly occurred in the pores of MOFs, those molecules with larger size
cannot contact efficiently with the pore walls of MOF, thus leading to
relative low fluorescence quenching. To further confirm the enrichment
of veterinary drug molecules can enhance the sensitivity of fluorescence
response, fluorescent titration experiments were carried out on the only
H4PPTTA ligand toward NZF and TCY. Using the same conditions as the

MOF, we observed that NZF can quench the fluorescence of H4PPTTA in
57%, but TCY can hardly affect the fluorescence of H4PPTTA (Fig. S50).
Although the emission of free ligand could still be quenched by the NZF,
however, the calculated Ksv is 12820 M−1, far smaller than that of BUT-
22 under the same conditions (70949 M−1). This comparison clearly
proves the sensitization effect of MOF adsorption on the fluorescent
sensing of veterinary drugs. Overall, based on multiple mechanisms
including FRET, PET, competition of the excitation absorption, dynamic
quenching, and pre-concentrate of analytes in the pores, the two MOFs,
especially BUT-22, exhibit excellent detection abilities toward the 15
normally used veterinary drugs.
In addition, as mentioned above the addition of NIC into the MOF

DMF solutions can make the fluorescence emission spectra of them shift
to higher wavelength. This unique property allows us to easily distin-
guish NIC from other veterinary drugs. Actually, NIC is a mixture of
4,4′-dinitros-diphenylurea (DNC) and 2-hydroxy-4,6-dimethylpyr-
imidine (HDP) in equal molecular proportions. In order to further
clarify which molecule played the key role in inducing the shift of the
fluorescent emissions of MOFs, we tested the influences of them on the
MOF fluorescence separately. As shown in Fig. S41 and S42, adding
HDP can only quench the fluorescence of the two MOFs, but DNC can
both quench and shift the fluorescence emissions of the two MOFs to
higher wavelength. As shown in Fig. S9, the structure of DNC is highly
coplanar. Therefore, we propose that the red shift of the fluorescence
emissions of the MOFs is probably due to the presence of weak inter-
actions such as π-π stacking or hydrogen bonding interactions between
the DNC molecules and the skeleton of the MOFs. These weak inter-
actions will change the electronic structures of MOFs, further change
the fluorescence emission of them. Similar phenomenon has been

Fig. 4. (a) Overlap between the absorption spectra of veterinary drugs and the emission spectra of BUT-22 and Al-soc-MOF-1 in DMF; (b) HOMO and LUMO energies
for tested veterinary drugs and MOFs arranged in descending order of LUMO energies; (c) overlap between the absorption spectra of veterinary drugs and the
excitation spectra of BUT-22 and Al-soc-MOF-1 in DMF; and (d) reproducibility of the quenching ability of BUT-22 (blue bar) and Al-soc-MOF-1 (orange bar) by NZF.
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reported in the selective detection of NH3 by using Zn2(TCPE) and Mg
(H2DHBDC) (Shustova et al., 2013). In addition, the π-π stacking in-
duced red shifting of fluorescence emission wavelength has also been
reported in the mechanofluorochromic carbon nanodots (Liu et al.,
2018) and organic molecular (Dong et al., 2012). To confirm the pre-
sence of the weak interactions between DNC and MOFs, we carried out
a structural optimization on the DNC-loaded BUT-22 by using the Ma-
terials Studio Sorption Package (on the grand canonical monte carlo
(GCMC) method and Burchard universal force field) (Lin et al., 2018).
As shown in Fig. 5, the loaded DNC molecule was found to be parallel to
the ligand in BUT-22, and the distance between one benzene ring of
DNC and the central benzene ring of PPTTA4– ligand is about 3.6 Å,
verifying the existence of strong π-π stacking interaction between them.

3.5. Cyclic use test

As molecule sensor, the cyclic use is an important issue. Thus, we also
studied the regeneration of the two MOFs after used in sensing the ve-
terinary drugs. The detailed process is shown in the Experimental
Section. It was found that the quenching efficiencies of the two MOFs
toward NZF are basically unchanged up to six cycles, demonstrating their
good recyclability and stability for the detection application (Fig. 4d).

4. Conclusions

A new highly stable fluorescent Al(III)-based MOF with a soc-a to-
pological framework structure, BUT-22 has been designed and synthe-
sized. This MOF has a similar structure with reported Al-soc-MOF-1 but
difference in the pyridine N functionalized ligand used. The two MOFs
have moderate pore size and represent excellent detection ability with
good recyclability and stability towards 15 normally used veterinary
drugs in terms of distinct fluorescent quenching. The quenching effi-
ciencies are all beyond 82%, and the BUT-22 also represents very low
limit of detection. Particularly, the limit of detection of BUT-22 toward
NZF is 14 ppb. In addition, the two MOFs can also selectively detect NIC
based on the observed red shift of their emission spectra. A synergetic
effect from multiple mechanisms is believed to be the main reasons for
the observed excellent detection ability. The two MOFs are therefore
potentially useful in the broad spectrum detection of veterinary drugs.
Clearly, MOFs as a kind of new platform have great application potential
in the food safety field, and expanding exploration is going on in our lab.
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