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Rational synthesis of an exceptionally stable Zn(II)
metal–organic framework for the highly selective
and sensitive detection of picric acid†

Yingli Hu,‡a Meili Ding,‡a Xiao-Qin Liu,b Lin-Bing Sunb and Hai-Long Jiang*ab

Based on an organic ligand involving both carboxylate and tetrazole

groups, a chemically stable Zn(II) metal–organic framework has been

rationally synthesized and behaves as a fluorescence chemosensor

for the highly selective and sensitive detection of picric acid, an

extremely hazardous and strong explosive.

Metal–organic frameworks (MOFs), also called porous coordination
polymers (PCPs), have become a class of sought-after porous
materials over the past two decades, not only due to their great
structural tailorability, diversity, as well as extremely high surface
area and porosity, but also because of their potential applications
in various domains, such as gas storage and separation, sensing,
catalysis and drug delivery.1–4 Despite this, stability has been
recognized to be one of the most important obstacles on the way
to practical applications of MOFs. Generally, MOFs remain stable
up to 250 1C, an acceptable temperature as porous functional
materials. However, most MOFs are sensitive to moisture/water,
and it remains rare for MOFs that are survived in acidic or basic
media.5 The origin of unstable MOFs should be caused by the low
bond energy of the coordination bond based on the Hard-Soft-Acid-
Base theory (HSAB). The soft-acid metal cations (such as Zn2+ and
Cu2+) would coordinate with soft-base N donor ligands, forming
much stronger metal–N bonds than those of metal–O bonds by
coordination with the hard-base carboxylate ligands. However, the
stronger is the coordination bond between the metal ion and the
ligand, the poorer is the crystallinity and the smaller the crystals for

the resultant MOFs. Then it is very hard to obtain good crystals
large enough for structural characterization with single crystal X-ray
diffraction. Taking both the factors together, the crystallinity and
stability of MOFs seem to be contradictory factors; the rational
selection of metal ions and ligands in the synthesis of MOFs would
be of great importance to afford MOFs with good stability and good
single crystals.

On the other hand, the sensitive and selective detection of
nitro-explosives is drawing enormous attention due to their broad
applications in many fields.6 Among the common nitro-explosives,
picric acid (PA, also called 2,4,6-trinitrophenol (TNP)) is an extremely
hazardous and strong explosive, and the contamination of PA in
ground water/soil causes severe health problems.7 Hence, the facile
and selective detection of PA is in high demand, while relatively
rare reports can be found on this.8 Fluorescence chemosensors,
especially MOF-based sensors, have been recently demonstrated
to be very promising for the detection of nitro-explosives owing
to their high sensitivity and convenient visual detection, as well as
the merits of MOFs mentioned above.6,9 Bearing the aforementioned
points in mind, the construction of MOFs based on electron
rich p-conjugated ligands would afford a fluorescence sensor
for the detection of nitro-explosives like PA, and the chemical
stability of the MOF sensors would guarantee their application
in real world.

In this work, on the basis of a p-conjugated ligand, 40-(1H-
tetrazol-5-yl)-[1,1 0-biphenyl]-3,5-dicarboxylic acid (H3TZBPDC),
involving both soft-base and hard-base coordination sites (tetrazole
and carboxylic acid, respectively), a soft acid (Zn2+)-based MOF,
Zn2(TZBPDC)(m3-OH)(H2O)2 (denoted as USTC-7), with exceptional
chemical stability that maintains framework integrity not only in
diverse boiling solvents but also in the aqueous solutions with pH
ranging from 2 to 12, has been rationally synthesized (Scheme 1).
The strong coordination bonds between Zn(II) ions and nitrogen
sites of tetrazole would enable the high stability of the resultant
MOF, while the relatively weak coordination between the Zn(II) ion
and oxygen from carboxylate benefits the growth of big single
crystals for structural characterization. There have been very limited
reports on the stable MOFs that are sustainable in both acidic and
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basic solutions with a wide pH range.10 To the best of our knowl-
edge, this is among the broadest pH range that a Zn-carboxylate
MOF can survive thus far. It is believed that the Zn–N bonds play a
central role in the stability. Remarkably, thanks to the p-electron-rich
entity of the ligand, USTC-7 exhibits strong fluorescence and displays
the selective fluorescence sensing of a trace amount of PA.

Single crystals of USTC-7 with high quality were obtained by
the solvothermal reaction of H3TZBPDC and Zn(NO3)2�6H2O in
a DMF/H2O/DMSO mixed solvent at 85 1C for 3 days. Single
crystal X-ray diffraction analysis reveals that USTC-7 crystallizes
in an orthorhombic system with a space group of Cmcm. The
asymmetric unit contains two crystallographically unique Zn(II)
ions and a half TZBPDC ligand, all of which are located on a
2-fold axis and a mirror in the same occupancy of 1/4. The Zn(1)
is pseudo-octahedrally coordinated by two nitrogen atoms from
two ligands at the axial position, two oxygen atoms from m3-OH
groups and the other two oxygen atoms from coordinated water
molecules making up the basal plane (Fig. 1a). The Zn(2) is
coordinated by two nitrogen atoms from two ligands in the
axial direction while three oxygen atoms from one m3-OH group
and two coordinated water molecules in the plane to construct
a trigonal bipyramidal environment (Fig. 1a). The Zn(1)–N bond
distance of 2.111(4) Å is much shorter than that of the Zn(2)–N
bond of 2.385(4) Å, both of which are comparable to the reported
distance values.11a Inversely, the Zn(1)–O bond distances, falling
in the range of 2.110(3)–2.159(7) Å, are slightly longer than
Zn(2)–O bond lengths of 1.983(5) Å and 2.035(6) Å, all of which
are within normal ranges.11b The TZBPDC ligand bridges to six
Zn(II) ions, in which each nitrogen and each carboxylate bridge
to one Zn(II) ion (Fig. 1a). The m3-OH connects to two Zn(1) and
one Zn(2) centers (Fig. 1a). In this binding fashion, the Zn(II) ions
are bridged by m3-OH groups and TZBPDC ligands to afford a 3D
network involving slabs of 6.9 Å width constructed by Zn–N and
m3-OH–Zn bonds (Fig. 1b and c). There are two types of channels
with sizes of around 5.9 and 2.5 Å, respectively, in USTC-7 and
the large ones, composed of two slabs and benzene carboxylic
acids, are highlighted by the yellow tubes (Fig. 1b and c). The
effective free volume is B30%, as calculated using PLATON.12

The CO2 sorption for USTC-7 has been measured at 195 K and

exhibits a type I isotherm (Fig. S3, ESI†), indicating that USTC-7
is a microporous material with a pore volume of 0.17 cm3 g�1

and the BET surface area of 230 m2 g�1.13

To our delight, the single crystals of USTC-7 remain unchanged
in air for a very long time as expected. To further investigate the
stability of USTC-7, it was soaked in aqueous solutions with different
pH values and a variety of boiling organic solvents. Powder X-ray
diffraction (XRD) patterns have unambiguously demonstrated that
the crystallinity and framework integrity of USTC-7 can be well
retained in not only diverse boiling solvents (ethanol, ethyl acetate,
toluene, hexane) for 12 h but also pH = 2–12 aqueous solutions
(Fig. 2), setting USTC-7 among the most stable MOFs that is tolerable
in wide pH ranges as far as possible.10 Particularly, USTC-7 remains
unchanged in water for over 4 months (Fig. 2b). So far, almost all
reported Zn-carboxylate MOFs are more or less sensitive to moisture/
water. It is believed that the exceptional stability of USTC-7 is
attributed to the strong Zn-tetrazole N bonds as predesigned.
Undoubtedly, the great stability of USTC-7 guarantees its
retained structure during the functional study and thus builds
a nice basis for its further application.

Taking into account the excellent luminescence properties
of MOFs composed of d10 metal centers and/or electron-rich
p-conjugated ligands,14 the fluorescence of both USTC-7 and

Scheme 1 Illustration of the rational design of stable MOFs based on Zn(II)
ions and the ligand involving carboxylate and tetrazole groups.

Fig. 1 (a) The coordination environment of Zn(II) ions, the m3-OH group
and the TZBPDC ligand in USTC-7; (b) the large channel highlighted with a
yellow tube constructed by benzene carboxylic acids and two slabs (one is
shown and the other is shaded by the tube) involving Zn–N and m3-OH–Zn
bonds; (c) view of the 3D network of USTC-7. The ZnO3 and ZnO4

polyhedra are shaded in olive green for clarity.
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the H3TZBPDC ligand was investigated in the solid state. It can
be observed that a strong emission of USTC-7 occurs at around
370 nm while a weak emission of the H3TZBPDC ligand occurs
at 409 nm under lex = 309 nm (Fig. S5 and S6, ESI†). The
emission band for USTC-7 could be tentatively attributed to the
ligand-to-metal charge transfer (LMCT).14 The remarkable
fluorescence and stability of USTC-7 encourage us to investigate
its potential for the fluorescence sensing of nitro-explosives in
various solvents. The stable suspension of USTC-7 in different
solvents, including H2O, DMF, CHCl3, C2H5OH and CH3CN,
was examined and the CHCl3 suspension showed the highest
intensity with two peaks at 408 and 432 nm, totally different
from those in other solvents (Fig. S7, ESI†). Hence, the CHCl3

suspension of USTC-7 was chosen to detect different kinds of
nitro-explosives including picric acid (PA), 2,4-dinitrotoluene
(2,4-DNT), 2,6-dinitrotoluene (2,6-DNT), 2,4,6-trinitrotoluene (TNT),
nitrobenzene (NB) and m-dinitrobenzene (m-DNB). As displayed in
Fig. 3a, the fluorescence intensity decreases steadily along with the
increase of PA concentration. Upon introducing only 20 mL of PA,
the fluorescence intensity of USTC-7 lowers to 16.6% of the
original value (Fig. 3a). This photoluminescence quenching
result is comparable to or even better than that for previously
reported MOF sensors used for PA detection.8 In sharp contrast,
all other nitro-explosives show little or no effect on the fluorescence
of USTC-7 (Fig. S8–S12, ESI†). The results demonstrate that USTC-7
has high selectivity for PA among diverse nitro-explosives (Fig. 3b
and c). The fluorescence quenching efficiency can be quantitatively
explained using the Stern–Volmer (SV) equation: (I0/I) = 1 + Ksv[Q],
in which Ksv is the quenching constant (M�1), [Q] is the molar
concentration of the analyte (mM), I0 and I are the fluorescence
intensities before and after the addition of the analyte, respectively.
The Stern–Volmer plots for PA are nearly linear at low concentrations
(R2 = 0.9989) with the Ksv value of 4.90 � 104 M�1, which is among
the highest values for MOF-based PA sensors (Fig. 3d).8 The standard
deviation of this detection method and the PA detection limit are
calculated to be 7.36 and 2.78� 10�4 mM, respectively (Fig. S13 and
Tables S3, S4, ESI†). The low detection concentration and the high
quenching constant for PA reveal that USTC-7 is an excellent
sensor for the sensitive and selective detection of PA. Moreover,
the structural integrity of USTC-7 has been unambiguously
demonstrated after fluorescence sensing (Fig. S14, ESI†).

To further verify the highly selective sensing behavior of USTC-7
towards PA, some competitive experiments were performed by the

addition of different nitro-explosives followed by PA into the
USTC-7 suspension. The initial addition of different analytes
showed negligible intensity quenching but effective quenching
was observed after the addition of the PA solution (Fig. S15–S19,
ESI†), demonstrating the exceptional selectivity of USTC-7 for PA.

To gain better insight into the extraordinary PA-sensing ability of
USTC-7, the electronic properties of MOFs and the nitro-explosives
were analyzed. The fluorescence quenching mechanism by electron
transfer from the conduction band (CB) of MOFs to the LUMOs of
the electron-deficient nitro analytes has been well established.15

Generally, the CB of electron-rich MOFs is higher than the LUMO
energies of nitro analytes and the transfer of excited electrons from
the CB of MOFs to the LUMOs of nitro analytes results in fluores-
cence quenching (Fig. S20, ESI†). As the LUMO energy gets lower, the
electron accepting efficiency of the nitro analytes and fluorescence
quenching become higher. The selective fluorescence quenching by
PA is in good agreement with its lower LUMO energy than other
nitro analytes (Fig. S21 and Table S5, ESI†). The disagreement
between fluorescence quenching for other nitro analytes except PA
and their LUMO energy trend could be ascribed to other quenching
mechanisms associated with electron transfer, such as resonance
energy transfer (RET), which is usually responsible for such a
quenching response.8e,f The effectiveness of the energy transfer
significantly relies on the overlap extent between the emission
spectrum of the fluorophore and the absorption spectrum of the
analyte. The absorption spectrum for PA exhibits a massive overlap
with the emission of USTC-7 (Fig. S22, ESI†), in sharp contrast to
other nitro analytes without overlap there, which clearly suggests
that both electron- and energy-transfer mechanisms are present for
fluorescence quenching by PA, while only electron transfer exists for
other nitro analytes. In addition, there might be electrostatic inter-
actions between PA molecules and the nitrogen atoms of the ligands

Fig. 2 Powder XRD profiles of USTC-7 (a) after being soaked in various
boiling solvents for 12 h; (b) after being soaked in water, acidic and basic
solutions for different time lengths.

Fig. 3 (a) Fluorescence quenching by incremental addition of 5 mM
PA solution to a 2 mL suspension of USTC-7 in CHCl3 (lex = 370 nm);
(b) digital photographs of USTC-7 suspension in the presence of different
nitro-explosives under UV light irradiation; (c) comparison of fluorescence
quenching efficiencies for various nitro-explosives; (d) Stern–Volmer plot
for the fluorescence quenching of USTC-7 upon addition of PA. Inset: The
Stern–Volmer plot at low PA concentrations. The fluorescence intensity at
432 nm was used for analysis.
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involved in USTC-7.8e As a result of the combined processes of
electron-transfer, energy-transfer and electrostatic interactions
between PA and nitrogen atoms of the ligands, the quenching
efficiency of PA is significantly enhanced, magnifying the limits
of both selectivity and sensitivity.

In conclusion, on the basis of the organic ligand involving
both carboxylate and tetrazole groups, an exceptionally stable
Zn(II)-MOF, USTC-7, in both pH = 2–12 aqueous solution and
diverse boiling solvents, has been rationally designed and
synthesized, directed by HSAB coordination theory. Remarkably,
USTC-7 exhibits a highly selective and sensitive fluorescence
detection of PA, the quenching mechanism of which might be
due to the combined processes of electron-transfer, energy-
transfer and electrostatic interactions between PA and nitrogen
atoms of the ligands. A research endeavor toward the rational
synthesis of stable functional MOFs is ongoing in our laboratory.
A newly published study reporting a part of similar results came
to our attention during the proof stage.16
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