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ABSTRACT: Two amino-decorated metal−organic
frameworks have been constructed, which are the rare
examples of MOF-based fluorescent probes targeting
environmentally relevant guest species, such as Hg (II)
and Cr (VI) ions in aqueous solution, with high selectivity
and sensitivity. The possible sensing mechanism is also
discussed.

During the past few decades, divalent mercuric (Hg2+) and
hexavalent chromium (Cr6+) ions have proven to be two of

the most severe environmental nonbiodegradable pollutants
because of their increasing utilization in industry and agriculture.
Exposure to Hg2+, even at low concentrations, can cause adverse
health effects, particularly in the central nervous system,1

whereas Cr6+ is a strong oxidant and very carcinogenic.2 Several
advanced techniques3 have been developed for detecting and
quantifying HgII and CrVI, including atomic absorption
spectrometry, chromatography, and spectrofluorimetry; how-
ever, most of these methods are time-consuming, labor-intensive,
and indirect-viewed. Therefore, the fast, facile, visual, and
quantitative detection of trace aqueous HgII or CrVI still remains
a challenge in the field of environmental monitoring and
protection. Fluorescence-based probes possess the marked
virtues of high sensitivity, selectivity, easy operation, and
visualization, making them excellent alternatives for the
detection of HgII and CrVI.
Recently, luminescent functional metal−organic framework

(MOF) materials have attracted a significant amount of
attention. The luminescent properties of MOFs are highly
dependent on their structures, the coordination environment of
the metal centers, the characteristics of the pore surfaces, and
their interactions with guest species via coordination bonds,
hydrogen-bonding and π−π interactions, etc. For these reasons,
efforts have been made to fabricate luminescent-sensing MOFs.4

Over the past few decades, diverse luminescent MOFs for
sensing cations, anions, small molecules, and vapors have been
realized.5 However, the reported MOF sensors for HgII and CrVI

are relatively scarce to date.6

Considering that the amino substituent can act as an
auxochromic group, it may promote charge-transfer interactions
in the resulting framework.7 Herein, we present two MOFs,

[Zn(2-NH2bdc)(bibp)]n [1; 2-NH2bdc = 2-amino-1,4-benzene-
dicarboxylic acid and bibp = 4,4′-bis(imidazol-1-ylmethyl)-
biphenyl] and [Cd(2-NH2bdc)(tib)·4H2O·0.5DMA]n [2; tib =
1,3,5-tris(1-imidazolyl)benzene and DMA = dimethylaceta-
mide], as highly selective and sensitive fluorescent probes for
environmentally relevant contaminants, such as aqueous HgII

and CrVI. A possible sensing mechanism for these MOFs is also
discussed.
In a typical synthesis, the solvothermal reaction of 2-NH2bdc

and auxiliary ligand bibp with Zn(NO3)2·6H2O in N,N-
dimethylformamide/CH3OH at 100 °C for 3 days leads to the
formation of 1 as colorless block-shaped crystals. Single-crystal
X-ray structural analysis revealed that each ZnII center lies in a
distorted tetrahedral coordination environment, composed of
two O atoms from two 2-NH2bdc

2− moieties and two N atoms
from independent bibp linkers in 1 (Figure S1a in the Supporting
Information, SI). In compound 1, the bibp bridges lie in the
inversion centers and are coordinated to ZnII ions via trans
modes. Each 2-NH2bdc

2− moiety links two ZnII atoms in a
monodentate coordination fashion to achieve one-dimensional
(1D) chains, which are pillared by bibp ligands to generate a
three-dimensional (3D) structure (Figure S1c in the SI). Further
topological analysis reveals that 1 adopts a 5-fold inter-
penetrating architecture belonging to class Ia8 and is related to
a 4-connected dia net with a Schlafl̈i symbol of 66 (Figure 1a).
Complex 2 can be prepared when the auxiliary ligand is changed
from exobidentate bibp to trigonal tib and the metal ion is
replaced by Cd(NO3)2·6H2O. The CdII center sites in
pentagonal-bipyramidal coordination geometry are composed
of two chelating carboxylate groups from two separate 2-
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Figure 1. Schematic views of 5-fold interpenetration of 1 (a) and 2-fold
interpenetration of 2 (b).
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NH2bdc
2− anions and three N atoms from three distinct tib

ligands (Figure S2a in the SI). Each 2-NH2bdc
2− anion is

associated with two Cd atoms with both deprotonated
carboxylate groups chelating in a bidentate fashion, giving rise
to a 1D chain along the c direction, which is further bridged by
divergent tib ligands to achieve a 3D framework (Figure S2b in
the SI). Overall, compound 2 can be represented as a binodal 3,5-
connected net with a vertex symbol of (42·65·83)(42·6) (Figure
1b). Because of the spacious nature of the single framework, the
potential voids can be occupied by another identical 3D net to
construct a 2-fold interpenetrating structure belonging to class
IIa (Figure S2c in the SI). After interpenetration, the structure
still retains 42.2% (2841.5 Å3 out of the 6734.7 Å3 unit cell
volume) solvent-accessible void volume. Micropore hexagonal
windows with areas of 7.0× 5.3 Å2 along the c axis in 2 are present
considering van der Waals distances.
The photoluminescence (PL) spectra of compounds 1 and 2,

as well as free ligand 2-NH2bdcH2 in the solid state, were
recorded under ambient conditions. Complexes 1 and 2
individually exhibit intense emission peaks at 433 and 422 nm
upon excitation at 360 nm, which can be largely attributed to a
ligand-centered luminescent process because similar emissions
are detected at 551 nm (λex = 380 nm) for the free ligand 2-
NH2bdcH2 (Figure S3a in the SI). In order to examine the
potential of 1 for sensing cations, 3 mg of 1was dispersed in 3mL
of water individually containing 1.0 × 10−2 M M(NO3)x (M =
NH4

+, Na+, K+,Mg2+, Ca2+, Sr2+, Ba2+, Ag+, Zn2+, Cd2+, andHg2+)
to form cation-incorporated 1 for the detection studies.
Interestingly, alkaline and alkaline-earth metal ions, NH4

+ and
Cd2+, do not cause any significant changes in the luminescence
intensities. However, different degrees of quenching effects on
the luminescence intensities are observed when other ions are
involved, with Hg2+ causing the most significant changes (Figure
2a), implying that compound 1 can be considered as a promising

candidate for selective probing of Hg2+. To assess the sensitivity
of 1 toward Hg2+ in detail, varying concentrations of Hg2+ were
introduced into emulsions of 1 dispersed in water and the
emissive responses were monitored. The emission intensities
clearly decrease gradually with increasing Hg2+ concentrations
(Figure 3a). The inset of Figure 3a reveals that the strong blue
emission of the suspension of 1 can be observed by the naked eye
under a usual UV lamp and that its brightness dramatically
vanishes with higher concentrations of Hg2+. Quantitatively, the
quenching effect can be rationalized by the Stern−Volmer
equation: I0/I = 1 + KSV[M].9 The values of I0 and I are the
luminescence intensities of the suspension of 1 without and with
the addition ofHg2+, respectively. [M] is themolar concentration
of Hg2+, and KSV is the Stern−Volmer quenching constant.
Figure S4 in the SI shows the Stern−Volmer quenching curve

describing I0/I as a function of the Hg2+ concentration in the
wide range of 0−600 μM, with a linear fit coefficient of 0.99568,
and a Ksv value of 4550 M

−1.
The possible mechanism for the significant quenching effect of

Hg2+ is given here. Notably, in 1, the amino groups of 2-
NH2bdc

2− are not coordinated to the ZnII centers and thus
extensively decorate the framework as free-standing donors for
metal-ion guests. Mercury ions (Hg2+) have a high complexation
affinity to N atoms. Therefore, the coordination of Hg2+ ions
with the pendant amino motif of 2-NH2bdc

2−makes the N atom
of −NH2 prone to changing its hybridization state from sp2 in 1
to sp3 in Hg2+-incorporated 1, causing the amino moiety to
deviate from the plane of the benzene ring. These, in turn, may
decrease the degree of delocalization in compound 1, minimizing
the energy-transfer efficiency from the π to π* orbital within 2-
NH2bdc

2− and thus reducing the overall luminescent intensity.
To further investigate the coordination interactions between the
amino site and Hg2+, we analyzed compound 1 as well as Hg2+-
incorporated 1 using X-ray photoelectron spectroscopy (XPS;
Figure 4). The N 1s core-level spectrum of 1 exhibits a broad

peak at 399.9 eV, which fits well with two peaks at 398.9 and
400.1 eV, respectively assigned to the N atoms from the
uncoordinated amino moiety of 2-NH2bdc

2− and coordinated
bibp linker. In the presence of Hg2+, a new N 1s peak appears at
406.38 eV, indicating a chelating interaction between the N atom
of the amino group in 1 and Hg2+.
In addition, aqueous solutions containing sodium salts of F−,

Cl−, Br−, I−, ClO4
−, HCO3

−, NO3
−, NO2

−, H2PO4
−, OAc−,

SO4
2−, CO3

2−, PO4
3−, and Cr2O7

2− at the same concentration
(1.0 × 10−2 M) were prepared, and their effects on the
fluorescence intensity of 1 were explored. The most interesting
feature is that the PL intensities of the different suspensions are
strongly dependent on the various anions. The analytes, such as
halide ions, ClO4

−, NO3
−, OAc−, and SO4

2−, have negligible

Figure 2. Effect of various cations (a) and anions (b) at a concentration
of 1.0× 10−2 M on the fluorescence intensity of compound 1 at 427 nm.

Figure 3. Fluorescence spectra of 1 in water with increasing amounts of
(a) Hg2+ (0, 0.12, 0.32, 0.4, 0.6, 2, 4, 16, 120, 200, 400, and 600 μM,
respectively) and (b) Cr2O7

2− (0, 0.001, 0.0033, 0.01, 0.0167, 0.033,
0.0667, 0.133, 0.25, 1, and 1.67 μM, respectively). Inset: photographs
taken under UV light (365 nm), showing the fluorescence quenching
upon the addition of Hg2+ or Cr2O7

2− to an aqueous emulsion of 1.

Figure 4. High-resolution XPS spectra for the N 1s region of 1 (lower)
and Hg2+-incorporated 1 (upper).
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effects on the PL intensity, whereas other anions, in particular
Cr2O7

2−, significantly decrease the luminescence intensity
(Figure 2b). The unusually selective quenching of Cr2O7

2−

prompted us to apply 1 in the detection of trace Cr6+ in water.
To further evaluate the sensitivity of 1 to Cr6+, we carried out
measurements in the presence of varying concentrations of
Cr2O7

2−. Our results indicate that the fluorescence intensity of 1
is remarkably suppressed with increasing amounts of Cr2O7

2−

(Figure 3b). The quenching of 1 in the presence of Cr2O7
2− is

most likely due to a decrease in energy transfer between the π and
π* orbitals of 2-NH2bdc

2− because of electron-transfer
transitions of Cr2O7

2−.6 In addition, plotting the quenching
efficiency I0/I versus the Cr

6+ concentration gives a straight line
titration curve, with a correlation coefficient of 0.9957 at low
concentrations of 0−0.25 μM. The slope of KSV was calculated to
be 6555070 M−1, which is about 565 times larger than the value
for functional fluorescent aramids (11600 M−1) used for Cr6+

sensing in dimethyl sulfoxide/water and 95 times larger than the
value of the fluorescent carbon dot nanosensor (69000 M−1)
used for recognition of Cr6+ in aqueous solutions. KSV is also
superior to the value of Eu3+@MIL-124 (60340 M−1) used for
sensing Cr6+ in an aqueous environment.10 The highly selective
and sensitive detection of Cr6+ in aqueous solutions by
compound 1 is remarkable; therefore, it may be considered as
a MOF sensor for the quantitative detection of Cr2O7

2− with the
highest sensitivity, an application that has been scarcely reported
for MOFs up to now.
The detection limit for Hg2+ can reach as low as 4.2 × 10−8 M

in aqueous solution for compound 2, following the 3δ IUPAC
criteria, basically satisfying the maximum permitted level of 10
nM Hg2+ in drinking water regulated by the U.S. Environmental
Protection Agency,11a comparable to the sensitivity of nucleic
acid functionalized CdSe/ZnS quantum dots for Hg2+ (10
nM),11b which indicates that 2 is a promising MOF-based sensor
for the sensitive and selective detection of Hg2+. However, this
value is still lower than that of lanthanide coordination polymer
(CP) nanoparticles used for sensing Hg2+ (0.2 nM based on a
signal-to-noise ratio of 3:1).6b Therefore, we are currently
exploring the micro/nanostructures of CPs for the probing of
analytes, in order to further increase the sensitivity and selectivity
of the substrates.
In conclusion, we have successfully synthesized two amino-

decorated MOFs for the selective and quantitative detection of
Hg2+ or Cr6+ through fluorescence quenching. In particular,
complex 1 represents a MOF sensor that currently possesses the
highest reported sensitivity for Cr2O7

2−. The detection limit of
compound 2 for Hg2+ basically meets the maximum permitted
amount in drinking water regulated by the U.S. government. The
fluorescence quenching caused by Hg2+ can be ascribed to a
chelating interaction between the pendant amino motif of 2-
NH2bdc

2− and Hg2+ in the Hg2+-incorporated compounds,
whereas the fluorescence depression caused by Cr6+ may be
associated with electron-transfer transitions of Cr2O7

2−. This
work presents a promising approach for the design of MOF-
based sensors for environmentally relevant species, which will
probably be useful under more realistic conditions in the future.
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