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ABSTRACT: Anion recognition by neutral hosts that function in
aqueous solution is an emerging area of interest in supramolecular
chemistry. The design of neutral architectures for anion
recognition still remains a challenge. Among neutral anion receptor
systems, urea and its derivatives are considered as “privileged
groups” in supramolecular anion recognition, since they have two
proximate polarized N−H bonds exploitable for anion recognition.
Despite promising advancements in urea-based structures, the
strong hydrogen bond drives detrimental self-association. Therefore, immobilizing urea fragments onto the rigid structures of a
metal−organic framework (MOF) would prevent this self-association and promote hydrogen-bond-accepting substrate recognition.
With this aim, we have synthesized two new urea-containing metal−organic frameworks, namely [Zn(bpdc)(L2)]n·nDMF (TMU-
67) and [Zn2(bdc)2(L2)2]n·2nDMF (TMU-68) (bpdc = biphenyl-4,4′-dicarboxylate; bdc = terephthalate; L2 = 1,3-bis(pyridin-4-
yl)urea), and we have assessed their recognition ability toward different anions in water. The two MOFs show good water stability
and anion affinity, with a particular selectivity toward dihydrogen arsenate for TMU-67 and toward fluoride for TMU-68. Crystal
structure characterizations reveal 3-fold and 2-fold interpenetrated 3D networks for TMU-67 and TMU-68, respectively, where all
single interpenetrated networks are hydrogen bonded to each other in both cases. Despite the absence of self-quenching, the N−H
urea bonds are tightly hydrogen bonded to the oxygen atoms of the dicarboxylate ligands and cannot be directly involved in the
recognition process. The good performance in anion sensing and selectivity of the two MOFs can be ascribed to the network
interpenetration that, shaping the void, creates monodimensional channels, decorated by exposed oxygen atom sites selective for
arsenate sensing in TMU-67 and isolated cavities, covered by phenyl groups selective for fluoride recognition in TMU-68.

1. INTRODUCTION

Decades of research have been devoted to the discovery of new
receptors for anion recognition and separation, due to the
important role of anionic species in biological, environmental,
and chemical processes.1,2 This remains, however, an ongoing
challenge, given some intrinsic properties of anions such as
their largely variable size and shape, their high free energy of
hydration, and the dependence of their nature on pH, which
make their recognition in water quite different and more
difficult with respect to that of metal cations.
Nature is the master key of anion recognition, and proteins

are neutral receptors whose high selectivity is mainly due to
noncovalent interactions, especially to hydrogen bonds.3,4 The
design and synthesis of anion receptors inspired by nature and
based on specific noncovalent interactions are of central
importance in supramolecular chemistry, attracting consid-
erable attention from the scientific community and posing
great challenges.5,6

Selective anion recognition can be achieved by both neutral
and positively charged hosts. Cationic charged hosts are,
undoubtedly, the primary approach but, as the recognition
process is based on nondirectional electrostatic interactions,

they ensure poor anion selectivity, which is their main
disadvantage.7,8 On the other hand, neutral hosts with
directional supramolecular interaction sites, such as hydrogen
bonds, are unable to operate properly in a polar solvent such as
water. Therefore, the design of neutral hosts as selective anion
receptors able to work properly in aqueous solution is of great
interest. An ideal neutral receptor possesses multiple strong
hydrogen-bond-donor sites (such as urea, thiourea, amide, and
pyrrole groups) in order to selectively bind their target anions.
This class of anion receptors and their applicability have been
well studied and documented.9,10

The emergence of metal−organic frameworks (MOFs) is
one of the most essential events in coordination chemistry and
materials science,11 owing to their unique properties and
extensive applications in many fields, including gas storage,12
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catalysis,13,14 and sensing.15−18 A great opportunity in MOF
chemistry is the possibility of achieving predictable structures/
topologies and porosities through a rational design process and
chemical modification. Hydrophilic water-stable MOFs with
hydrogen-bond-donating ability play an important role in
applications such as biomedical technologies, water cleaning,
and heat transformation because they are prone to self-
assembly and consequently self-quenching.19−22 “Self-quench-
ing” here is defined as unproductive self-assembly behavior due
to catalyst−catalyst interactions (e.g., dimerization, oligomeri-
zation, etc.). However, the design of these MOFs has
encountered many challenges: (1) the majority of the reported
MOFs cannot be directly used in applications that require
exposure to water, as they are not stable with respect to the
hydrolysis of metal and organic linkers, and (2) some of the
MOFs incorporating hydrogen-bond-donating groups, such as
thiourea, do not have thermal and chemical stability and have
expensive and unstable ligands.23−27 These challenges
notwithstanding, it has been shown that incorporating
supramolecular recognition sites into the MOF backbone has
enabled the docking of a specific guest.27 The pioneering work
of Farha, Hupp, Scheidt and co-workers showed that
incorporating urea groups into the MOF backbone gives an
appropriate biomimetic alternative to Lewis acid activation.28

Currently, urea-, thiourea-, and squaramide-containing metal−
organic frameworks are in the spotlight due to their potential
use as promising directional hydrogen-bond-donating homo-
geneous catalysts.29−32 Indeed, the concepts of anion
recognition and binding are critical factors for designing new
organocatalysts, and the principles governing these recognition
events can play a key role in the development of artificial
enzymes in biological processes.33

Herein, we introduce two new urea-containing metal−
organic frameworks as novel anion receptors. In these
structures the urea moieties are not directly available for the
recognition process, since they are involved in hydrogen
bonding with the oxygen atoms of dicarboxylate ligands that
leads to network interpenetration. However, it turns out that
interpenetration is responsible for the formation of voids that
have a specific size and shape and are covered with
functionalities that selectively recognize different anions on
the basis of their dimensions and their preference for specific
noncovalent interactions.

2. EXPERIMENTAL SECTION
2.1. Materials and Physical Techniques. All starting materials,

including zinc nitrate hexahydrate, 1,1′-carbonyldiimidazole, 4-
aminobenzoic acid, and 4-aminopyridine, were purchased from
Aldrich and Merck and used as received. IR spectra were recorded
using a Thermo Nicolet IR 100 FT-IR spectrometer. The thermal
behavior was measured with a PL-STA 1500 apparatus with a rate of
10 °C min−1 under a static atmosphere of nitrogen. X-ray powder
diffraction (PXRD) measurements were performed using a Philips
X’pert diffractometer with monochromated Cu Kα radiation. The 1H
NMR spectra were recorded on a Bruker AC-250 MHz spectrometer
at ambient temperature in d6-DMSO. Diffuse reflectance spectroscopy
(DRS) and solid-state photoluminescence were performed using an
AvaSpec-2048TEC spectrometer. The fluorescence properties in
solution were measured at room temperature on a PerkinElmer-
LS55 fluorescence spectrometer.
2.2. Synthesis of Ligands. The 1,3-bis(pyridin-4-yl)urea (L2)

ligand was synthesized according to the procedures described in the
Supporting Information. Biphenyl-4,4′-dicarboxylic acid (H2bpdc)
and terephthalic acid (H2bdc) were purchased from Aldrich and
Merck and used as received.

2.3. Synthesis of the MOFs TMU-67 and TMU-68. A DMF
solution (15.0 mL) containing Zn(NO3)2·6H2O (0.297 g, 1 mmol),
L2 (0.214 g, 1 mmol), and bpdc (0.242 g, 1 mmol) or bdc (0.166 g, 1
mmol) for TMU-67 and TMU-68, respectively, was heated at 100 °C
for 72 h in an isothermal oven. After they were cooled to room
temperature, the reaction mixtures were filtered and the isolated white
crystalline solid was washed with DMF and dried at room
temperature. White crystalline solids of [Zn(bpdc)(L2)]·DMF
(TMU-67) and [Zn2(bdc)2(L2)2]·2DMF (TMU-68), suitable for
X-ray structural analysis, were collected. The compositions of these
two compounds were confirmed by single-crystal X-ray structural
determinations and TGA. Yields: 64% and 60% for TMU-67 and
TMU-68, respectively. FT-IR selected bands for TMU-68 (KBr pellet,
cm−1): 3355 (w), 1740 (w), 1687 (vs), 1565 (s), 1512 (s), 1380 (m),
1300 (w), 1187 (m), 1021 (w), 850 (w), 785 (w), 531 (w). FT-IR
selected bands for TMU-67 (KBr pellet, cm−1): 3350 (w), 1737 (w),
1673 (vs), 1578 (vs), 1542 (m), 1513 (m), 1395 (vs), 1308 (m),
1220 (vs), 848 (m), 780 (m), 523 (w). Anal. Found (calcd) for
TMU-67: C, 56.72 (56.72); H, 4.24 (4.25), N, 11.48 (11.81). Found
(calcd) for TMU-68: C, 51.22 (51.13); H, 4.14 (4.10), N, 13.48
(13.55). Anal. Found (calcd) for activated TMU-67: C, 57.72
(57.76); H, 3.24 (3.49), N, 10.49 (10.78). Found (calcd) for activated
TMU-68: C, 51.22 (51.43); H, 3.14 (3.18), N, 12.48 (12.63).

2.4. Crystal Structure Analysis. Single-crystal X-ray diffraction
data for the metal−organic frameworks TMU-67 and TMU-68 were
collected on a Bruker APEX II CCD area detector diffractometer,
using graphite-monochromated Mo Kα radiation (λ = 0.71073 Å).
Data collection was performed at 150 K. A full sphere of reciprocal
space was scanned by 0.5° ω steps, collecting 1440 frames in four
different regions of the reciprocal space. After integration, an
empirical absorption correction was made on the basis of the
symmetry-equivalent reflection intensities measured.

The structures were solved by direct methods (SIR 2014)34 and
subsequent Fourier synthesis; they were refined by full-matrix least
squares on F2 (SHELX 2014)35 using all reflections. Weights were
assigned to individual observations according to the formula w = 1/
[σ2(Fo

2) + (aP)2 + bP], where P = (Fo
2 + 2Fc

2)/3; a and b were
chosen to give a flat analysis of variance in terms of Fo

2. Anisotropic
parameters were assigned to all non-hydrogen atoms (except those of
the disordered dimethylformamide molecules in TMU-67). All of the
hydrogen atoms were clearly visible in difference-Fourier maps
(except those of the disordered dimethylformamide molecules in
TMU-67); however, they were eventually placed in idealized
positions and refined riding on their parent atom with an isotropic
displacement parameter 1.2 (or 1.5) times that of the pertinent parent
atom.

In the structure of TMU-67 the solvate dimethyformamide
molecule is disordered over two positions, possibly due to the large
volume (122 Å3) of the cavity occupied. The two overlapping images
were refined by applying soft restraints on bond distances and bond
angles, on the basis of the mean values obtained from a survey of the
Cambridge Structural Database, employing isotropic parameters for
all the atoms. Any attempt to refine the solvent molecule employing
anisotropic displacement parameters led only to negligible improve-
ments in the R factors at the expense of a significant increase in the
number of refined parameters and in their correlation and were
therefore discarded.

The final difference electron density map showed no features of
chemical significance, with the largest peaks lying close to the metal
atoms.

Crystal data, data collection, and refinement details of the structural
analyses are summarized in Table S1, while a selection of geometric
parameters for the two metal−organic frameworks are collected in
Tables S2 and S3.

3. RESULTS AND DISCUSSION

3.1. Structural Description. TMU-67 and TMU-68 were
synthesized under solvothermal conditions by reacting zinc
nitrate with the nitrogen-containing pillar ligand 1,3-bis-
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(pyridin-4-yl)urea (L2) and, respectively, biphenyl-4,4′-
dicarboxylic acid (H2bpdc) or terephthalic acid (H2bdc)
(Scheme 1).

A single-crystal X-ray diffraction analysis shows that TMU-
67 crystallizes in the centrosymmetric space group P21/c of the
monoclinic crystal system to give a 3-fold interpenetrated 3D
framework. The asymmetric unit contains one zinc atom, one
L2 pillar ligand, one bpdc carboxylate ligand, and one
disordered DMF molecule. Each Zn(II) center is in a
distorted-trigonal-bipyramidal environment, coordinating
three O atoms (O2, O4ii, and O5iii) from three different
bpdc anions in the equatorial positions and two N atoms (N1
and N4i) of two L2 ligands in the axial positions (Figure 1a).
One of the two carboxylate groups of the bpdc ligand (O4 and
O5) is bridging two metal centers, giving rise to centrosym-
metric dimeric units with a Zn···Zn distance of 3.7879(5) Å.
These Zn2(COO)2 dimers are further connected to each other

by the κ1O coordination of the second carboxylate group of the
bpdc anion to generate slightly undulating 2D layers of
composition [Zn(bpdc)] (Figure 1b). The pillaring of these
layers through bridging L2 ligands extends the structure to a
translationally (along c) 3-fold interpenetrated 3D framework.
The topology of a single 3D network can be described as
binodal (3,5-c) fet or as uninodal (6-c) pcu depending on
whether standard or cluster representation procedures were
adopted for simplification by the ToposPro program36 (Figure
2a and Figure S1).
The three interpenetrated 3D networks interact with each

other through bifurcated hydrogen bonds involving the
uncoordinated oxygen atom of the bpdc ligand and the two
NH groups of the urea fragment of L2 (N−H···O3 =
2.8847(15) and 2.8222(15) Å), while the urea carbonyl
group remains free. Each 3D network interacts with the other
two to give a single 3D framework (Figure 3a). The removal of
DMF molecules from the crystal structure shows the presence
of free voids (about 18% of the cell volume), distributed in
square-shaped channels running along the crystallographic c
direction. The walls of these channels are made by phenyl rings
of bpdc anions and metal-coordinated oxygen atoms (O2 and
O5) of two different carboxylate ligands (Figure 3b).
TMU-68 crystallizes in the monoclinic C2/c space group.

The asymmetric unit contains one zinc atom, one L2 ligand,
two half bdc molecules residing respectively on a 2-fold axis
and on a center of inversion, and a DMF molecule (Figure 1d).
Similarly to TMU-67, each Zn(II) atom adopts a distorted-
trigonal-bipyramidal coordination geometry in which the three
equatorial positions are occupied by oxygen atoms of three
different bdc anions (O2, O3ii, and O4) and the two axial

Scheme 1. (a) Terephthalate (bdc), (b) Biphenyl-4,4′-
dicarboxylate (bpdc), and (c) 1,3-Bis(pyridin-4-yl)urea
(L2) Ligands

Figure 1. Views of the crystal structures of TMU-67 (in the upper row) and TMU-68 (in the lower row) showing the dinuclear secondary building
units (a, d), the layers composed by zinc dimers and bridging carboxylate ligands (b, e), and portions of single 3D networks showing slightly and
strongly distorted cubic cages (c, f). All hydrogen atoms and clathrate solvent molecules are omitted for clarity.
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positions by nitrogen atoms of two pillaring L2 ligands (N4 in
N4i). The bdc ligand residing on a C2 axis coordinates in a
bridging κ1O:κ1O′ mode and generates dinuclear
[Zn2(COO)2] units (Zn···Zn = 3.8503(7) Å) similar to

those found in TMU-67. These dimeric units are further
connected through centrosymmetric bridging κ1O bdc groups,
giving rise to a flat 2D layer (Figure 1e). All metal centers are
then connected through pillaring L2 ligands extending the
structure to a translationally 2-fold interpenetrated 3D
framework. The topology of the underlying net is binodal
4,5-c sqc65 or uninodal 6-c pcu depending on wheather
standard or cluster representation procedures are adopted for
simplification by the ToposPro program (Figure 2b and Figure
S2). Removal of DMF molecules from the crystal structure
leaves about 16% of the cell volume as free space. This is
distributed in chambers whose walls are made by phenyl rings
of both bdc and L2 ligands belonging to the two inter-
penetrated networks, as illustrated in Figure 3d. As was found
in TMU-67, also in this case bifurcated hydrogen bonds
between NH groups of L2 ligands belonging to one 3D
network and uncoordinated oxygen atoms of carboxylic groups
belonging to the other interpenetrated 3D network can be
recognized (N−H···O5 = 2.760(2) and 2.827(2) Å), giving
rise to a single supramolecular framework (Figure 3c). A
structural analysis of the two urea-containing frameworks
reveals that in both cases, due to interpenetration, the urea
groups are not free but are already engaged in hydrogen bonds
and are, in principle, not available for anion recognition. On
the other hand, the two structures show the presence of free
voids which, being distributed differently and exposing
different potential recognition sites, have a crucial role in the
anion recognition process.

3.2. MOF Characterization, Anion Sensing, and
Selectivity. TMU-67 and TMU-68 were obtained in good
yields as crystalline white solids under identical solvothermal
conditions. The purity of these materials was confirmed by a
comparison of their X-ray powder diffraction (PXRD) patterns
with those calculated from single-crystal XRD data (Figures S3
and S4). Thermogravimetric analysis (TGA) on crystalline
samples of as-synthesized TMU-67 and TMU-68 under an
atmosphere of N2 reveals the robustness of the 3D structures,
which are stable up to 200 and 170 °C, respectively (Figure
S5). The Brunauer−Emmett−Teller (BET) surface areas of
TMU-67 and TMU-68 measured with N2 at 77 K are 224 and
35 m2 g−1, respectively (Figure S6).
It should be noted that, before any application, these

materials must be activated in order to expose their functional
groups. The trapped solvent can be removed by soaking the
crystals in CH3CN for 3 days, renewing with fresh CH3CN
every 24 h, and finally heating the crystals at 100 °C for 24 h.
Removal of DMF molecules by this activation procedure was
confirmed by FT-IR spectroscopy, in particular by the
disappearance of the peaks attributed to DMF (1687 and
1673 cm−1 for TMU-67 and TMU-68, respectively) in the FT-
IR spectra collected on activated samples. Elemental analyses
of activated samples also confirmed the removal of solvent
molecules.
The incorporation of hydrophilic urea functional groups into

the backbone of the two frameworks imparts a hydrophilic
character to the materials that makes them suitable platforms
for applications in aqueous environments. The hydrophilic
character of the two MOFs has been confirmed by performing
contact angle measurements of water droplets on the surfaces
of TMU-67 and TMU-68, which gave values of 33 and 38°,
respectively. The stabilities of the two compounds in water
have been also assessed by soaking them in water at room
temperature and checking the integrity of the crystal structures

Figure 2. TMU-67, represented as a single net in a cluster description
as 6-c pcu (notice two parallel “double-bridged” edges) (a). TMU-68,
represented as a single net in cluster description as 6-c pcu (notice
four parallel “double-bridged” edges) (b).

Figure 3. Interpenetration in TMU-67 and TMU-68. (a) View along
the crystallographic c axis of the three interpenetrated networks
(showed in three different colors) in TMU-67. (b) Space-filling view
along the crystallographic c direction of TMU-67 showing
monodimensional channels covered by carboxylate oxygen atoms.
Clathrate DMF molecule are omitted for clarity. (c) View of TMU-68
along the crystallographic b direction showing the 2-fold inter-
penetrated networks (in blue and red) and clathrate DMF molecules
(in green). (d) View of the cavity formed by the interpenetration of
two single networks in TMU-68, which is delimited by phenyl rings
and occupied by DMF molecules.
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by PXRD. Very small variations in the experimental PXRD
patterns collected before and after the soaking confirm the
stability of the two MOFs in water and suggest the possibility
of employing them for anion sensing in aqueous solutions
(Figures S3 and S4).
Metals with a d10 electron configuration are known to be

good luminescence centers without unpaired electrons, for
which metal to ligand charge transfer (MLCT) transitions are
not possible. Due to the combination of rigid aromatic urea-
containing organic moieties with d10 Zn(II) centers, TMU-67
and TMU-68 both show an intense ligand-based fluorescence
emission. These photoluminescence properties can be
exploited to study the anion recognition capabilities of the
two MOFs. The two compounds show a broad absorption
band centered at 295 nm in the UV−vis spectra and exhibit
strong fluorescence at 450 and 430 nm upon excitation at 350
and 370 nm, respectively. To investigate the response of these
MOFs toward the loading of different oxoanions and halides, 3
mg of activated crystals of the two compounds was dispersed in
3 mL of aqueous solution containing the sodium salts of
anionic analytes and kept at room temperature for 10 min. At
the end of the adsorption time, the fluorescence emission
spectra of the anion-incorporated MOFs dispersed in aqueous
solutions were recorded. Quantitative analysis shows a
dramatic fluorescence enhancement proportional to the
increase in the anion concentration, particularly for the
dihydrogen arsenate loaded TMU-67 framework and for the
fluoride loaded TMU-68 framework.
The enhancement of the emission intensity upon anion

loading allows ordering the anions on the basis of their affinity
for the two MOFs. The order of anion affinity for TMU-67 is
H2AsO4

− ≫ H2PO4
− > NO2

− > SO4
2− > HPO4

2− > NO3
− >

HAsO4
2− > ClO4

−. At the same time, TMU-67 has been found

to be much less sensitive to halides. On the other hand, the
order of anion affinity for TMU-68 is F− ≫ H2PO4

− > Cl− >
H2AsO4

− > NO2
− > HPO4

2− > NO3
− > HAsO4

2−> SO4
2− >

ClO4
−.

In order to quantitatively analyze the relationship between
the luminescence intensity of TMU-67 and TMU-68 and the
concentration of anions, we defined a luminescence enhance-
ment coefficient Kec according to the equation I/I0 = 1 +
Kec[M], where [M] is the concentration of the anions, I
represents the luminescence intensity of TMU-67 and TMU-
68 suspensions after adding anions up to a specified
concentration, and I0 is the initial luminescence intensity of
TMU-67 and TMU-68 suspensions.37,38 To quantify the
enhancing effect exerted by these anions, calibration curves
have been constructed by monitoring the fluorescence
intensity of TMU-67 and TMU-68 as the concentration of
the analytes is varied. The plots of the fluorescence intensity
enhancement versus the concentration of H2AsO4

− show a
reasonable linear correlation, with constant Kec values of 70485
and 6217 M−1 for TMU-67 and TMU-68, respectively (Figure
4). The calibration plots for H2PO4

− were also found to be
linear. However, in this case the measured Kec values are 16054
and 8339 M−1 for TMU-67 and TMU-68, respectively
(Figures S7 and S11), showing a less pronounced affinity of
TMU-67 for the dihydrogen phosphate anion with respect to
the dihydrogen arsenate anion. It should be noted that these
measurements were carried out at pH 5, so as to make sure
that H2AsO4

− and H2PO4
− were the major species present in

solution. On the other hand, TMU-68 shows a high sensitivity
to the fluoride anion, with a Kec value of 38448 M−1 (Figure
S9).
The results of these fluorescence measurements, depicted in

Figure 5c, clearly show a preference of TMU-67 for the

Figure 4. Fluorescence emission spectra of (a) TMU-67 and (c) TMU-68 dispersed in aqueous solutions containing the H2AsO4
− anion in

different concentrations. Corresponding calibration curves for (b) TMU-67 and (d) TMU-68. The limit of detection (LOD) was 1 μM for TMU-
67 and 1 μM for TMU-68.
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dihydrogen arsenate anion and, to a lesser extent, the only
other oxoanion containing two −OH groups, namely H2PO4

−,
and a preference of TMU-68 for the fluoride anion. In
particular, the emission enhancement observed for TMU-67 in
the presence of H2AsO4

− is 4.4 times greater than that

observed in the presence of the quite similar anion H2PO4
−. If

anions that are more diverse (for charge, shape, and presence
of H-bond donor groups) are taken into account, the response
for the H2AsO4

− anion is almost 20 times greater. Similar
observations can be made for TMU-68 and F−, since its

Figure 5. Effect of the presence of various possibly interfering cations and anions on the fluorescence enhancement observed for (a, c) TMU-67 in
the presence of H2AsO4

− and for (b, d) TMU-68 in the presence of F−. (e) Selectivity of the fluorescence enhancement observed for the two
MOFs dispersed in aqueous solution in the presence of different anions, as measured by the corresponding enhancement constants Kec.

Inorganic Chemistry pubs.acs.org/IC Article

https://dx.doi.org/10.1021/acs.inorgchem.0c02215
Inorg. Chem. XXXX, XXX, XXX−XXX

F

https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c02215?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c02215?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c02215?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c02215?fig=fig5&ref=pdf
pubs.acs.org/IC?ref=pdf
https://dx.doi.org/10.1021/acs.inorgchem.0c02215?ref=pdf


response in the presence of this anion is at least 4.6 times
greater than that observed in the presence of other anions. It
should be noted that the development of receptors for selective
sensing and binding of oxoanions such as H2AsO4

− and
H2PO4

− in the presence of F− is highly desirable and yet still
remains a challenge.
To evaluate the possible interference produced by foreign

ions in the detection of H2AsO4
− by TMU-67 or of F− by

TMU-68, fluorescence enhancement was measured in different
experiments in which high concentrations of cations (such as
Na+, K+, Mg2+, Ca2+ and Zn2+) were added to the solution.
Data reported in Figure 5a,b show that the introduction of
these possibly interfering cations has a negligible effect (less
than a few percent) on the observed response. The
interference of other anions on H2AsO4

− and F− ions was
also investigated. For both ions, most other anions have little
interference in the H2O solution of MOFs (Figure 5c,d).
Therefore, the new urea-containing MOFs TMU-67 and
TMU-68 seem to possess interesting properties of sensitivity
and selectivity as receptors for dihydrogen arsenate and
fluoride, respectively, even in the presence of competing
anions and a variety of possibly interfering cations. In addition,
we tested the recycling performance of the sensors. Briefly,
TMU-67 and TMU-68 were treated with F− and H2AsO4

−

aqueous solutions again after several times with water. The
luminescence enhancement and recovery performance of
TMU-67 and TMU-68 was repeated for at least three cycles,
and the final intensity could still approximately reach the initial
value (Figure S14).
PXRD, inductively coupled plasma (ICP) analysis, and

atomic absorption spectroscopy (AAS) were used to
investigate the stability of the framework employed in the
sensing process. While the PXRD pattern indicates the
retention of the structure, ICP and AAS analyses reveal almost
0.6−0.8% degradation of the frameworks during the adsorption
experiments. Further, the BET values of TMU-67 and TMU-
68 demonstrated that after three cycles the porosity was
essentially the same.
3.3. Sensing Mechanism. One of the key challenges in

supramolecular chemistry is the synthesis of receptors with
convergent sites organized in order to match the functional
groups of the guest molecule. These types of receptors show
not only high efficiency but also enhanced selectivity in the
recognition process, which are considered to be two important
requirements for sensing applications. To investigate the
possible mechanism for anion recognition by the two MOFs
TMU-67 and TMU-68, all of the sites of these frameworks
potentially capable of interactions with the anions should be
taken into account. Different sites with these characteristics
can be found in the structures, in particular (i) the oxygen
atoms of the dicarboxylate ligand coordinated to the zinc
cations, which are exposed in the main cavities of TMU-67
(Figure 3b), (ii) the aromatic rings of the bdc and L2 ligands
that entirely cover the cavities of TMU-68 (Figure 3d), and
(iii) the N−H bonds of the urea moiety of the ligand L2 that,
however, are not exposed on the wall of the cavities of the two
structures, since they are involved in hydrogen bonds that bind
together the interpenetrated frameworks.
The presence of these sites of interaction nicely accounts for

the observed selectivity in the anion recognitions of the two
MOFs. Indeed, the exposed oxygen atoms of the dicarboxylate
ligands, aligned in couples (O2 and O5iii; see the Supporting
Information for labeling) along the void channels of TMU-67,

are correctly oriented and are at a suitable distance (3.121(2)
Å) to form a R2

2(8) hydrogen bond with a dihydrogen arsenate
anion (according to the geometrical parameters found in
structures retrieved from the CSD). A similar behavior can be
expected for the dihydrogen phosphate anion, the only other
species having two OH functionalities, even if the smaller
dimensions of this species with respect to the arsenate anion
can lead to a less effective interaction.
On the other hand, the role of anion−π interactions in

sensing fluorides is well-known,39−41 and the shorter distance
between the aromatic rings covering the walls of the voids of
TMU-68 and the center of the cavity (3.662(2) Å) falls in the
range reported for these types of interactions. In addition, the
voids in the structure of TMU-68 are partially isolated, being
separated by aromatic rings that can allow small species to
move between proximate cavities by means of limited libration,
in agreement with the selectivity of this MOF for fluoride, the
smallest anion of the set employed in this study.
It is interesting to note that the process of anion recognition

by the two MOFs can be traced back to the dimension of the
voids and the nature of the groups that are covering. These
structural features are a result of network interpenetration, a
consequence of the tight N−H···O hydrogen bonds between
the urea moieties and the dicarboxylate ligands (Figure 6).

4. CONCLUSIONS
There has been an ever-increasing interest in the development
of neutral anion receptors for sensing and removal applications
in an aqueous environment. Metal−organic frameworks, with
their porous and tailorable structures and chemical composi-
tions, are particularly attractive in this context. Of particular
interest is the possibility to decorate their porous structures
with specific recognition sites, such as hydrogen-bond-donor
moieties. For this purpose, in this work we have synthesized
and characterized two novel zinc MOFs of mixed dicarbox-
ylate/urea-containing pyridyl ligands, TMU-67 and TMU-68,
and their recognition abilities toward different oxo and halide
anions in water have been assessed. The two hydrophilic
MOFs are stable in water, and their good affinity for anions has
been quantified through photoluminescence emission enhance-
ment. The emission enhancement observed for TMU-67 in the
presence of H2AsO4

− is 4.4 times greater than that for H2PO4
−

and almost 20 times greater than that for other anions.
Similarly, TMU-68 gives a response in the presence of F−

Figure 6. Representation of the cavity structures with exposed oxygen
atoms (oxygen atoms are shown in red) and the internetwork
hydrogen bonding of (a) TMU-67 and (b) TMU-68.
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which is at least 4.6 times greater than that for other anions.
Although the urea N−H bonds seem not to play a direct role
in the recognition, they are primarily responsible for the
process of network interpenetration that in shaping the void
creates monodimensional channels, decorated by exposed
oxygen atom sites, selective for arsenate sensing in TMU-67
and isolated cavities, covered by aromatic groups, selective for
fluoride sensing in TMU-68. As a result, these two new MOFs
show an interesting and unexpected selectivity in anion
recognition.
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