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ABSTRACT: A new metal—organic framework
[Zng(hfipbb),(trz),(H,0),] (NNU-1) [H,hfipbb = 4,4'-
(hexafluoroisopropylidene)bis(benzoic acid), Htrz = 1H-1,2,3-tria-
zole] was assembled by hydrothermal synthesis. Single-crystal X-ray
diffraction analysis reveals that NNU-1 displays a twofold inter-
penetrating three-dimensional (3D) framework with a {4**6*}-bcu
topology. Interestingly, the 3D framework contains a two-dimensional
(2D) layered structure that consists of alternating left- and right-
handed double helical chains. On the basis of the hydrophobic —CF;
groups from H,hfipbb ligand, NNU-1 possesses excellent stability in
water. It is worth noting that NNU-1 not only shows a highly selective
fluorescence quenching effect to Fe** ion in aqueous solution but also

Highly sensitive and selective
sensing of Fe3* ion

resists the interference of other metals including Fe?* ion. Accordingly, NNU-1 probably functions as a potential promising

fluorescence sensor for detecting Fe*" ion with high sensitivity and selectivity.

B INTRODUCTION

Iron(Ill) ion not only is an essential metal ion in living
organisms but also has a significant impact on a variety of vital
cell functions such as muscle function, brain function, and
hemoglobin formation." The deficiency and overload of
iron(III) ions in an organism can induce various disorders
with iron trafficking, storage, and balance being tightly
regulated, leading to various health hazards, such as anemia,
pathological disorders, and skin ailments.” So, how to detect
Fe* ion effectively is an extremely important issue for life
system that needs to be given more attention. In spite of
various analytical techniques such as spectrophotometry,
voltammetry, and atomic absorption spectroscopy having
been currently developed for determination of iron(IIl) ions,
it is easily interfered by other metal ions.” Thus, it is very
necessary to develop novel methods that can be easily applied
to exclusively detect Fe** ion.

Metal—organic frameworks (MOFs) in past few decades
have experienced an enormous development due to their
intriguing topological frameworks and huge potential applica-
tions as functional materials in different realms.* For instance,
many MOFs have now been considered to be compelling and
promising sensors for detecting small inorganic compounds,
small organic molecules, and metal ions.” This type of sensor
commonly displays obvious advantages on the sensitivity,
response time, and operability compared with conventional
detection means,” especially for MOF-supported fluorescent
metal ion probes; some significant progress has been made,’
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based on the rational choice of metal ions and organic ligands
as well as the structural features (open metal sites, the highly
regular channel structures, controllable pore sizes, and so on) of
constructed MOFs.® Accordingly, MOF-based fluorescent
sensor will probably be a judicious choice in -efficiently
detecting Fe®* ion. Nevertheless, the fact that the poor stability
of MOFs in aqueous environment usually largely limits its
sensing effect to target metal ions has been verified. Up to now,
only a few MOFs-based sensors reported that can maintain
their stabilities in water or moist environment.” Therefore,
improving the water stability of MOFs-based sensors has always
been a challenge."’

Motivated by the aspects described above, the V-shaped 4,4'-
(hexafluoroisopropylidene )bis(benzoic acid) (H,hfipbb) and
Zn(1I) ions were elaborately chosen as the organic ligands and
metal nodes to construct MOF-based fluorescent sensor from
the following considerations. On the one hand, the semirigid V-
shaped H,hfipbb ligand was used to construct MOFs with
helical structures and various functions such as magnetism,
fluorescence, and so on.'' On the other hand, the —CF;-
terminated surface among H,hfipbb ligand possesses low free
energy and the best hydrophobicity, so the MOFs assembled
with this ligand may have better water stability. The small 1H-
1,2,3-triazole (Htrz) molecules (Figure S1) with multidentate
coordination sites as auxiliary ligands were also utilized to
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increase the interpenetrating possibility of expected helical
structure that will be beneficial for the stabilization of MOFs'”
Moreover, Zn®* ions have strong affinity both with carboxylates
and Htrz, making it possible to combine H,hfipbb and Htrz
ligands in the same framework. In addition, the metal-
carboxylate-azolates are known to have significant water
stability, which can further enhance the stabilization of
MOFs. "

In this work, we report a new three-dimensional (3D) MOF-
based sensor, [Zns(hfipbb),(trz),(H,0),] (NNU-1) (NNU =
Nanjing Normal University), which features an interpenetrating
and alternating left- and right-handed double helical structure.
As expected, NNU-1 shows brilliant water stability and
excellent fluorescence sensing for Fe** ion due to fluorescence
quenching effect. It is particularly worth mentioning that this
effect can be recycled and resist the interference of other metals
ions including Fe*". These results imply that NNU-1 can
completely serve as a good MOF-based fluorescence probe for
selective sensing of Fe** ion.

B EXPERIMENTAL SECTION

Materials and General Procedures. All reagents and solvents
employed in this work were commercially available and used without
further purification. Elemental analyses of C, N, and H were performed
on an elemental Vario EL III analyzer. Infrared spectrum using the
KBr pellet was measured on a Bruker Tensor 27 in the range of 4000—
400 cm™'. Thermogravimetric (TG) analysis was performed on a
Netzch STA449F3 analyzer at a heating rate of 5 °C/min from
ambient temperature to 800 °C. The room-temperature powder X-ray
diffraction (PXRD) spectra were recorded on a Rigaku D/Max 2500/
PC diffractometer at 40 kV and 100 mA with a Cu-target tube and a
graphite monochromator. Fluorescent spectroscopy data were
collected on a Perkin-Elmer LS-50B fluorescence spectrometer.
UV—Vis absorption spectra were collected using a Varian Cary 5000
UV—Vis spectrophotometer.

Synthesis. [Zng(hfipbb),(trz),(H,0),] (NNU-1). Zn(NO;),:
6H,0 (148.7 mg, 0.5 mmol), H,hfipbb (39.4 mg, 0.1 mmol), and
Htrz (20.0 mg, 0.3 mmol) were added in a mixed solvent of H,0O (3.0
mL) and dimethylformamide (DMF; 1.0 mL), then stirred vigorously
for half an hour. The mixture was transferred to a Teflon-lined
stainless-steel vessel, then sealed under autogenous pressure at 100 °C
for 3 d. After that, it was cooled to room temperature at a rate of 5 °C/
min to form colorless needlelike crystals of NNU-1 (80.2% yield based
on H,hfipbb). Anal. Calcd for C,,H,oF,,NsO sZns (%): C, 41.98; H,
1.96; N, 4.08. Found (%): C, 41.58; H, 1.79; N, 4.15. IR (KBr pellet,
ecm™): 3440 (s), 3153 (w), 3058 (w), 1689 (m), 1616 (s), 1541 (s),
1425 (s), 1400 (s), 1253 (s), 1213 (s), 1174 (s), 1136 (m), 960 (w),
846 (w), 788 (s), 748 (m), 725 (m), 592 (w), 484 (w), 423 (w).

X-ray Crystallography. The single-crystal diffraction data for
NNU-1 were collected on a Bruker AXS smart Apex CCD
diffractometer at 296 K. The X-ray generator was operated at S0 kV
and 35 mA using Mo Ka (4 = 0.710 73 A) radiation. The structure was
solved by the direct methods of SHELXS-97 and refined by the full-
matrix least-squares technique with the SHELXL-97 program.'* All
non-hydrogen atoms were refined with anisotropic temperature
parameters. Hydrogen atoms were added theoretically onto the
specific atoms and refined isotropically with fixed thermal factors. And
some selected bond lengths and angles were listed in Table S1. Crystal
data for NNU-1: C,,H,,F,,NsO¢Zng, M, = 2076.05, monoclinic, a =
20.896 (4) A, b=7.3872 (15) A, c = 31.834 (4) A, B = 124.636 (9)°, V
=4043.1 (13) A3, T = 296.15 K, space group P2/c,Z=2,p = 1.705 g/
cm®, F(000) = 2064.0, u = 1.589 mm™’, 25 811 reflection measured,
7100 unique (R, = 0.0801), final R, = 0.1108, wR, = 0.2086, GOF =
1.065 for all data.
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B RESULTS AND DISCUSSION

Crystal Structure. Single-crystal X-ray diffraction analysis
reveals that NNU-1 crystallizes in the monoclinic P2/c space
group with an asymmetric unit containing three crystallography
independent Zn(II) ions, two hfipbb*~ ligands, one trz” ligand,
and one coordinated water. As shown in Figure 1, the Zn1 site

Figure 1. Coordination environments for Zn" atoms in NNU-1. (color
code: C, black; N, blue; O, red; Zn, green. Hydrogen atoms were
omitted for clarity).

is coordinated by two carboxylate oxygen atoms from two
hfipbb®~ ligands, two nitrogen atoms from two trz~ ligands, and
two water molecules, showing a distorted octahedral coordina-
tion geometry. The Zn2 site possesses a distorted trigonal
bipyramid coordination sphere occupied by one nitrogen atom
from one trz~ ligand, three carboxylate oxygen atoms from
three hfipbb®~ ligands, and one water molecule. The distorted
tetrahedral environment of Zn3 site consists of three
carboxylate oxygen atoms from three hfipbb®~ ligands and
one nitrogen atom from one trz” ligand. The Zn—0 and Zn—N
bond lengths are all within the normal ranges.'> Two kinds of
hfipbb®~ ligands show the completely identical coordination
modes with monodentate and bidentate types. And trz~ ligand
acts as a tridentate ligand to connect three kinds of Zn atoms
(Figure S1). Notably, a distorted Znl octahedron links with
two distorted Zn2 trigonal bipyramids by sharing the same
vertex to form a txrinuclear {Zn,} cluster, which is further fixed
by two carboxylic groups, two water molecules, and two trz~
ligands. And then each {Zn;} cluster connects two adjacent
Zn3 tetrahedra to build a pentanuclear {Zn;} cluster bridged by
carboxylate groups and trz~ ligands (Figure S2). First, one kind
of hfipbb?~ ligand links {Zns} clusters along the crystallo-
graphic ¢ axis to form an undulating 2D network having a large
rhomblike window with the dimensions of 7.84 X 15.67 A
(Figure S3). A layered structure is formed by the penetration of
two such identical networks (Figure 2a—c). In detail, the
structure is catenated with two kinds of well-organized rings
(Figure 2d). Interestingly, the layered structure consists of
alternating left- and right-handed double helical chains (Figure
S4) by sharing the {Zns} clusters (Figure SS). Second, the
other kind of hfipbb’~ ligand extends such undulating 2D
networks to yield a 3D framework (Figure S6). Remarkably,
owing to the presence of enough space, two such frameworks
interweave into a twofold interpenetrating array (Figure 2e,f). A
better insight into the nature of NNU-1 can be achieved by
regarding each {Zn;} cluster as an eight-connected node and
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Figure 2. (a) Wires or stick representation of the 2D structure of NNU-1. (b) Schematic view of the twofold interpenetrating 2D layer. (c)
Schematic view of the topological structure of twofold interpenetrating 2D layer in NNU-1. (d) Schematic view of the twofold interpenetrating in
the 2D layer. (e) Ball-and-stick representation of the 3D structure of NNU-1. (f) Schematic view of the 3D structure of NNU-1. (g) Polyhedron

schematic view of the topological structure of NNU-1.

the hfipbb”~ ligand as a linear linker. The simplified structure of
NNU-1 is a twofold interpenetrating bcu topology with Schlafli
symbol {4%*.6*} (Figure 2g), which was determined by
TOPOS.'® Offering further analysis of this interesting high
connected network topology, the utilization of multidentate
bridging ligand trz~ and carboxylate ligand with various
coordination modes effectively led to a high connected node
{Zng} cluster. In addition, the semirigid V-shaped carboxylate
ligand is conducive to form the interpenetrating structure.
Previous examples of eight-connected framework are com-
monly composed of Co, Cd, Cu atoms and so on.'” There are
few reports on the construction of Zn-MOFs with eight
connections. Recently, Long Chen et al. have enumerated an
eight-connected net based on two different trinuclear {Zn;}
secondary building units, and the FDA®™ serves as bridging
linker.'® In this case, NNU-1 is clearly different from the
previous, where the {Zn;} cluster as an eight-connected node
and the semirigid V-shaped hfipbb®~ as bridging linkers to form
the bcu net. Moreover, two bcu nets interweave into a two-fold
interpenetrating network that is rarely reported before. In all,
according to the topological analysis results, selecting semirigid
V-shaped ligand and suitable secondary ligand in the reaction
system can effectively form the novel structure.

Stability of NNU-1. Most MOFs with weak metal—ligand
coordination bonds are more or less vulnerable to water
molecules under an ambient atmospheric environment and,
consequently, not suitable for many industrial applications."
Therefore, it is significant to construct MOFs with excellent
water stability for expanding their practical applications. The
—CF;-terminated surface among H,hfipbb ligand was reported

to possess low free energy and the best hydrophobicity,”” so we
hope to construct an MOF with excellent moisture/water
tolerance by using H,hfipbb ligand. Fortunately, NNU-1 was
synthesized, and it can be stable in water for 7 d at least at room
temperature, while it is unexpected that NNU-1 can be stable in
the boiling water for 72 h. To further investigate the chemical
stability of NNU-1, the sample was immerged in different pH
solutions for 24 h, and the identity PXRD pattern before and
after immerged demonstrated that the framework possesses
excellent pH stability (Figure S9). In addition, NNU-1 is stable
in some other solvents, such as CH;OH, CH;CH,OH,
(CH;),CHOH, DMF, dimethylacetamide (DMA), CH,Cl,
CHCl,, tetrahydrofuran, CH;CN, and CH;COCH; at room
temperature. The PXRD patterns of the as-synthesized NNU-1
and NNU-1 in water and different organic solvents match well
with that simulated from the single-crystal data, showing the
excellent stabilities of NNU-1 in these conditions (Figures 3a
and S10).

Fluorescence Properties for Sensing Metal lons.
Metal—organic frameworks with d'* transition metal ions
have attracted intense interest from chemists owing to their
potential applications in photoactive materials.”’ Thereby, the
fluorescence properties of NNU-1 and H,hfipbb ligand were
investigated in the solid state. The fluorescence spectra of the
free H,hfipbb ligand and the as-synthesized NNU-1 show
strong broad emission bands centered at 404 and 406 nm in the
solid state under the same excitation at 260 nm (Figure S11),
which may be attributed to the 7*—z transitions and the
H,hfipbb intraligand charge transfer, respectively.”” In addition,
the fluorescence properties of NNU-1 (5.0 mg) in different
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Figure 3. (a) PXRD patterns of simulated, as-synthesized, NNU-1 immersed in water at room temperature and in boiling water for 72 h. (b)
Fluorescence intensities of NNU-1 immersed in the individual aqueous solutions of M(NO;), (1 X 107 mol-L™%; red color) and mixed metal ions
including Fe** ion (1 X 107> mol-L™"; blue color) under an excitation of 260 nm. (c) Variation of fluorescence intensities of NNU-1 immersed in the
aqueous solutions with different concentrations of Fe(NO;); (4 = 260 nm). (d) The relationship between the quenching efficiency and the amount

of Fe3* jon.

liquid suspension (3.0 mL) were investigated. The results
obtained (Figure S12) showed that the fluorescence intensity
and varying shifts of NNU-1 in different suspensions are
dependent on the solvent nature, and the strongest emission is
observed in its aqueous solution.

Owing to the excellent fluorescence property and water
stability, NNU-1 has attracted our interest to explore its
application in sensing metal ions in aqueous solution. To
investigate the ability of selective sensing of metal ions, NNU-1
(5.0 mg) was ground and immersed in the individual aqueous
solutions of M(NO,), (3.0 mL, 0.001 mol-L™", M = Mg*, Cr*,
Cu®*, Ni**, Cd*", Zn**, Co*", Al**, Fe*, and Hg"", respectively)
for 1 d to form uniform dispersion suspensions for fluorescence
study.”’ As presented in Figure 3b, there exists an obvious
quenching effect to Fe®" ion upon the fluorescence intensity of
NNU-1 excited at 260 nm. The anti-interference sensing
experiments were further conducted. NNU-1 (5.0 mg) was
immersed in aqueous solutions containing mixed Fe’* ion and
other metal ions (Mg**, Cr**, Cu*, Ni*', Cd**, Zn*', Co**, AI**,
Hg*") with a concentration of 1 X 107> M. Therein, the mixed
addition of other metal ions only resulted in a slight reduction
in fluorescence intensity, and the emission is quenched only
after the addition of Fe’* ion, verifying that the Fe*" ion can still
be sensed in the presence of several other metal ions (Figure
3b). Moreover, a reversible processing was performed: NNU-1
is immersed in aqueous solution of Fe(NO,), for 24 h and then
is centrifuged and washed with aqueous solution until the
solution is colorless. Strong fluorescence intensity is observed
after three sensing—recovery cycles (Figure S13). Meanwhile,
PXRD pattern of NNU-1 after this treatment matched well
with the simulated one as well as the as-synthesized one (Figure
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S14). In view of the above-mentioned superior fluorescent
sensing properties of NNU-1, this crystal material may act as a
potentially practical fluorescence sensor for detecting Fe** ion
with high reversibility.

It is normal to take Fe?* into consideration, and fluorescence
properties of NNU-1 in different aqueous solutions containing
either Fe®* or Fe*" were investigated. Fe®* salts have upper
quenching efficiency for NNU-1, while Fe** salts show lower
quenching efficiency (Figure S15). This phenomenon not only
indicated that the intensity quenching is not dependent on the
anions (i.e, CI~ and SO,*”) but also showed that there is no
disturbance on selective sensing of Fe’* ion in the presence of
Fe’" ion. In brief, NNU-1 shows highly selective sensing ability
for Fe®* ion in the presence of other metals including Fe>* ion.

To further assess sensing sensitivity toward Fe*" ion, a batch
of suspensions of NNU-1 with gradually increasing Fe*
concentration in water from 1 X 107 to 5 X 10~ mol-L™
were prepared to test the emissive response. The emission
intensity of NNU-1 excited at 260 nm was gradually quenched
with addition of increasing concentrations of Fe*" (Figure 3c).
A significant red shift (40 nm) was observed accompanied by
the increasing Fe®* concentration, which may be caused by the
solvatochromism effect.”” In detail, the relationship between
the quenching efficiency and the amount of Fe®" ion is
illustrated in Figure 3d. The quenching efficiency could reach
96.60%, while the concentration reaches 5 X 107> mol-L™},
which is comparable to other reported excellent sensors for
responding to Fe** (Table S2) Moreover, there exists a good
linear correlation (R* = 0.980) between the quenching
efficiency and the amount of Fe®" ion in the low concentration
range of 0—0.1 mmol-L™' (Figure S16). Meanwhile, the
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detection limit calculated with 30/k (k: slope, o: standard
error) is ~0.20 mmol-L ™", which is a clear point of high sensing
sensitivity of NNU-1 for Fe>* ion.”” It is apparent that NNU-1
features highly sensitive sensing ability for Fe** ion. On the
basis of the above pieces of evidence, NNU-1 may be a practical
promising fluorescence sensor for detecting Fe** ion with high
selectivity and sensitivity.

The Underlying Mechanism of Luminescence
Quenching. The underlying mechanism of luminescence
quenching by Fe®* ion was further investigated in detail. First,
considering the collapse of the framework, the PXRD was
measured after this sample immersed in metal ion solutions. As
confirmed by PXRD patterns (Figure S14), the crystal structure
of NNU-1 immersed in metal ion solutions remains unchanged,
showing that this quenching phenomenon has no relation with
the framework of the crystal. Second, the resonance energy
transfer was another possible reason for the quenching
phenomena. If the emission spectrum of the fluorophore
(donor) has a certain degree of overlap with the absorption
band of the analyte (acceptor), when the distance between
them is appropriate, the resonance energy transfer can be
observed from the donor to the acceptor.”’ Therefore, the
UV—vis absorption spectra for M(NO;), suspensions contain-
ing different metal ions (1 X 107 mol-L™") were investigated,
respectively. An inappreciable spectral overlap between the
absorption spectrum of Fe®* aqueous solution and the emission
peaks of NNU-1 was observed (Figure S17). However, the
absorption spectrum of Fe*" aqueous solution has a majority of
overlaps with the excitation spectrum of NNU-1, while other
metal ion solutions have no obvious overlaps. The above results
indicate that this quenching phenomenon may be attributed to
the competition absorption of the excitation wavelength (332
nm) energy between Fe’* aqueous solution and NNU-1. In
addition, a series of UV—vis absorption spectra were measured
upon a gradually increasing concentration of Fe(NO;); and
accompanied by a monotonically increasing trend of absorption
intensity (Figure S18). Notably, this result is consistent with
the tendency of the quenching efliciency. In consideration of
these pieces of evidence, we then draw the conclusion that the
competitive absorption mechanism may be responsible for the
quenching effect, as reported in other literature reports.”

B CONCLUSION

In summary, a new water-stable MOF (NNU-1) was
successfully synthesized under solvothermal conditions with a
twofold interpenetrating three-dimensional framework. Impor-
tantly, NNU-1 can retain its crystal structure in water, even
boiling water, and exhibit a highly sensitive and selective
fluorescence quenching effect to Fe’" ion in aqueous solutions.
It is significant that NNU-1 can resist the interference from
other metal ions including Fe** ion and be used reversibly.
Further experiments and studies in regard to mechanisms
indicated that the competitive absorption of excitation
wavelength energy between Fe*" ion and NNU-1 results in
the quenching effect. Clearly, this work provides a new water-
stable MOF with functional groups that possesses a significant
potential ability as a highly sensitive and selective sensor for
sensing Fe*" ion, which makes the NNU-1 a potential candidate
for applications in fluorescence probes and biological detection.
In brief, the present work opens a promising approach to
design MOF-based sensors for Fe*" ion; this will probably be
useful under more realistic conditions and broader scope in the
future.
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