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Highly sensitive and selective fluorescent probe
for Fe®** and hazardous phenol compounds based
on a water-stable Zn-based metal—organic
framework in agueous mediaf

Huijun Li, Yaling He, Qingging Li, Shaojie Li, Zhihao Yi, Zhouging Xu @ *
and Yuan Wang”*

A novel two-fold interpenetrating network, namely, {[Zn(DPTMIA)I-(H,O)>(DMF)os}, (HPU-1), with
rectangular channels was synthesized and structurally characterized. HPU-1 was shown to be potentially
applicable as a multi-functional fluorescent probe. It was shown to specifically detect Fe3t, through
a cation exchange mechanism, and hazardous phenol compounds, using a mechanism involving
a decrease in the efficiency of the transfer of electrons and energy from the ligands to the metal ions.
The detection limits of HPU-1 for Fe®* and the phenol compounds were found to be lower than those
of MOFs reported in the literature. This HPU-1 probe was shown to be functional in aqueous solution
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Introduction

Fe** is ubiquitous in cells, and thus plays a crucial role in the
human body and other biological tissues. A deficiency and
excess of Fe*" from the normal permissible limit may induce
serious disorders.* Therefore, the detection of iron has gained
increasing interest in recent years.”> Recently, the design of flu-
orophore-based Fe*'-sensing materials has been actively
pursued because of the safety, operational simplicity, humani-
tarian implications and non-destructive character of these
materials.* However, these materials do show some problems,
such as low sensitivity and poor stability. Therefore, synthe-
sizing novel fluorescent probes for the detection of metal ions
or small organic molecules is a challenging yet important task.

Fluorescent probes based on the metal-organic framework
(MOF) have been widely investigated for the selective sensing of
metal ions or toxic organic complexes on account of their visible
luminescence and designable architectures, which have allowed
for improved host-guest interactions and pre-concentrators for
target analytes.* Major research has focused on the lanthanide
MOFs due to their high luminous efficiency, long-wavelength
emission and lifetime.®* However, there are some defects exist-
ing in the synthesis process of Ln-MOFs, such as: expensive raw
materials, secondary pollution and so on. Therefore, MOFs
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and to be affected neither by the type of solvent nor the pH.

based on transition metal ions, particularly Zn>*, have captured
our interest because of their advantages, including their envi-
ronmental compatibility, low cost, accessibility and unimodal
emission.® In addition, transition metal-based MOFs could
provide facile Lewis acid active sites and potential space within
the MOF channel for sensing an ion or molecule.” However, to
the best of our knowledge, only a few Fe*" probes based on
transition MOFs have been developed.®

Phenol compounds are important raw materials that are
frequently used in synthesizing plastic, adhesives, dyes, medi-
cine, and pesticides, but are also hazardous. Their long-term
residual accumulation in the ecosystem has caused serious
environmental problems because of their intrinsic high toxicity
and non-degradability.” Thus, the detection of phenol
compounds through simple and inexpensive methods is an
international concern. However, less effort has been focused on
the detection of these compounds than has been expended on
the detection of other hazardous substances. MOFs, due to their
intrinsic traits including their tunable luminescence and
exposed active sites, generally sense nitro-aromatic compounds
more efficiently than do conventional sensors.* The combina-
tion of advantages of MOFs enable them to be promising
candidates as probes for phenol compounds. Furthermore,
such a probe that can operate in an aqueous medium is highly
desirable for in-field selective detection of phenol compounds
present in soil and ground water. To develop fluorescent MOFs
that work in aqueous media for the selective detection of Fe**
and phenol compounds, a water-stable Zn-based MOF,
{{Zn(DPTMIA)]- (H,0),(DMF), 5}, (HPU-1) with strong lumines-
cence intensity and rectangle-type tubular channels was
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synthesized. HPU-1 was shown to be able to rapidly detect Fe**
from a mixture of metal ions through an ion exchange mecha-
nism and to exhibit high sensitivity for phenol compounds in
aqueous media through an energy transfer mechanism.

Experimental
Materials and physical measurements

All chemicals used in our work were commercially available and
used as purchased without further purification. The other
reagents and solvents referred to were also commercially avail-
able and were employed without further purification. Elemental
analyses (C, H, and N) were carried out on a FLASH EA 1112
elemental analyzer. Powder X-ray diffraction (PXRD) experiments
were recorded using Cu Kol radiation on a PANalytical X'Pert
PRO diffractometer. Thermal analyses were performed on
a Netzsch STA 449C thermal analyzer from room temperature at
a heating rate of 10 °C min ™" in air. The luminescence spectra for
the powdered solid samples were acquired at room temperature
on a Hitachi F-4500 fluorescence spectrophotometer. The widths
of the excitation and emission slits were each 5 nm. The UV
spectra were recorded on a Purkinje General TU-1800
spectrophotometer.

Synthesis of {{Zn(DPTMIA)]- (H,0),(DMF), 5},, (HPU-1)

The colorless block crystal of HPU-1 was easily produced via
a hydrothermal reaction of Zn(NOs), (14.85 mg, 0.03 mmol) and
DPTMIA (5-(3,5-di-pyridin-4-yl-[1,2,4]triazol-1-ylmethyl}-isophthalic
acid) (12.03 mg, 0.03 mmol) in a solution of H,O, CH;CN and
DMF (2 + 2 + 1 mL) carried out at 80 °C for 72 h. Yield: 47%.
Elemental analysis data caled for C,;, 50H20.50N5.5006.50Zn: C
50.29%, H 3.84%, N 14.33%. Found: C 50.44%, H 3.28%, N
14.66%.

Crystal data collection and refinement

The crystallographic diffraction data for HPU-1 were obtained
on a Siemens Smart CCD single-crystal X-ray diffractometer
with a graphite monochromatic MoKalpha radiation (A =
0.71073 A) at 296 K. The structure was solved by using direct
methods with the SHELXS-2014 program of the SHELXTL
package and refined on F* by using full-matrix least-squares
techniques with SHELXL-2014. All empirical absorption
corrections were applied using the SADABS program. All non-
hydrogen atoms were refined anisotropically, while hydrogen
atoms were located and refined geometrically. A SQUEEZE/
PLATON technique was applied to remove disordered solvent
that could not be satisfactorily modeled. The crystallographic
data and structural refinement parameters of the complex are
summarized in Table S1,7 and the selected bond lengths and
angles are collated in Table S2.}

Results and discussion
Crystal structure of {[Zn(DPTMIA)]-(H,0)(DMF)o 5}

The structure of HPU-1 is shown in Fig. 1 and was determined
using single-crystal X-ray diffraction (XRD) studies. The HPU-1
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Fig. 1 (a) Linking of the DPTMIA ligand to four Zn?* atoms in the title
complex. (b) The rectangular channel. (c) The 2-fold interpenetrating
framework. (d) 3D coordination framework with rectangle-type
tubular channels.

framework formed from Zn>" ions bridged by DPTMIA ligands
(Fig. 1). Each ligand was observed to coordinate with four Zn**
atoms using its two carboxylate groups and two pyridine N
atoms. Every Zn** ion showed the same tetrahedral coordina-
tion environment, with the ion being surrounded by two O
atoms and two N atoms. As shown in Fig. S1,T the extension of
the structure into a 3D framework was accomplished by the
connections of the ligands and metal ions. The vacant space in
HPU-1 was calculated using Platon to be approximately 31.1%.
Other potential voids were found to be filled through mutual
interpenetration of another independent equivalent framework
in a normal mode, producing a two-fold interpenetrating
network (Fig. 1). Further analysis indicated the presence of long
rectangular channels with cross-sectional dimensions of
11.4362 x 8.8427 A? (Fig. 1).

Sensing of metal ions

As shown in Fig. S2,T thermal analyses indicated HPU-1 to have
high thermal stability. The water stability of HPU-1 was also
investigated, as shown in Fig. S3.1 Powder XRD patterns of the as-
synthesized and water-treated samples (HPU-1 samples were
immersed in water for one month) both agreed with the simu-
lated pattern from single-crystal analysis, indicating the water
stability of the framework of HPU-1, and hence showing its
potential to function in an aqueous environment. To investigate
the potential ion recognition of HPU-1, the samples of HPU-1
were ground in various 0.01 mol L™ aqueous solutions con-
taining different metal ions (Ag*, A", Ba>*, Ca**, Co*", Cr**, Cu*",
Fe**, Mn”", Ni**, Pb**, cd*’, K, Li*, Mg*", Na*, Eu®" and Tb*").
The suspension-state photoluminescence properties of the
various M™'@HPU-1 samples were determined, and are
compared in Fig. 2. The emission intensity of HPU-1 was nearly
unchanged upon being combined with nearly any of the metal
ions other than Fe**. In contrast, Fe** completely quenched the
emission of HPU-1 (Fig. S47). The ability of HPU-1 to sensitively

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Fluorescence spectra of HPU-1 (2 mg) in aqueous solutions of
various metal ions (3 mL, 10 mM). (1) HPU-1, (2) Ag*, (3) A®*, (4) Ba®™,
(5) Ca*, (6) Co?*, (7) Cr¥*, (8) Cu?*, (9) Fe*, (10) Mn2*, (11) Ni*, (12)
Pb2*, (13) Cd?*, (14) K*, (15) Li*, (16) Mg+, (17) Na*, (18) Eu*, (19) Tb*.

detect Fe** in an aqueous solution inspired us to further examine
the effects of other metal ions on its Fe**-sensing functions. For
this purpose, the same number of equivalents of Fe** and each of
the other metals ions were mixed with HPU-1. Here, in each case,
the fluorescence was completely quenched (Fig. 3). This result
showed that the interference from conventional metal ions can
be neglected, confirming the superior selectivity of HPU-1 for
Fe’". Therefore, Fe®" can be considered as a recognizable ion for
studying its ability to quench the fluorescence of HPU-1 in
suspension. The quenching of HPU-1 luminescence was exam-
ined for Fe*" concentrations between 0 and 1000 uM. As shown in
Fig. 4, the luminescence intensity of HPU-1 was essentially
quenched upon the gradual addition of 100 pL Fe*". The detec-
tion limit of HPU-1 for Fe’* was calculated to be 1.09 x

10> mol L™" (Fig. S51), lower than those of most of the reported
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Fig. 3 Fluorescence response of HPU-1 (2 mg) at a wavelength of
430 nm in the absence and presence of various metal ions ((1) HPU-1,
(2) Fe®*, (3) Ag™, (5) Al**, (7) Ba®", (9) Ca*, (11) Co?*, (13) Cr**, (15) Cu?",
(17) Mn?*, (19) Ni?*, (21) Pb?*, (23) Cd?", (25) K™, (27) Li*, (29) Mg*, (31)

a®, (33) Eu®*, (35) Tb>"). Purple bars: a free sensor or a sensor treated
with the marked ions. Red bars: a sensor treated with the marked metal
ion followed by an equivalent of Fe>*
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Fig. 4 Fluorescence emission spectra of HPU-1 (2 mg) in aqueous
solutions of various concentrations of Fe>*

Fe’*-sensing MOFs." In addition, the quenching effect can be
quantitatively explained by the Stern-Volmer equation," written
as

)

7= =1+ Ksv[M]

where I, and I are the luminescence intensities of the before-
sensing and after-sensing products, respectively, [M] is the Fe**
concentration, and Kgy is the coefficient of quenching. The Ky
value was calculated from the luminescence data to be 1.0 x
10* L mol™" (Fig. S6%), indicating that Fe** had particularly
strong quenching effect on the luminescence of HPU-1.
Compared with the other reported Fe**-sensing MOFs, HPU-1
was found to be a highly selective and sensitive probe for Fe*" in
aqueous solution (Table S371).**

The quenching of the luminescence of HPU-1 by Fe** may
have been due to (a) interactions between the sensed metal ions
and organic ligands, (b) the collapse of the crystal structure, and/
or (c) cation exchange of the central metal ions and the sensed
metal ions.* Therefore, to elucidate the possible mechanism for
such photoluminescence quenching by Fe**, we acquired powder
XRD patterns of the samples of HPU-1 immersed in a 0.1 mol L ™"
Fe** solution for 30 min. As shown in Fig. S7,1 the PXRD patterns
differed little from the original one, illustrating the remarkable
quenching effect results from the transformation of the parent
HPU-1 framework to Fe-MOF through the cation exchange of
Zn>" with Fe*'. To further test this hypothesis, ground powder
samples of HPU-1 were immersed in a 0.01 mol L™ Fe*" aqueous
solution. After carrying out this immersion for 0.5, 1, 2, 5, 16, and
24 h, the resulting filtrates were introduced for ICP determina-
tion. Table S41 shows the concentrations of Zn>*" and Fe*" in the
in the filtrated solution grad-
ually increased as the level of Fe*" was decreased. In addition, as
shown in Fig. S8, the PXRD patterns of the products of
immersion for various amounts of time indicated that the
structures gradually changed as the concentration of Fe**
changed in the products. Moreover, the colors of the products
gradually deepened as the immersion time was increased. The

filtrate. The concentration of Zn**

was
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Fig. 5 Schematic representation of the sensing mechanism.

SEM and EDS results showed the presence of Fe*" in the products
of 30 minutes of immersion (Fig. S9 and S10t). Combining these
observations with the above experimental results, we proposed
that the fluorescence quenching resulted from the cation
exchange mechanism, where Fe’" entered into the HPU-1
framework and replaced Zn>*, which lowered the energy transfer
from the ligands to Zn>", and thus led to the quenching effect
(Fig. 5). Moreover, when Fe** was added into the aqueous solu-
tion of DPTMIA containing Zn>", the fluorescence intensity was
entirely quenched, which also verified that Fe*" can exchange
with Zn** (Fig. S117).

Sensing for hazardous organic analytes

To determine the ability of HPU-1 to sense toxic organics and
explosives, the HPU-1 powder was immersed in 0.01 mol L™*
aqueous solutions of 4-NP, 2,4-DNP, 1,3-DNB, 3-NP, 2,4-DNT,4-
NB, 1,4-DMB, MB, 1,3,5TMB, and NB for luminescence
studies. As shown in Fig. 6 and S12,} 4-NP, 2, 4-DNP, and 3-NP
showed large quenching effects compared with the other organic
analytes, which indicated that HPU-1 selectively sensed phenolic
compounds. In addition, the responses were not disturbed by
other organic analytes (Fig. S13 and S141). To examine the
sensing sensitivity toward 4-NP or 2,4-DNP, a batch of suspen-
sions of HPU-1 dispersed in aqueous solution with gradually
increasing contents of 4-NP or 2,4-DNP was prepared and their
emission spectra were recorded (Fig. S15 and S16%). The

Intensity (a. u.)

Fig. 6 Fluorescence intensities of HPU-1 (2 mg) in aqueous solutions
of various organic analytes (3 mL, 0.01 mol L™%).
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quenching constants calculated from the Stem-Volmer (SV)
equation for 4-NP and 2,4-DNP were 1.45 x 10° and 1.074 x 10" L
mol " (Fig. S17 and S18%), better than the values in the limited
literature. In addition, the detection limits of HPU-1 for 4-NP and
2,4-DNP were calculated to be 6.31 x 10™* and 9.86 X
10* mol L (and about 1.67 x 10~® mol L' in the literature)
(Fig. S19 and S207).***> As mentioned above, HPU-1 was observed
to have large rectangular channels filled with guest molecules.
Thus, the sensing mechanism likely involved guest molecules
included in the channels exchanging with 4-NP or 2,4-DNP,
resulting in the luminescence response. To test this assumption,
samples of HPU-1 were soaked in 1 mg mL~" ethanol solution of
4-NP or 2,4-DNP for 0, 1, 2, 3, 4, 5, 6, 7, 12, 24 and 72 h. Then, UV/
vis absorption spectra of the filtrates were acquired and analyzed.
Results showed that the absorption peaks of 4-NP or 2,4-DNP
were nearly unchanged, demonstrating that 4-NP or 2,4-DNP was
not absorbed in the cavity of HPU-1 (Fig. S21 and S22%). Thus, the
quenching of the luminescence of Zn>* may have been due to the
hydrogen-bonding interactions between NP and the organic
ligands resulting in a decrease in the energy transferred from the
ligand to Zn>" ions.*®

Finally, the luminescence properties of HPU-1 in various
solvents were investigated for examining the practicality of using
HPU-1 in environmental systems. Well-ground samples of HPU-1
(2 mg) were dispersed in 2 mL of different solvents, and the
emission spectra of HPU-1 excited at 350 nm revealed strong
luminescence (Fig. S231); these results showed these common
solvents to have no effect on the luminescence of HPU-1. In
addition, we also investigated the effect of pH on the
fluorescence intensity of HPU-1. As shown in Fig. S24,1 the
fluorescence intensity was observed to be nearly the same in
relatively acidic and alkaline environments. Therefore, the
highly sensitive and selective sensing of Fe** and phenol
compounds in aqueous solutions has provided the foundation
for an efficient, straightforward, and real-time detection of trace
amounts of this metal ion and hazardous class of compounds in
environmental systems.

Conclusions

In conclusion, a water-stable two-fold interpenetrating network
(HPU-1) with rectangular channels was synthesized and char-
acterized. HPU-1 was found to be a highly selective and sensitive
probe of Fe*" in aqueous solution. Based on our observations
and experimental results, we proposed a cation exchange
mechanism for the fluorescence quenching. HPU-1 also showed
highly selective and sensitive detection of phenol compounds in
aqueous solution. Quenching of the fluorescence was proposed
to result from a decrease in the efficiency of the transfer of
electrons and energy from the ligands to the metal ions. This
work demonstrated the potential application of a fluorescent
Zn-MOF as a multi-responsive probe for the detection of Fe’*
and hazardous phenol compounds in aqueous media.
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