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A special functional group mediated functionalization platform is introduced as a new and versatile plat-
form tool to improve the fluorescence detection performance of metal-organic frameworks (MOF). The
creation of a mixed-functionalization strategy on a MOF realizes the high sensitivity detection of heavy
metal ions, anions and small molecules. In this work, we have first reported a novel amino functionalized
3D indium MOF [In(BDC-NH,)(OH)],, (In1-NH) which not only has an excellent fluorescent characteristic
but also shows highly sensitive identification of Fe3*, Cu®*, Pb?" and ClO~ in water with broad linear
ranges and short response times. Subsequently, based on the remaining amino group site of In1-NH;, a
post-synthetic modification strategy is utilized to introduce an active boronic acid group for hydrogen
peroxide detection. The obtained PBA-Inl1 exhibits an efficient sensing performance for hydrogen per-
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oxide with an LOD of 0.42 pM. Given this, PBA-Inl is expected to become an effective probe to monitor
the formation of metabolites in humans. In1-NH; successfully achieves multiple ion detection and the
PBA-In1 sensing platform with boronic acid functionalization may have good application prospects in bio-
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Introduction

As the source of life, water is indispensable to human beings
and water quality is closely related to human health. Thus,
water quality monitoring is an eternal topic. The harm to
human health caused by heavy metal ions, the most common
pollutants in water, cannot be ignored and has caught the
attention of the international community.'™ For example,
excess intake of Fe’" in the human body can cause damage to
the heart and liver, which can lead to iron poisoning or
cancer;® ™ excessive Cu®>" may lead to recessive genetic congeni-
tal diseases, as well as liver and kidney disfunction;'*™"* Pb>*
is also an accumulative toxicant that has a detrimental effect
on the hematopoietic system and nervous system, causing
various diseases.'*™® On the other hand, various anions also
occupy important roles in the water environment.'”” Among

MIIT Key Laboratory of Critical Materials Technology for New Energy Conversion
and Storage, School of Chemistry and Chemical Engineering, Harbin Institute of
Technology, P. R. China. E-mail: fanruiqing@hit.edu.cn, ylyang@hit.edu.cn;

Fax: +86-451-86418270

tElectronic supplementary information (ESI) available: PXRD patterns, fluo-
rescence spectras and additional experimental details. CCDC 2008844. For ESI
and crystallographic data in CIF or other electronic format see DOI: 10.1039/
d1dt00889g

7554 | Dalton Trans., 2021, 50, 7554-7562

them, hypochlorite (ClO™) is widely used as a disinfectant for
water treatment and its residual content should be strictly con-
trolled. A large amount of residual ClIO™ in water may be trans-
formed into highly toxic substances, while inadequate ClO™
cannot provide good disinfection.'®® Therefore, it is of great
significance to develop a probe that performs the detection of
heavy metal ions and ClO™ in water.

Hydrogen peroxide (H,0,) is a vital reactive oxygen species
(ROS) in living systems and participates in a variety of cellular
activities, such as protein folding and cell migration.”'* As a
common byproduct of cellular metabolism, the abnormal
accumulation of H,O, in cells may lead to intracellular oxidative
stress,>® which is associated with the initiation of many
diseases.”®*” Thus, it is of great importance to develop a sensi-
tive sensor to detect H,O, for human health. In recent years,
the sensors based on boronic acid has attracted widespread
attention.”® The boronic acid group is capable of recognizing
H,0, as well as substances with diol structures.”>*° For
example, Dickinson et al. presented a series of monoboronate
probes that respond to H,0,.>' Although many materials have
been reported to detect H,O, using the boronic acid group,’***
the low surface area and insufficient functional groups of most
materials limit their detection abilities. Therefore, the develop-
ment of new materials with rich boronic acid active sites to
detect H,0, is of great importance. Up to now, the monitoring
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technologies for cations, anions and molecules have mainly
including high performance liquid chromatography (HPLC),**
electrochemical detection,®?®  colorimetry,®”*®* and fluo-
rescence method.>®** Compared with other approaches, the
fluorescence method exhibits the significant advantages of sim-
plicity, low cost and short response time,"*™® ideal for appli-
cations in substance detection.

As novel multi-functional materials, metal-organic frame-
works (MOFs) have exhibited many advantages, such as stable
frame structure, high specific surface area, adjustable porosity
and diverse functional sites,"” presenting potential application
prospects in the fields of catalysis,"® batteries,*® gas storage,”®
drug loading® and especially fluorescence probes.’® For
different practical application requirements, through the com-
bination of central metal ions and functional organic ligands,
various MOFs with unique functional sites can be designed
and synthesized. However, MOFs directly synthesized by hydro-
thermal method usually cannot meet these practical appli-
cation requirements;>*>* the limitations of direct synthesis
methods and the increasing demand for more complex MOFs
have promoted remarkable progress in post-synthetic modifi-
cation (PSM) reactions.>® Thus, it is important that functional
sites can be effectively introduced into MOFs through the PSM
method, further expanding the application of such materials.

As a high-valence metal ion, indium is an ideal choice to
construct MOFs with high chemical stability.”® In this study, we
report a novel 3D In(u)-based MOF by introducing a new amino
functionalized ligand, [In(BDC-NH,)(OH)], (In1-NH,), where
H,BDC-NH, = 2-aminoterephthalic acid. Notably, the intro-
duced uncoordinated amino groups endow the framework with
excellent fluorescence performance and provide the ability to
detect heavy metal ions as well as ClO™. The obtained fluo-
rescence probe shows excellent quenching performance in the
detection of Fe**, Cu®* and Pb>* and also has a good effect in
the detection of CIO™. In1-NH, is an excellent fluorescent probe
that can be used for water quality monitoring. At the same
time, using a mixed-functionalization strategy, a PSM strategy
with 4-carboxyl phenylboronic acid (CPBA) is designed to gene-
rate a phenylboronic acid-functionalized composite material
(PBA-In1) to provide a suitable H,0,-sensing platform.
Consequently, the prepared PBA-In1 shows an obvious fluo-
rescence turn-on response for H,O, with a low limit of detection
(LOD) of 0.42 uM. The powerful sensing performances of both
In1-NH, and PBA-Inl1 make them promising candidates for
water quality monitoring and biomarker detection (Scheme 1).

Results and discussion

Structural description of In1-NH,

Herein, we report the 3D indium-based MOF [In(BDC-NH,)
(OH)], whose single crystal X-ray diffraction analysis illustrates
that it belongs to the orthorhombic system and the Imma
space group. In each asymmetric structural unit, the unit cell
possesses a quarter of the In®*, a quarter of the NH,-BDC>~
and a quarter of the coordinated hydroxyl (Fig. Siaf). In
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Scheme 1 The schematic for the detection of heavy metal ions and
ClO™ by In1-NH; and the detection of H,O, by PBA-In1.

addition, each In*" coordinates with six oxygen atoms (four
from four different NH,-BDC>~ ligands and two from co-
ordinated hydroxyls), forming an octahedral geometry as
shown in Fig. S1b.f The completely deprotonated NH,-BDC*~
coordinates with four In*" ions through the py—n," o' Mo Mo~
bridging mode. Furthermore, adjacent In*" ions are linked by
the hydroxyl oxygen atoms along the b axis to form 1D chains
(Fig. S1ct) and these 1D chains interconnect through the NH,-
BDC”” ligands to form a 3D frame structure with obvious 1D
channels (Fig. 1a and c). The rhombic window size of the 1D
channels is 12.05 A x 18.26 A (Fig. 1b) and, according to
PLATON, the total solvent-accessible volume in the framework
of In1-NH, is estimated to be 44.5% of its unit cell. The appro-

Fig. 1 Crystal structure of In1-NH;: (a) the 1D channel of In1-NHy; (b)
the 1D rhombic channels of about 12.05 A x 18.26 A; (c) the 3D structure
of In1-NH,; (d) view perpendicular to the pore system; (e) the natural
tiling of In1-NH;; (f) the view of the lvt topology network of In1-NH,, in
which the yellow quadrilateral represents 4-connected ligands and the
purple one represents the 4-connected In>* ion.
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priate porosity and remaining amino groups (Fig. 1d) are
believed to provide accessible affinity sites to some heavy
metal ions as well as reactive sites for the PSM method. The
topological analysis suggests a 4,4-connected Ivt network
(Fig. 1e and f). The details of the crystal structure parameters
are provided in Table S1} and selected bond angles and bond
lengths are listed in Table S2.}

Characterization of In1-NH, and PBA-In1

The powder X-ray diffraction (PXRD) analysis of In1-NH, indi-
cates that the diffraction peaks of the actual pattern precisely
match those observed in the simulated pattern, which proves
the high purity of the as-synthesized In1-NH, samples
(Fig. 2a). It is well known that some MOF crystals are unstable
in aqueous solution, so investigation of the water stability of
In1-NH, is necessary to meet the needs of practical appli-
cations. In this case, fresh crystal samples of In1-NH, were
treated by immersion in water for a week and the PXRD of
treated samples closely matched those of the untreated
samples, indicating that the crystallinity of In1-NH, was not
affected (Fig. 2b). In addition, the PXRD patterns of In1-NH,
in different aqueous solutions with various pH values (3-11)
were also recorded. No obvious changes can be observed,
suggesting that In1-NH, has high chemical resistance, which
fulfills a good prerequisite for its detection applications.
Subsequently, the thermal stability of In1-NH, was studied
via thermal gravimetric analysis (TGA), which was performed
from 40 °C to 750 °C under a flow of air. The corresponding
curve is recorded in Fig. 2d. Primarily, the first weight loss
(3.31%) can be ascribed to the removal of free H,O molecules
in the channel from room temperature to 233 °C, while the co-
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Fig. 2 (a) PXRD patterns of the simulated, as-synthesized In1-NH; and
PBA-In1; (b) PXRD patterns of In1-NH; and In1-NH, treated with water,
various acidic and basic aqueous solutions; (c) fluorescence emission
spectra of the In1-NH; and PBA-In1 composite suspensions under exci-
tation at 350 nm; (d) thermogravimetric curves of In1-NH, and PBA-In1
composite.
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ordinated hydroxyl left in the range of 233 °C-340 °C. Finally,
the third rapid weight loss was caused by the decomposition of
the NH,-BDC>™ ligands from 340 °C to 470 °C, corresponding
to the collapse of the In1-NH, framework. After further heating,
the weight loss of the TGA curve remains unchanged. The
residual weight of In1-NH, is 44.25%, corresponding to the
theoretical calculation result (In,O; is 44.64%). In addition,
fluorescence emission is a vital prerequisite for a fluorescent
detector. As shown in Fig. 2¢, In1-NH, shows strong blue emis-
sion under UV irradiation. The fluorescence emission peak of
In1-NH, is located at 429 nm (4., = 350 nm) and was ascribed to
the intra-ligand n* — = transition (Fig. S21). The fluorescence
quantum yield of In1-NH, is 0.033 measured at 350 nm. To
confirm the fluorescence stability of In1-NH,, the fluorescence
intensity was first measured under different pH conditions. The
value reached a maximum at pH = 7, so pH = 7 was chosen for
the following experiments (Fig. S37).

The boronic acid group is a typical functional group for the
detection of H,0,; thus, CPBA was introduced into In1-NH, via
a PSM strategy. Through grafting CPBA to In1-NH, with cross-
linking agents EDC and NHS, the PBA-In1 composite with
abundant boronic acid sites was prepared (Scheme S17).
Fourier transform infrared spectroscopy (FTIR) indicates that
the sharp band of -NH, (3374 cm™") in In1-NH, disappears in
PBA-In1 and the peak of -C=O in PBA-In1 appears at
1683 cm™' (Fig. S41). The peak at 1052 em™' is the =C-N
stretching band and the B-O stretching vibration is present at
1325 em ™. The peaks located at 996 cm™" and 1127 cm™" are
ascribed to the B-O-H asymmetric stretching band and B-O-
H wagging band, respectively.”’ > These results demonstrate
that the CPBA is successfully grafted onto the In1-NH,.
Furthermore, X-ray photoelectron spectra (XPS) show the B 1s
signal at around 191.0 eV, which confirms that the CPBA is
loaded onto the framework (Fig. S51). For practical appli-
cations, stability is an important indicator for evaluating the
properties of probe materials. The PXRD patterns show that
both the position and relative strength of the major diffraction
peaks of PBA-Inl are consistent with the In1-NH, pattern
(Fig. 2a), confirming that the skeleton structure of In1-NH, is
not damaged after the PSM process of CPBA. TGA analysis
shows that the decomposition temperature of PBA-In1 compo-
site is close to that of In1-NH,. The PBA-In1 remains stable
until around 485 °C (Fig. 2d).

Fig. S67 reveals the ultraviolet-visible absorption spectra of
In1-NH, and the PBA-In1 composite; the location of the
absorption peak of PBA-In1 shows a slight red shift and the
absorption peak intensity increases owing to the improvement
of conjugation degree. Compared with In1-NH,, the fluo-
rescence intensity of the PBA-In1 composite is weaker (lex =
350 nm) (Fig. 2c). Because the negative inductive effect of the
carbonyl eliminated the partial positive conjugative effect of
the amino group, part of the fluorescence signal of the
chromophore of benzene was quenched and the fluorescence
intensity of PBA-In1 decreased. The fluorescence quantum
yield of PBA-In1 is 0.016 measured at 350 nm. Since water is
an important and indispensable substance in the human
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https://doi.org/10.1039/d1dt00889g

Published on 11 May 2021. Downloaded on 8/12/2021 1:37:42 AM.

Dalton Transactions

body, accounting for almost 70% of it, the fluorescence stabi-
lity of PBA-In1 in water is a concern for practical application
requirements. After one week of immersion in water for
PBA-In1, its fluorescence emission spectrum was measured
again. The results show that the fluorescence intensity is
hardly changed, indicating the good fluorescence stability of
PBA-In1 in water (Fig. S71). Acid-base stability tests of PBA-In1
were also performed and the PXRD patterns were recorded
(Fig. S87). The PXRD patterns at different pH values match pre-
cisely, indicating the good stability of PBA-In1.

The morphological characteristics of the obtained samples
were further revealed by scanning electron microscopy (SEM).
In1-NH, exhibits a cuboid crystal morphology and, after the
PSM process, PBA-In1 shows similar cuboid morphology and
crystal size, as shown in Fig. 3a-c. The EDS mapping images
of PBA-In1 show that each element is homogeneously distribu-
ted throughout the 3D framework (Fig. 3e-i). The uniform dis-
tribution of B element also indicates that CPBA is successfully
bound to In1-NH, through the PSM process.

Detection of heavy metal ions

Heavy metal ions are a main factor in water pollution and
seriously affect the environment and human health.
Considering its unique structure and excellent fluorescence
characteristics, In1-NH, was tested for detection of heavy
metal ions in water. To explore the sensing ability and selecti-
vity for heavy metal ions, the detection potential of In1-NH,
for different metal cations was studied. MCI, (1 mM, M = Zn*",
Ca*, cd*, K, Ba®", Mg*", Na’, Mn”", Ni**, Fe’", Cu*" and
Pb>") was immersed in 2 mL of uniformly ground In1-NH, sus-
pension for subsequent fluorescence measurements (Fig. 4a).
In view of the prominent quenching effects of Fe**, Cu®* and
Pb>', In1-NH, is feasible as a fluorescent probe for heavy
metal ions as well as for water quality detection (Fig. 4b). The

<—10pm

Fig. 3 SEM images of In1-NH, (a and b) and PBA-Inl (c and d); EDS
mapping images of PBA-Inl (e—i).
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Fig. 4 (a) Fluorescence emission spectra of probe In1-NH, in aqueous
suspension with different metal ions; (b) fluorescence response histo-
gram of In1-NH, suspension towards the relevant species; (c) the
corresponding fluorescence images under 365 nm UV light.

quenching effect shows a short response time: within 10 s. To
further investigate the possibility of In1-NH, as a fluorescent
sensor for Fe**, Cu®" and Pb** detection, corresponding metal
ion aqueous solutions with different concentrations
(0-0.5 mM) were added to a 2 mL In1-NH, uniform suspension
and the results are displayed in Fig. 5.

With the increase of the concentration of heavy metal ions,
the fluorescence emission at 350 nm excitation decreased
gradually. Upon the gradual addition of Fe’" to the In1-NH,
suspension, the fluorescence emission peak shows a slight red
shift. The fluorescence calibration curves can be estimated by
the Stern-Volmer (SV) equation: Iy/I = 1 + Kgy[C]. Notably, both
Fe®" and Cu®" exhibit outstanding linear correlation within a
broad range of 0.01-0.5 mM, while Pb>" only shows a good
linear relationship under a narrow concentration range from
0.01 to 0.06 mM. In addition, the LODs based on the standard
equation 3¢/K were calculated to be 0.11 uM for Fe*", 0.14 pM
for Cu®* and 1.15 uM for Pb*>" (where K represents the slope of
the calibration curve, 3 is the factor at the 99% confidence
level and o represents the standard deviation of replicated
blank measurements) (Table S3t). The results were compar-
able with previously reported research using various detection
procedures and demonstrated the feasibility of In1-NH, for
heavy metal ion detection (Table S5%). To utilize In1-NH, prac-
tically, competitive experiments were carried out to evaluate its
anti-interference ability. Different metal cations (1 mM) were
added to the detection systems of Fe’*, Cu®" and Pb**
(0.5 mM) and the results are shown in Fig. S9.1 It is obvious
that In1-NH, shows excellent recognition ability and may be
used in actual applications.

Detection of CIO™

ClO™ is a type of active chlorine commonly used for disinfec-
tion and sterilization in water treatment. However, excessive
residual ClO™ in water poses a serious threat to human health.

Dalton Trans., 2021, 50, 7554-7562 | 7557
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Fig. 5 (a) Emission spectra of In1-NH, with different concentrations of
Fe**; (b) the linear relationship between lo// — 1 and Fe** concentration
in the range of 0—0.5 mM; (c) emission spectra of In1-NH;, with different
concentrations of Cu®*; (d) the linear relationship between lo// — 1 and
Cu?* concentration in the range of 0-0.5 mM; (e) emission spectra of
In1-NH, with different concentrations of Pb?*; (f) the relationship
between I/l — 1 and Pb2* concentration (inset is the calibration curve
for Pb?* detection from 0 to 0.06 mM).

It is extremely important to develop a reliable low-cost probe
for monitoring residual ClO™ in water sources. Considering
that the amino groups of In1-NH, can act as hydrogen bond
donors, possible hydrogen bonding may endow In1-NH, with
the ability to detect CIO™ in water. As expected, the fluo-
rescence intensity of In1-NH, was significantly quenched after
the introduction of CIO™. The response time of In1-NH, to
ClO™ was studied first. As shown in Fig. S10,7 the fluorescence
was quenched absolutely within one minute, so one minute
was chosen for subsequent experiments. The fluorescence
intensity of In1-NH,, was recorded with the ClIO™ concentration
ranging from 0 to 0.32 mM. As illustrated in Fig. 6a, with the
increasing concentration of ClO™, the fluorescence intensity of
In1-NH, gradually decreased. The fluorescence intensity shows
an excellent linear relationship with the concentration of C1O™
from 0 to 0.064 mM (Fig. 6b). The Stern-Volmer (SV) equation
was expressed as I = 7.4305C + 0.0214 with a correlation coeffi-
cient (R*) of 0.9921. On the basis of 30/K, the LOD was calcu-
lated to be 0.64 pM. Compared with other reported sensors of
ClO7, In1-NH, exhibits good sensitivity, LOD and response
time (Table S67).

Usually, the water environment is sophisticated and varied.
Therefore, the selectivity of In1-NH, towards CIO™ was further
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Fig. 6 (a) Emission spectra of probe In1-NH, with different concen-
trations of ClO~; (b) the relationship between Ip/I — 1 and ClO™ concen-
trations (inset is the calibration curve for ClO~ detection from 0 to
0.064 mM); (c) the anti-interference ability of probe In1-NH, towards
various interferents.

tested. Different competitive anions (1 mM, including C,0,>",
CH;COO™, Br~, CI7, F~, I, ClO,”, NO;~, SO;>” and SO,>")
were introduced into In1-NH, aqueous suspensions, followed
by the addition of CIO™ solution (0.32 mM). As expected, the
fluorescence of In1-NH, could not be quenched by these com-
petitive anions (Fig. S117), but with the introduction of ClO™,
the fluorescence emission was almost quenched completely,
except for with SO,>~ and I” (Fig. 6¢). That is due to the reduci-
bility of S0,>~ and I, which cannot coexist with ClO™. In
general, all the results demonstrate the high selectivity of In1-
NH, towards ClIO™.

Detection of H,O,

H,0,, as a versatile biomarker, has crucial effects which can
reflect human health and its detection is of high significance.
In view of the characteristic nucleophilic reaction between the
boronic acid group and H,0,, the fluorescence spectra of
PBA-In1 in HEPES solution were recorded before and after the
addition of H,0,. As shown in Fig. S12,} the response time of
PBA-In1 in the presence of H,0, was tested first. 25 pM of
H,0, was added into the PBA-Inl suspension and a time-
dependent fluorescence measurement was conducted every
5 minutes. After 30 minutes of reaction, the fluorescence
response of PBA-In1 changed slowly and came to saturation.
Therefore, 30 minutes was chosen as the optimal response
time between H,0, and PBA-In1 in subsequent experiments.
To further investigate the sensitivity of PBA-In1 as a fluo-
rescent sensor for H,O, detection, different concentrations of
H,O0, from 0 to 80 pM were added to the uniform PBA-In1 sus-
pension and the corresponding fluorescence spectra were
recorded 30 minutes later. As shown in Fig. 7a, the emission
intensity of PBA-In1 at 429 nm increases asymptotically with
the gradual increase of H,0, concentration upon 350 nm exci-

This journal is © The Royal Society of Chemistry 2021
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Fig. 7 (a) Emission spectra of probe PBA-In1 with different H,O, con-
centrations; (b) the linear relationship between l;,9 and H,O, concen-
tration in the range of 0-80 uM; (c) the selectivity of probe PBA-Inl1
against the relevant species; (d) the anti-interference ability of probe
PBA-In1 against the relevant species.

tation. In addition, a good linear relationship was observed
between the fluorescence intensity and the H,O, concen-
trations in the range of 0-25 pM (Fig. 7b). The calibration
curve can be fitted to I = 0.0145C + 1.0387, where the corre-
lation coefficient (R?) is 0.9926 and K is estimated at 1.45 x 10*
M. The LOD is 0.42 pM based on the standard relation 36/K
(Table S4f) and is superior to previously reported H,O,
sensing materials wusing various detection procedures
(Table S7t). The fluorescence test confirmed the possibility of
detecting H,0, concentration with PBA-In1.

To explore the specific fluorescence response of the sensor
to H,0,, the interference of other substances with the fluo-
rescence performance of PBA-Inl should be considered.
Therefore, the fluorescence response of PBA-Inl to various
interferents (including "OH, '0,, 0,””, ROO" and NO°) was
investigated under the same conditions as those of H,0,
detection (Fig. S137). As expected, the fluorescence of PBA-In1
was greatly enhanced only in the presence of H,0,. In contrast,
the fluorescence intensity does not change significantly after
the addition of other competitive components due to the
unique nucleophilic interaction between H,0, and the boronic
acid group (Fig. 7c). Usually, since some co-existing substances
may disturb the detection of H,0,, it is necessary to effectively
identify the target analyte in the presence of other co-existing
analytes. By adding different competitive analytes into the
PBA-In1 suspension treated with H,0,, anti-interference
experiments were carried out to investigate the H,0O, detection
practicality of PBA-In1. As shown in Fig. 7d, the fluorescence
enhancement of PBA-In1 caused by H,0, was not influenced
by other components, illustrating the high selectivity and good
anti-interference ability of PBA-In1 for the detection of H,0,.
Despite other fluorescent H,O, detection materials having
been reported, they are still subject to some potential restric-
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tions, such as some probes with enzymes that usually need
harsh reaction conditions.®”®" The sulfonic ester hydrolysis
reaction for H,O, detection may lack specificity and the syn-
thesis of some organic fluorescent H,O, probes may be
complicated.®”®® In comparison, PBA-In1 can avoid these
limitations and has a promising prospect.

Sensing mechanism

To determine a plausible sensing mechanism for In1-NH,
with heavy metal ions (Fe**, Cu®* and Pb**) and ClO~, systema-
tic research was conducted. As shown in Fig. S14,1 the main
diffraction peaks of In1-NH, remain stable after the detection
of heavy metal ions and ClO~, which demonstrates that the
observed fluorescence quenching is not caused by framework
collapse. Subsequently, the competitive adsorption mecha-
nism was investigated. The excitation band of In1-NH, shows a
significant overlap with the ultraviolet absorption bands of
Fe** and ClO™ in the range of 250-400 nm, which indicates the
existence of competitive adsorption. Also, part of the excitation
energy is absorbed by Fe®* and ClO™, resulting in a fluo-
rescence quenching effect. For Cu®>" and Pb*", no competitive
adsorption contributes to the fluorescence response
(Fig. S157). The response time for heavy metal ions is extre-
mely short (within 10 s), excluding the possibility of ion
exchange.

In addition, for heavy metal ion detection, host-guest inter-
action may be the main reason for the fluorescence quenching
phenomenon. The ligand of In1-NH, may act as the electron
donor, while Fe**, Cu®>" and Pb*', with unsaturated electron
configurations, can behave as ideal electron acceptors. When
the heavy metal ions coordinate with the amino groups of In1-
NH,, the excited state electrons of the conduction band of In1-
NH, can easily transfer to the unfilled 3d orbitals of Fe*" and
Cu”" and 6p orbitals of Pb*>". Thus, electron transfer may be a
reasonable explanation for the fluorescence quenching of Ini-
NH,. The above conjecture is confirmed by the XPS in Fig. 8.
The N 1s spectrum of In1-NH, can be decomposed into two
peaks at the binding energies of 399.6 eV and 399.0 eV which
are attributed to the nitrogen in C-N- and -NH,, respectively.
After the detection of Fe**, Cu®" and Pb*", significant shifts of
the two fitted peaks were observed and are ascribed to the che-
lation between the heavy metal ions and the amino groups.
After the detection of Fe**, Cu®>* and Pb>’, the zeta potential
values of In1-NH, increased from —10.79 mV to 35.34 mV,
0.07 mV and 0.45 mV, respectively, indicating electrostatic
interaction between In1-NH, and the heavy metal ions, which
may cause electron transfer. Fluorescence lifetime decay
experiments were performed in the absence and presence of
heavy metal ions and the data were fitted by a two exponential
decay function. The fluorescence lifetime of the original In1-
NH, suspension is 22.44 ps which decreases to 17.74 ps,
15.33 ps and 16.39 ps with the addition of Fe*", Cu®*" and Pb*",
respectively, indicating that the fluorescence quenching effect
involves the dynamic quenching mechanism (Fig. S167).
However, the change in the fluorescence lifetime is not
obvious, confirming that static quenching is dominant. The
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Fig. 8 (a) XPS spectra of In1-NH, before and after detection; (b) the N
1s spectra of In1-NHjy; (c) the N 1s spectra of In1-NH; after the detection
of Fe**; (d) the N 1s spectra of In1-NH, after the detection of Cu*; (e)
the N 1s spectra of In1-NH, after the detection of Pb%*; (f) the N 1s
spectra of In1-NH, after the detection of ClO™.

mechanism of fluorescence quenching is mainly a combi-
nation of dynamic and static quenching. In conclusion, the
fluorescence quenching mechanisms for heavy metal ions
might be attributed to the synergistic reaction of competitive
absorption and electron transfer.

To investigate the mechanism of ClO™ detection, further
tests were conducted. It is well known that the amino group
can serve as a binding site for ions.®* Considering the active
amino groups of In1-NH,, there might be hydrogen bond
interactions between In1-NH, and ClO~. The suitable pore
structure and excellent porosity of In1-NH, can also pre-con-
centrate analytes to achieve efficient fluorescence detection.
The CIO™ ions are absorbed on the surface of In1-NH, or into
In1-NH, through the channels of the framework, shortening
the distance between the amino group and ClO™ and forming
the N-H---O-Cl hydrogen bond. As verified in Fig. 8f, the N 1s
binding energy of In1-NH, increased after the detection of
ClO™. The hydrogen bond can act as a bridge for electron
exchange and promote the energy transfer between In1-NH,
and CIO™ which triggers the fluorescence quenching phenom-
enon. The fluorescent lifetime of the original In1-NH, suspen-
sion decayed from 22.44 ps to 16.42 ps, also demonstrating the
existence of a dynamic quenching mechanism (Fig. S167). The
inconspicuous change in fluorescence lifetime indicates the
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Scheme 2 Mechanism for the fluorescence behavior of PBA-Inl in the
presence of H,O,.

dominance of static quenching, though the quenching effect
of In1-NH, with ClO™ involves both static and dynamic
quenching.

The mechanism of detecting H,O, with PBA-Inl was
explored. First, after grafting the 4-carboxyl phenylboronic acid
to In1-NH,, the negative inductive effect of the carbonyl elimi-
nated part of the positive conjugative effect of the amino, thus
partially quenching the fluorescence of In1-NH,. With the
addition of H,0,, the fluorescence intensity of PBA-Inl
showed an obvious increase. H,0, is a good nucleophile due
to the a-effect of the adjacent non-bonding orbitals on its
oxygen atoms.®®® As an electron-deficient group, the boronic
acid group can react with H,O, and then undergo chemo-
selective oxidative cleavage to generate an electron-rich phenol
group (mechanism shown in Scheme 2). Hence, the fluo-
rescence was enhanced, showing a strong emission signal. It is
worth mentioning that the PXRD of PBA-In1 did not signifi-
cantly change after the detection of H,0, (Fig. S171), which
demonstrates that the structural integrity of the employed
MOF was not damaged after the reaction with H,O,. The result
can also be confirmed by the FTIR analysis: the B-O bond of
PBA-In1 disappeared at 1325 cm™" and, at the same time, the
peaks of the phenol hydroxyl group at 3443 cm™' and
1204 c¢cm™' were observed after the reaction with H,O,
(Fig. S41). FTIR results provide direct support for the trans-
formation from boronic acid groups to hydroxyl groups.
Further, the XPS spectra clearly indicate the mechanism,
showing a decrease of the B element in PBA-In1 (Fig. S57).
Taking into account the detection mechanism of PBA-In1 for
hydrogen peroxide, fluorescent probes were prepared through
mixed functionalization strategies and are expected to be an
effective means to monitor the formation of metabolites
during human metabolism. For example, hydrogen peroxide
can be produced in the process of electron transport in the res-
piratory chain in humans; glucose also produces hydrogen per-
oxide under the action of glucose oxidase.

Conclusions

In summary, we successfully designed a mixed-functionali-
zation strategy on In-MOF for water quality monitoring and
biomarker detection. Based on the specific fluorescence
quenching response of In1-NH, to heavy metal ions and CIO™,
rapid quantitative fluorescence detection of heavy metal ions
(the LOD is 0.11 uM for Fe’*, 0.14 uM for Cu>*, 1.15 uM for
Pb>*) and ClO™ (LOD is 0.64 uM) in aqueous solution is rea-

This journal is © The Royal Society of Chemistry 2021


https://doi.org/10.1039/d1dt00889g

Published on 11 May 2021. Downloaded on 8/12/2021 1:37:42 AM.

Dalton Transactions

lized. Furthermore, In1-NH, was functionalized with phenyl-
boronic acid via a PSM strategy to realize the detection of
H,0,. On account of the nucleophilic reaction between H,O,
and the boronic acid group, PBA-In1 shows excellent fluo-
rescence turn-on behavior to H,0,. The probe exhibits good
sensitivity to H,O, in HEPES buffer with a LOD of 0.42 pM.
The presented strategy is feasible, simple and superior in
selectivity and sensitivity. Therefore, In1-NH, and PBA-Inl
show great prospects for applications in multi-functional
detection and analysis.
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