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Introduction

A selective detection of hanomolar-range noxious
anions in water by a luminescent metal—organic
frameworkf

2 Sourav Sarkar,” Prakash Majee, (22 Debal Kanti Singha, (2 2°
*® and Sudip Kumar Mondal (2 *?

Pooja Daga,
Sayani Hui,® Partha Mahata

A new metal-organic framework (MOF) showed excellent recognition ability toward five toxic oxo-
anions, namely arsenate (HAsO,27), phosphate (PO4*7), permanganate (MnQ,4~), chromate (CrO,427), and
dichromate (Cr,0,27) in aqueous medium upon irradiation with UV light. The MOF [Y(tp)(ox)o 5(H>0)l-
H,O, 1 and a 20% Tb-doped MOF [YqgTbg(tp)(0x)os(H20)2]-H,O, 1la were synthesized by the self-
assembly of Y(un)/Tb(in), terephthalic acid (H,tp), and oxalic acid (H,ox) under hydrothermal conditions.
The crystal structure of 1 demonstrated three-dimensional structures with water occupying a one-
dimensional channel. Upon UV light exposure, an aqueous suspension of la exhibited strong green
luminescence. This luminescence showed a colour change when water was contaminated by the said
anions. Several other interfering anions were also tested to establish its selectivity as a chemosensor
toward the aforementioned anions. The estimated limit of detection (LOD) of 1a for these anions was
417, 335, 19.6, 40.8, and 43.9 nM for HAsO,?", PO,*", MnO,~, CrO,*", and Cr,O;%", respectively,
which were significantly lower than the levels recommended for these anions in the aqueous
environment. The root of the luminescence quenching of l1la in the presence of such a low
concentration of aforementioned anions was due to the interruption of the sensitization process of the
Tb centre. Anions HAsO4%~, PO43~, and MnO,~ entered the channel of MOF and interacted with Y3*/
Tb** centres at the molecular-level, which hampered the energy flow from the ligand to the metal
centre through a weakening of Tb—O bonds of carboxylates, resulting in a quenching of the Tb centre
emission with a concomitant enhancement of the ligand centre emission. Additionally, in the case of the
MnQO,4 ion, an inner filter effect also contributed to the quenching of the Tb centre emission, but to a smal-
ler extent. For CrO4%~ and Cr,O5>~ anions, the inner filter effect is the key mechanism for the luminescence
intensity reduction. Besides, these analytes could also reduce the energy flow from the ligand to the lantha-
nide ion, which led to the luminescence quenching.

carcinogenic metalloids, is naturally present as arsenate at a very
high concentration in groundwater in different regions of the

Anions play crucial roles in chemical, biological, medicinal,
catalytic, industrial, and environmental processes.” Importantly,
the presence of some particular toxic anions, namely HAsO,>",
PO,*",MnO, ", CrO,*", and Cr,0,>", in water is becoming one of
the foremost critical problems for public health as well as for
environmental sustainability. Arsenic, one of the most toxic and
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world.> Some natural sources and industrial processes, such as
mining, smelting, and coal-fired power plants, contribute to the
presence of arsenic in air, water, and soil.** Arsenate interrupts
the Kreb cycle by affecting the conversion of ATP to ADP through
permanent replacement of phosphate groups.® Arsenic can easily
accumulate in the human body through drinking water and
contaminated food,® which are among the biggest threats to
human health. Arsenic-contaminated water can induce numer-
ous health problems, such as cancers of the skin, liver, lung, and
bladder, cardiovascular disease, gastrointestinal disease, diabetes,
dermal toxicity, and neurodegenerative disorders.”® The
maximum contaminant limit for arsenic in drinking water is
10 ppb as recommended by the World Health Organization
(WHO) and U.S. Environment Protection Agency (USEPA).’
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Phosphates are important constituents in the human body,
being a part of DNA materials and also living systems.'
Phosphates also help in many biological systems, such as in
signal transduction and energy storage,'* and the determination
of its concentration in body fluids can aid recognizing several
diseases, including hyperparathyroidism and Fanconi
syndrome.'? Phosphates are considered to be among the main
component of biomolecules.'® Phosphates are widely distributed
in the industrial and agricultural fields, such as food and
beverage additives, synthetic fertilizers, animal feed, and domestic
detergents. The recommended phosphate intake is 800 mg day .
Too much phosphate can cause severe health problems, such as
kidney damage and osteoporosis, whereas phosphate shortage
can be caused by the extensive use of medicine. The source of
phosphates in the environment is mainly from industrial pro-
cesses, and domestic and agricultural wastewater, where they act
as a pollutant that can cause water eutrophication, which leads to
the accumulation of excessive pollution in aquatic ecosystems,
such as the depletion of dissolved oxygen, excessive algal growth
accompanied by red tide, and a decrease in water quality.’>*

Other anion pollutants, namely MnO, , CrO,*”, and
Cr,0,%7, can serve as strong oxidizing agents in both industrial
and laboratory processes.'* Excess MnO,~ ions can cause a
hazardous effect on human health, such as gastrointestinal
disorders, liver and kidney damage, and deformity."” If a large
amount of MnO, " is swallowed in water, it can cause skin
irritation and has adverse effects on the respiratory tract.'®
Dichromate (Cr,0,”>") and chromate (CrO,>") have been widely
used in various industrial processes; for example, electro-
plating, paint, leather tanning, pigment production, wood
preservation, pesticides, and metallurgy.’” Being carcinogenic,
it is very harmful to human health and the environment.'® An
excess ingestion of Cr,0,”~ and CrO,>~ may lead to skin allergy
and ulcers, renal failure, cancer, deformity, and gene
mutation.'®?° Given this concern, for the sake of human health
and environmental protection, it is highly desired to detect
these undesirable mutagenic anions by developing suitable and
efficient sensor materials.

In recent times, the luminescence-based detection method
has demonstrated appreciable advantages, such as a rapid
response time, high sensitivity, selectivity, reversibility, and
easy manipulation, over other technology-based methods.*"*>
In the currently reported literature, various materials, such as
quantum dots, nanomaterials, conjugated polymers, and
organic molecules, have been developed for sensing these toxic
anions.**® However, all these materials have some limita-
tions, such as poor stability, complicated synthesis procedure,
easy interference from other analytes, environmental toxicity,
and lack of control over the molecular organisation.>” Nowa-
days, metal-organic frameworks (MOFs) stand out as a unique
type of sensor among other modern luminescent sensors.
MOFs are rapidly becoming attractive to researchers due to
their crystalline nature, well-defined designable structure, unusual
flexibility, and mild synthetic condition,”®*° and also have
incredible potential applications in gas storage, separation,®
catalysis,*” ion-exchange, and sensing,***> among others. Some
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factors, including the variable oxidation state, formal charges,
coordination environment around the metal ions, and different
binding modes of organic ligands, respond to the structural
identity of MOFs.*** This versatile behaviour of MOFs can be
utilized in a detection mechanism even at the molecular-level.
MOFs can selectively recognize small molecules and can also
interact with them via coordinate bonds, hydrogen bonds, n-n
interactions, and by electron-transfer and energy-transfer
processes.>®

In particular, lanthanide MOFs (Ln MOFs) are highly desired
luminescent materials, because they possess amazing features
such as a high coordination number, flexible structure, large
Stoke’s shift, sharp emission peaks, long-lived emission, and
high quantum yield,*” that show luminescent properties via the
antenna effect, where they have an aromatic ligand response as
sensitizers.'® In this process after excitation, the organic
ligands go to the excited state, from which a part of the energy
is transferred to the metal centre, resulting in a metal-centred
luminescence. Detection of these anions has already been
attempted by a number of pure lanthanide-based MOFs,*3°
but the detection of these anions by the naked eye with superior
sensitivity has not yet been explored as the pure lanthanide-
based MOFs undergo a self-quenching phenomenon.*°™*? Mini-
mization of this self-quenching can be performed by ensuring
the separation between two adjacent emissive lanthanide cen-
tres and this can be done by using a very little amount of
emissive lanthanide centres.*""*>** Moreover, Ln MOFs that are
doped with
interest.*’

Considering the previous literature reports, Yan et al
reported a luminescent MOF for the detection of MnO, ,
CrO4>", and Cr,0,>~ by a luminescence quenching effect.*®
Liu’s group reported a lanthanide-based MOF that could selec-
tively and sensitively detect PO, and AsO,*” ions in an
aqueous solution.*” Zou and co-workers synthesized two
lanthanide-based MOFs for the recognition of CrO,*” and
Cr,0,>" anions through luminescence quenching.*® Morsali
et al. constructed a zinc-based MOF with potential ability for
the quantitative detection of MnO,~ and Cr,0,”  ions.*’ A
lanthanide coordination polymer based on metal-centred lumi-
nescence for sensing MnO, ions was reported by Yang et al.>°
Cheng and co-workers exploited a lanthanide MOF for sensing
PO,*” ions.?® To date, several MOFs have been reported for
separately sensing these toxic ions in an aqueous
phase,’®?%°17%% while a few MOFs for sensing MnO,~, CrO,>",
and Cr,0,>~ simultaneously have been reported,*® but no such
MOF has been reported that can detect all five pollutants in our
study (HAsO4>~, MnO, ", PO,*", Cr0,>”, Cr,0,>7) in aqueous
media simultaneously. Based on the above considerations, we
synthesized a 20% terbium-doped yttrium-based metal-organic
framework, [Y, gTbg »(tp)(0x)o.5(H20),]-H,O (1a) hydrothermally
using Y(ur), Th(m), terephthalic acid, and oxalic acid for the
selective detection of these noxious anions. The structure of
the pure Y compound (1) was determined using single-crystal
X-ray diffraction. The crystal structure of 1 showed a
three-dimensional (3D) structure with water occupying

inert lanthanides have attracted immense

© 2021 The Author(s). Published by the Royal Society of Chemistry
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one-dimensional (1D) channels. Compound 1a exhibited
intense green emission when excited at 280 nm and showed
significant luminescence quenching in the case of all these
detectable ions. Also, 1a could act as a phosphor material, in
which the MOF itself acts as the host lattice while the Tb(u) ion
and tp ligand behave as the activator and sensitizer, respectively.
The mechanism behind the high selectivity and sensitivity of 1a
toward these oxo-anions is explained in detail herein.

Experimental section
Materials

All the reagents employed were commercially available and
used as received without further purification. Y(NO;);-6H,0
(Sigma Aldrich, 99.9%), Tb(NO3);-xH,O (Alfa Aeser, 99.9%),
terephthalic acid (tp) (Merck, 98%), oxalic acid dihydrate (ox)
(Merck, 99%) and NaOH (Merck, 99%) were used for the
synthesis. Na,HAsO,-7H,O (Himedia, 98.5%), K;PO, (Sigma
Aldrich, 98%), KMnO, (Merck, 99%), K,CrO, (Merck, 99.5%),
K,Cr,0;, (Merck, 99.5%), Na,CO; (Merck, 99.5%), Nal (Merck,
99%), NaF (Merck, 97%), NaCl (Merck, 99%), NaBr (Merck,
99%), NaNO, (Merck, 99%), NaNO, (Merck, 99.5%), Na,SO,
(Merck, 99%) and CH3COONa.3H,0 (Merck, 99%) were used
for the detection experiments. Doubly distilled water was used
throughout the entire experiment.

Synthesis of [Y(tp)(0x) 5(H>0),]- H,O, 1. A mixture of Y(NO3);-
6H,0 (0.2 mmol, 0.0766 g), terephthalic acid (0.2 mmol, 0.0339 g),
oxalic acid dihydrate (0.25 mmol, 0.0318 g) and NaOH
(0.2 mmol,0.008 g) was dissolved in 10 mL of water and stirred
for 1 h to mix well. The resulting solution was placed in a 25 mL
Teflon-lined stainless steel vessel, kept under autogenous pres-
sure at 180 °C for 3 days, and then cooled to room temperature.
The initial pH value was 2 and after the reaction, the pH value had
changed to 5. Orange-coloured crystals suitable for X-ray diffrac-
tion were isolated, filtered and washed with distilled water.

Synthesis of [Y,sThg(tp)(0x)e5(H20),]- H,O, 1la. For the
synthesis of the terbium-doped yttrium-based metal-organic
framework, 1a, a similar procedure was applied. A mixture
of Y(NO;);-6H,0 (0.16 mmol, 0.0613 g), Tb(NO;);-xH,O
(0.04 mmol, 0.0345 g), terephthalic acid (0.2 mmol, 0.0339 g),
oxalic acid dihydrate (0.25 mmol, 0.0318 g), NaOH (0.2 mmol,
0.008 g) and H,O (10 mL) was used, stirred for 1 h and heated
under the same hydrothermal conditions.

Instrumentation

X-ray powder diffraction patterns were measured on a Bruker
D8 Advance X-ray diffractometer equipped with Cu Ko radiation
(% =1.5418 A) in the 26 range between 5°-50° at room temperature.
FTIR spectra for both compounds (1 and 1a) were recorded on a
Bruker ALPHA II spectrometer in an attenuated total reflec-
tance (ATR) mode in the spectral range 4000-600 cm .
Thermogravimetric analysis (TGA) was carried out using a
Perkin-Elmer Diamond instrument STA 6000 analyzer. The
experiments were performed in a nitrogen atmosphere (flow
rate = 20 mL min~ ') at a heating rate of 20 °C per minute, in the
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temperature range of 45 °C to 900 °C. Field-emission scanning
electron microscopy (FE-SEM) and energy dispersive analysis of
X-rays (EDX) were carried out using a Zeiss GeminiSEM 450
field-emission scanning electron microscope, operating at an
accelerating voltage of 5 kV.

Single-crystal structure determination

A suitable single crystal was selected under a polarising micro-
scope and glued to thin glass fibre. Diffraction measurements
were carried out on a Bruker AXS smart Apex CCD diffract-
ometer with Mo Ko (/4 = 0.71073 A) radiation at room tempera-
ture. Data were collected with an o scan width of 0.3°. A total of
606 frames were collected in three different settings of ¢ (0°,
90°, 180°) keeping the sample-to-detector distance fixed at 6.03
cm and the detector position (26) fixed at —25°. The data were
reduced using SAINTPLUS>! and semi-empirical absorption
corrections were applied using SADABS.>® The structure was
solved by direct methods and refined using the SHELXS-97°°
program present in the WinGx suite of programs (Version
1.63.04a).”” All the hydrogen atoms of the carboxylic acids were
initially located in the difference Fourier maps and for the final
refinement, the hydrogen atoms were placed in geometrically
ideal positions and held in the riding mode. Final refinement
included the atomic positions for all the atoms, anisotropic
thermal parameters for all the non-hydrogen atoms, and iso-
tropic thermal parameters for all the hydrogen atoms. Full
matrix least-squares refinement against |F?| was performed
using the WinGx package of programs. A summary of the
crystallographic data and structure refinements is shown in
Table 1. Crystallographic data for 1 were deposited with the
Cambridge Crystallographic Data Centre, CCDC 2035451.7

Photoluminescence measurements

The photoluminescence spectra were recorded on a Hitachi
F-7100 spectrofluorometer using a xenon lamp as the excitation

Table 1 Crystal data and structure refinement parameters for
[Y(tp)(oX)o 5(H20)2]-H,O, 1

Empirical formula CoH,O0Y
Formula weight 345.03

Crystal system Monoclinic
Space group P2,/c(No. 14)
a(d) 8.2467(16)

b (A) 18.774(4)

c(A) 7.7968(16)

o (deg) 90

p (deg) 105.817(6)

7 (deg) 90

Volume (A%) 1161.4(4)

VA 4

T (K) 273(2)

Peale (g cm ™) 1.973

@ (mm™* 5.062

0 range (deg) 2.170 to 27.101
2 (Mo Ko) (A) 0.71073

R indices [I > 20(1)]
R indices (all data)

R; = 0.0555, WR, = 0.1449
R, = 0.0766, WR, = 0.1576

Ry = Z||Fo| — |Fe||/Z|Fol; WRy = {Z[W(Fo> — FAPYZ[w(F2) 2 w = 1/

[6%(Fo)* + (aP)* + bP], P = [max.(F,?,0) + 2(F.)*]/3, where a = 0.0756 and b =
3.2972.
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source. The suspension of 1a was prepared by immersing 5 mg
of powdered sample in 5 mL of water, and the mixture was then
ultrasonicated for 45 min. The excitation and emission slit
width was set at 5 nm. The photomultiplier voltage used was
700 V. The cut-off filter was set at 420 nm to exclude the ligand
centre luminescence. For the luminescence measurements,
50 pL of stock solution was used in 2 mL of water in a quartz
cuvette. The solutions of anions (5 x 10~% M) were prepared in
water for the sensing experiments. A Shimadzu UV 3101PC
spectrophotometer was used to record the UV-Visible spectra.
The entire experiment was conducted at room temperature.

Luminescence lifetime measurements

Time-correlated single-photon counting (TCSPC) measure-
ments were carried out at room temperature on a HORIBA
Jobin Yvon instrument using a nanosecond pulse lamp as the
excitation source and utilizing a Hamamatsu MCP photo-
multiplier (R3809) detector. The excitation wavelength was
selected at 280 nm and the emission decay curve was mon-
itored at 420 nm. All the decays were de-convoluted and fitted
with a double-exponential function using Igor software.

Quantum yield measurements

Luminescence quantum yields (QYs) were calculated using the
following equation:>®

i Fifé”liz
d’f T Is 2
Fsfing

o 1)

where ¢} and ¢f are the luminescence QYs of the sample and
that of the standard respectively; F* are the integrated inten-
sities (areas) of the sample and standard spectra respectively; f;
and f; are the absorbance factors of the standard and sample
respectively; and n; and ng are the refractive indices of the
sample and reference solution, respectively. Pyrene (47 = 0.3 in
heptane) was taken as the standard sample to calculate the QY
of 1a.>°

Result and discussion
Crystal structure

The asymmetric unit of 1 consists of one Y** ion, one ter-
ephthalate ion (tp), half oxalate ion, two coordinated water
molecules and one extra framework water molecule (see ESL
Fig. S1). Here, Y°" is eight coordinated by four carboxylate
oxygen atoms of terephthalate ions, two oxygen atoms of
oxalates and two water molecules. Each oxalate ion connects
two Y*" ions in a p,-bridging mode and each terephthalate ion
uses the py-n':m'n'm’ bridging mode to connect four Y** ions
in compound 1 (see ESL, T Fig. S2). The Y-O bonds have average
distances of 2.37 A and the O-Y-O bond angles are in the range
of 66.96 (13)°-147.46(16)°. The selected bond distances and
bond angles are listed in Tables S1 and S2 (ESIf).

The Y*" ions are connected by the carboxylates of terephtha-
lates and oxalates to form a two-dimensional (2D) structure
in the ac plane (Fig. 1a). The 2D structure can be simplified
based on network topology. Here the Y** ions act as T-shaped

988 | Mater. Adv, 2021, 2, 985-995
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Fig. 1 (a) The 2D structure of [Y(tp)(ox)g5(H20),]-H,0,1, formed by the
connectivity of Y** ions and carboxylates of terephthalates and oxalates,
(b) the 2D brick-wall topology based on three-connected Y** nodes.

three-connected nodes and the connectivity among the Y** ions
resembles brick-wall topologies with a 6° Schlifli symbol
(Fig. 1b). The 2D structures are further connected by the
terephthalates to form 3D structures with 1D water occupying
the channels (Fig. 2).

Characterization and thermal stability

The selected X-ray diffraction patterns for both 1 and 1a are
shown in Fig. S3 (ESIt). To confirm the phase purity, the X-ray
patterns were compared with the simulated XRD pattern
generated based on the structure determined using single-
crystal XRD. The experimental patterns were in good agreement
with the simulated one. The FTIR spectra of 1 and 1a are shown
in Fig. S4 and S5 (ESIf), respectively. The thermal stability of
both compounds was investigated and a weight loss was found
with the increase in temperature. Fig. S6 (ESIT) outlines the
TGA plot for 1. The curve indicates that the first weight loss of
6% took place up to a temperature of 180 °C. The calculated
weight loss of 5.2% was well consistent with the experimental
result and was due to the loss of one guest aqua molecule. The
second step involved a total weight loss of 17% (calculated
16%) up to a temperature of 230 °C and was due to the
elimination of the coordinated water molecule. In the last step,
above 427 °C, decomposition of the framework occurred.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 The connectivity of the 2D structures through terephthalates to
form a 3D structure of [Y(tp)(0ox)o 5(H20),]-H,0, 1. Note the presence of 1D
water occupying the channels along the ¢ axis. Hydrogen atoms of the
water molecules are not shown.

Similarly, the TGA plot of 1a revealed that the weight loss
occurred in three distinct steps (as shown in Fig. S7, ESIT).
The first weight loss of 5.1% (calculated 5.01%) up to 175 °C
could be attributed to the loss of one lattice water molecule.
The second step involved a total weight loss of 14% (calculated
15%) up to 225 °C, which could be related to the removal of two
coordinated water molecules. The weight loss above 445 °C may
be due to the disintegration of the framework. This result
proved that 1 and 1a were stable up to 427 °C and 445 °C,
respectively, suggesting their remarkable thermal stability. The
size and morphology of 1a were evaluated using field-emission
scanning electron microscopy (FE-SEM) of a well-ground pow-
dered sample (Fig. S8, ESIt). The EDX elemental mapping
analyses were carried out on a well-ground sample of 1a
comprising several crystals, which revealed the presence of Tb
and Y with a molar ratio of about 1:4 and the homogeneous
distribution of elements in 1a (Fig. S9, ESIt and Fig. 3).

Photoluminescence measurements

The photoluminescence spectra of 1a were studied at room
temperature using its suspension in water. The emission
spectra for both the ligand centre and metal centre were
recorded at an excitation wavelength of 280 nm (Fig. S10, ESIT).

Y Tb

Fig. 3 (a) SEM image in which elemental mapping is performed in 1a and
elemental mapping images, (b) C K, (c) O K, (d) Y L and (e) Tb L.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Sample 1a exhibited four Tb*'-centred emissions at around
490, 546, 583 and 621 nm, which are known to be due to °D, —
’Fg, °D, — Fs, °Dy — 'F, and D, — ’F; transitions, respec-
tively. Because of these four emission bands, the suspension
appeared bright green when irradiated with UV light. The
corresponding excitation spectra were also recorded by mon-
itoring the emission wavelengths at 546 nm. Sample 1a also
showed two emission bands around 340 and 420 nm due to
ligand centre transitions. In the absence of metal centre emis-
sions, these ligand-centred bands were responsible for the
bluish colour of the suspension under UV light. The bright
green metal centre emissions of 1a were used in this work for
recognizing five toxic oxo-anions in aqueous media.

Recognition of toxic oxo-anions

The photoluminescence-based titrations were performed with
the incremental addition of various anion solutions to an
aqueous suspension of 1a. The emission intensities of the
metal centre peaks were found to be quenched to a great extent
upon the cumulative addition (up to 100 uM) of the toxic oxo-
anions (HAsO,*>~, PO,*”, MnO, , CrO,>~ and Cr,0,>7). A
concomitant increase in the emission intensity of the ligand-
centred peaks was also observed for HAsO,””, PO, and
MnO,” anions, which was evident from Fig. 4(A), (B) and Fig.
S11 (ESIt), respectively, upon the gradual addition of HAsO,>",
PO,*” and MnO,~ anions (up to 100 uM) to 1a. Fig. S12 and S13
(ESIT) represent the luminescence spectra of 1a upon the
incremental addition of CrO,>~ and Cr,0,”" ions, respectively.
Here, in these cases, there was no significant change in the
ligand centre emission. The quenching efficiency (i) was calcu-
lated by monitoring the intensity at 546 nm using the familiar
equation: n = (1 — I/I;)) x 100%, where I, is the initial
luminescence intensity of the suspension of 1a and I is the
luminescence intensity after the addition of the analytes. The
calculated values of n were found to be 83.74%, 91.62%,
92.92%, 88.39% and 74.19% for HAsO,>”, PO,*”, MnO,,
CrO4>~ and Cr,0,”", respectively. The luminescence titration
experiments were also performed for several other anions,
namely CH;COO™, F~, Br, CO;*>", CI, I, SO,>7, NO,~ and
NO;, but the emission spectra showed no significant
responses (Fig. S14-S22, ESIt). These quenching behaviours
are represented in the bar diagram in Fig. S23 (ESIT) after the
addition of 100 uM of all the anions to the aqueous suspension
of 1a. The 3D bar diagram (Fig. 5) obtained by plotting [(I,/I) —
1] against the concentration of anions suggested that 1a can act
as a remarkable luminescent turn-off chemosensor for the
selective detection of these toxic anions in aqueous media.
The limit of detection (LOD) of 1a towards HAsO4>~, PO,
MnO, ", CrO,*~ and Cr,0,> were determined from the lumi-
nescence data in the ultra-low concentration range of these
anions (please see Fig. S24-5S28 and Table S3 in the ESIt for
details). The LOD values were calculated to be 41.7, 33.5, 19.6,
40.8 and 43.9 nM for HAsO,>”, PO,*~, MnO,”, CrO,>~ and
Cr,0,>", respectively. These values are much lower than the
standard limit of these anions in drinking water. The max-
imum permissible level of arsenic in drinking water is 10 ppb
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Fig. 4 (A) Emission spectra of 1a dispersed in agueous solution upon the

incremental addition of an aqueous solution of HASO42’ ions (ley =
280 nm). The final concentration of HAsO42’ ions in the medium is
indicated in the legend. (B) Emission spectra of 1a dispersed in an aqueous
solution upon the incremental addition of an aqueous solution of PO43’
ions (Aex = 280 nm). The final concentration of PO43’ ions in the medium is
indicated in the legend. The inset figure in both cases shows the colour
change of green emission of 1a after the incorporation of HAsO42~ and
PO, anions.

as suggested by the World Health Organization.’>®® The detec-
tion requirement of phosphate discharge criteria in the water
environment is reported to be 6.4-320 uM.®' The permissible
level of MnO,~ and CrO,>” in drinking water is 50 ug L™ " as
recommended by the US Environmental Protection Agency and
World Health Organization.*’

The quenching constant (Kgy) was obtained from the Stern—
Volmer (SV) equation, (y/I) = Ksy[M] + 1, where I, is the initial
luminescence intensity, I is the luminescence intensity after the
addition of analytes and [M] is the molar concentration of the
analytes. By plotting the luminescence intensity ratio (I,/1) vs.
the analyte concentration (up to 25 puM), Kgy values were
obtained from the linear fitting (Fig. S29, ESIt). The Ky (slope)
values were calculated to be 2.3 x 10% 3.4 x 10* 5.2 x 10%
5.8 x 10* and 4.2 x 10* M™' for HAsO,>", PO,*~, MnO, ",
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Fig. 5 Plot of [(/o/l) — 1] against the concentration of analytes for 1a after
the addition of 100 uM of these analytes.

CrO4>~ and Cr,0,”", respectively. Comparisons of the LOD
values and the Kgy values with the previously reported MOF-
based luminescence probe for these anions are given in Table 2,
and Tables S4 and S5 (ESIt). From these comparisons, we can
claim that 1a is one of the best chemosensors of the toxic oxo-
anions in terms of sensitivity.

However, for the real-world applications of 1a, it is highly
desirable to check the selectivity towards various toxic anions
over other competing anions as they may be present along with
these detectable Hence, we performed the
luminescence-based titration experiments with a suspension
of 1a in aqueous solution. To the suspension of 1a, an aqueous
solution of 12.5 uM of other anions, such as F~, I, Br, CO;*",
S0,%~, NO, ™, CI7, NO;~ and CH5COO™, were added one after
the other followed by the stepwise addition of 12.5 uM of the
targeted anions until it reached a total concentration of
100 uM. From Fig. S30 (ESIt), it was observed that the addition
of HAsO,”~ decreased the luminescence intensity remarkably
even in the presence of all the other interfering ions. Similarly,
selectivity experiments were repeated for PO,>”, MnO,” and
CrO4>~ using the aforementioned procedure (Fig. S31-S33,
ESIT). There was a minor change in the luminescence intensity
of the compound after adding other competing anions, but the
turn-off behaviour increased sharply with the gradual addition
of HAsO,>", PO,*", MnO, ", CrO,*~ and Cr,0,>  ions despite
other co-existing anion being present in the solution. This
showed that 1a possessed remarkable selectivity and sensitivity
towards these oxo-anions in water.

anions.

Chemical stability

It is always recommended to check the chemical stability of a
chemosensor in the presence of the target analytes. Consequently,
first, the powdered form of 1a was immersed in water for 24 h.
Then its PXRD patterns were measured, and remained well
consistent with the simulated one (Fig. S34, ESIt). Similarly, the
PXRD patterns were also taken for 1a immersed in an aqueous

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Comparison of the luminescence-based sensors for the detection of HAsO42~ and PO, anions
Sl no Luminescent sensor Anions detected Medium LOD Key M) Ref.
1. NH,-MIL-88(Fe) HAsO,” H,0 4.2 ppb NM 52
2. UiO-66-NH, PO~ HEPES buffer 1.25 uM NM 12
3. TbNTA-H,O PO’ H,0 NM NM 62
4. {[Eus(OH)4(TZI)3(DMA); 5(H,0);0.5]-DMA-0.5H,0}, HAsO,*~ H,0 NM 92249 47
5. {[Tbs(OH)e(TZI)3(DMA), 5(H,0)10.5]- DMA-0.5H,0}, HAsO,>~ H,0 NM 90485 47
6. {[Eus(OH)4(TZI)3(DMA); 5(H,0)10.5]-DMA-0.5H,0}, PO~ H,0 NM 55858 47
7. {[Tbs(OH)4(TZI)3(DMA); 5(H,0)10.5]- DMA-0.5H,0}, PO~ H,0 NM 96 067 47
8. [Pr(L10)(NO3)(H,0)5]n PO~ H,0 1.0 uM 4.48 x 10° 63
9. {[Eu, 5(BTB), 5(H,0)]3DMF}, PO~ H,0 10 pM 7.97 x 10° 64
10. {Eu,L;(DMF)}-2DMF PO~ HEPES buffer 6.62 pM 4.0 x 10° 61
11. [Yo.5Tbo 5(tp)(0X)o.5(H20),]-H,O HAsO,>~ H,0 41.7 nM 2.30 x 10* This work
12. [Yo.6Tbo.2(tp)(0X)o.5(H20),]- H,O PO, H,O 33.5 nM 3.4 x 10* This work
NM = not mentioned.
solution of HAsO,>~, PO,>~, MnO, ", CrO,>~ and Cr,0,>" anions
(Fig. S34, ESIt). The comparison showed that the PXRD patterns [
also maintained their integrity in the presence of these detectable ‘ HAsO4™
anions. These results confirmed the stability of the 3D framework — ngMM
of 1a in an aqueous medium and also after the detection __ 75 EM
: —— Prompt
experiments. __ Fitted line

Lifetime decay analysis

Fig. 6 interprets the luminescence lifetime decay curves of the
ligand-centred emission (Zem = 420 nm) of 1a along with the
biexponential fitted lines before and after the introduction of
75 uM of HAsO,>™ anions. The average lifetime of 1a was found
to be 2.40 ns in an aqueous suspension. After the addition of
75 UM of HAsO,>~ anions, the average lifetime was reduced to
1.20 ns (Table 3). However, the decay curves in the case of the
other anions did not show significant changes in lifetime
(Table 3), with the decay curves shown in Fig. S35-S38 (see
ESIt). For the anions MnO,~, CrO4>~ and Cr,0,>", no change
in lifetime was observed before and after their addition to 1a, as
could be expected in the case of an inner filter effect. However,
for HAsO,>~ and PO,>~, where there is no chance of an inner
filter effect, further investigation is required to confirm the
mechanism. Using the quantum yield data (Fig. S39, see ESIT),
we calculated the radiative (K;) and non-radiative (K, rate
constants of the excited ligand centre using eqn (2) and (3),
the values of which are also included in Table 3. This clearly
indicated the increase in the ratio of radiative rate constant
over non-radiative rate constants in the case of HAsO,> and

PO,’” and the opposite in the case of MnO,~, CrO,>~ and
Cr,0,>" ions.
K =/t @)
1
Kr + Knr = ; (3)

For HAsO,>~ and PO,*>”, the luminescence lifetime decays were
also measured for metal-centred emission, i.e. at e, = 546 nm
at an excitation wavelength of 280 nm. The decay time of 1a was
found to be 0.80 ms. However, after the addition of 100 uM of
HAsO,>~ and PO,>~ ions, the decay time was increased to 1.20
and 0.95 ms, respectively (Fig. 7). This increase in metal centre

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Luminescence lifetime decay profile and the corresponding fitted
line of 1a before and after the addition of HASO42’ anions. The final
concentration of HAsO42™ ions in the medium is indicated in the legend.
The instrument response function (prompt) is also shown. Here, ey =
280 nm and Jem = 420 nm (ligand centre emission) were set during the
experiment.

lifetime is indicative of the interruption of the sensitization
process, which may have resulted from the molecular-level
interaction between these anions and 1a. To confirm the
molecular-level interaction, we collected the FTIR data of 1a
in the presence and absence of HAsO,>~ and PO,* ions.

FTIR experiments

Fig. 8 shows the FTIR spectra of 1a with and without HAsO,>",
PO,’~,MnO, ", CrO,>~ and Cr,0,”~ anions. The peak at 1400 cm "
of 1a, which could be ascribed to the symmetric stretching
vibration of carboxylate group (O—C-O7), was shifted to
1372 and 1377 ecm™ ' in the presence of HAsO,>  and PO,*~
anions, respectively.">*®> The appearance of the band at
875 cm ™! corresponded to the As-O bond.®>®” The generation
of the broad peak in the range of 1200-900 cm ™' confirmed
the presence of a PO,>” anion in the 3D structure of the
framework.'” The shifts in the symmetric stretching vibration
frequencies indicated the weakening of the Y/Tb-carboxylate
bond, which was a consequence of the interaction between the
anions (HAsO,>~ and PO,*>~) and metal centre (Y/Tb) of 1a. In
the presence of MnO,~, CrO,”>~ and Cr,0O,”" anions, there was
no significant change in the FTIR spectra of 1a (Fig. 8).
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Table 3 The fluorescence lifetime of 1a before and after the addition of HAsO4%~, PO4*~, MnO,4~, CrO4~ and Cr,0O,%~ anions at Aey = 280 nm and lem =

420 nm
Anions K Knr
added Concentration (LM) a a, 7, (ns) 7, (ns) (1) (ns) ¢ (x 1077) (s (x1077) (s
HAsO4>~ 0 0.68 0.32 0.60 6.20 2.40 0.26 10.80 30.90
50 0.78 0.22 0.40 5.70 1.60 0.31 19.40 43.10
75 0.82 0.18 0.30 5.30 1.20 0.34 28.30 55.00
PO~ 0 0.68 0.32 0.60 6.20 2.40 0.26 10.80 30.90
50 0.70 0.30 0.60 6.20 2.30 0.34 14.80 28.70
MnO, 0 0.68 0.32 0.60 6.20 2.40 0.26 10.80 30.90
50 0.69 0.31 0.60 6.10 2.30 0.20 8.70 34.80
Cro,>~ 0 0.68 0.32 0.60 6.20 2.40 0.26 10.80 30.90
50 0.63 0.37 0.70 6.50 2.80 0.20 7.10 28.60
Cr,02~ 0 0.68 0.32 0.60 6.20 2.40 0.26 10.80 30.90
50 0.67 0.33 0.70 6.40 2.60 0.21 8.00 30.40
2:
(A) HAsO,
\ —0uM 9
50 pM ~
2 ——100 8
2|\ 00 M :
g \ fitted line £
(& \ £
g
\ & — 1a+HAsO%
A ~ ! — 1a+ PO
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—_—— \M .«f — 1a+CrO4%
e — M‘m / — 1a+ Cr2072'
/
0 1 2 3 4 5 T — T T
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Fig. 8 Change in the FTIR spectra of 1a in the presence of HAsO4>,
(B) p04"' PO,*~, MnO4~, CrO4%~ and Cr,O,%~ anions, where the encircled areas
denote the change in the FTIR spectra before and after the addition of
\ — 0 uM these anions.
50 uM
[7/]
c \‘ —100 uM
g \ fitted line excited state to the excited state of the Tb*" ion, ie. the
(&} \\ sensitization process. The Tb®" centre is transparent to the
UV light because of the spin forbidden nature of its electronic
'\k transitions. So, the quenching of the metal centre lumines-
“\‘ cence is indicative of the interruption of the sensitization
------ S b\-\ process, which may result due to several factors. First, from
NE 'Nmnm the chemical stability experiments, it can be concluded that the
0 ' 1 2 3 4 5 quenching did not arise from the destruction of the framework.
Time (ms) The second possibility is the absorption of excitation light by

Fig. 7 Luminescence lifetime decay profile and the corresponding fitted
line of 1a before and after the addition of (A) HAsO4*~ and (B) PO4*~
anions. The final concentration of HAsO42’ and PO43’ anions in the
medium are indicated in the legend. Here, dex = 280 nm and ey =
546 nm (metal centre emission) were set during the experiment.

Mechanism of luminescence quenching

The luminescence intensity of the Tb** centre of 1a depended
only on the efficiency of the energy flow from the ligand (tp)

992 | Mater. Adv, 2021, 2, 985-995

the added anions resulting in an inner filter effect. To under-
stand that, let us concentrate on the UV-Visible absorption
spectra of these anions (Fig. 9). At 280 nm (excitation wave-
length), CrO,*>~ and Cr,0,*> had considerable absorbance, so
one can argue about the inner filter effect of these two anions.
The absorbance value for MnO,~ ion was very much less at
280 nm. However, HAsO,>~ and PO,*>~ anions did not possess
any absorption band in the entire range of 200-700 nm, so the
absorption of excitation light should not be the cause of the
quenching in these two cases. Third, the HAsO,>~ and PO,*~

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 UV-Visible absorption spectra of HAsO42~, PO4>~, MnO,~, CrO42~
and Cr,0-%~ anions.

anions entered the channel of the MOF and interacted with Y>*/
Tb** ions via covalent or coordinate type bonds, which wea-
kened the Y/Tb-O bonds (Y/Tb-carboxylate). This implies that
the bonding of the tp ligands with the Th*" ions became weak
and the sensitization process was hampered. This was reflected
in the lifetime decay results and in the alteration of the values
of the radiative and non-radiative rate constants (Table 3). The
increase in the emission intensity of the ligand centre peak was
a consequence of the cut down of the sensitization process
(Fig. 4). The interactions between the anions and the MOF are
evident from the FTIR spectra (Fig. 8). So, in the case of
HAsO,>~ and PO,>” anions, there was a molecular-level attach-
ment of anions with 1a, resulting in the alteration of the energy
flow paths, which leads to a disruption of the sensitization
process, resulting in a huge quenching of the metal centre
luminescence. It is important to note that the SO,>~ anions did
not show a similar behaviour though structurally they are
related with the other two anions. This phenomenon can be
explained based on Pauling’s rules.®® Among the three anions
(HAsO,>~, PO,*", SO4>7), the charge on the central element is
highest for S (+6) in SO,>~, while it is +5 for the other two
anions (As and P). As a result, according to Pauling rule, SO4>~
has a lesser tendency to interact the metal ions (Y**/Tb**) than
the HAsO,>~ or PO,* anions. For CrO,>~ and Cr,0,>" anions,
there was a possibility of the inner filter effect as there was a
considerable absorption band at an excitation wavelength
(280 nm), but for MnO," ions, the absorption was much less
compared to CrO4>~ and Cr,0,>~ anions. So, the possibility of
an inner filter effect was a minor factor for the quenching of the
metal centre emission in the case of MnO, " ions, but it was a
major contributor in the case of CrO,>~ and Cr,0,>~ anions.
Thus, it can be observed from the increase in ligand centre
emission that MnO,  ions interrupted the ligand to metal
energy transfer prominently, resulting in the quenching of
the Tb centre emission (Fig. S11, ESIf). From Fig. S12 and
S13 (ESIY), it can be seen that there was no notable change in

© 2021 The Author(s). Published by the Royal Society of Chemistry
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the ligand centre emission for CrO,*>~ and Cr,0,°~ anions,
which indicated that interruption of ligand to metal energy
transfer was also taking place to some extent in addition to the
inner filter effect for these two anions. So, it may be stated that
these analytes can significantly absorb the excitation light,
ultimately reducing the energy flow from the ligand to the
lanthanide ion, which leads to the luminescence quenching.®®

Conclusion

We have demonstrated a terbium-doped metal-organic frame-
work, [Yo.sTbo.»(tp)(0x)o.5(H20),]-H,0, 1a, as a chemosensor of
five oxo-anions, namely HAsO,>~, PO,*”, MnO,, CrO,*~ and
Cr,0,°7, in an aqueous medium. Here, 1la was synthesized
hydrothermally and characterized by PXRD, TGA, FTIR, SEM,
EDX and elemental mapping analysis. It was found to be both
thermally and chemically stable. Its structure was confirmed
through a single-crystal X-ray diffraction experiment of pure
Y-based MOF (1). 1a exhibited bright green luminescence upon
UV light irradiation as a result of the efficient sensitization
process from the ligand (tp) to the terbium centre. The calcu-
lated detection limits of 1a for HAsO,>~, PO,*~, MnO,, CrO,>~
and Cr,0,%>” ions were found to be 41.7, 33.5, 19.6, 40.8 and
43.9 nM, respectively, which are much better than most of the
reported results and much lower than the permissible amount
in water as recommended by the WHO. The selectivity of 1a
towards these five anions was established in the presence of
other interfering anions. The experimental results from elec-
tronic absorption spectroscopy, luminescence lifetime decay
analysis and vibrational spectroscopy confirmed the lumines-
cence quenching mechanism of 1a in the presence of HAsO,>",
PO,*”, MnO,”, CrO,>~ and Cr,0,>” anions. The molecular-
level interactions between the metal ions (Y**/Tb*") of the MOF
and these anions (HAsO,>~ and PO,>") probably hampered the
sensitization of the terbium centre through the weakening of
the Tb-O bonds and consequently, the quenching of terbium
centre emission occurred. The luminescence quenching of 1a
in the presence of MnO,  arose due to the interruption of the
ligand to metal energy transfer through the molecular-level
interaction, with a slight contribution from the inner filter
effect. The luminescence quenching of 1a for CrO,>” and
Cr,0,>~ ions mainly arose due to the inner filter effect and
some contribution from the reduction of the energy flow from
the ligand to the metal centre.
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