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A recyclable MOF@polymer thin film composite
for nanomolar on-site fluorometric detection of
heavy metal ion and anti-histamine drug and
efficient heterogeneous catalysis of Friedel—-Crafts
alkylationf¥

xb.c

Sk Sakir Hossain,? Veerappan Karthik,” Amarajothi Dhakshinamoorthy and

Shyam Biswas (2 *@

Developing a robust, reliable, fast-detecting sensor is a significant challenge for present-day researchers.
Hence, a dual-functional fluorometric sensor was designed to detect heavy metal ions (e.g., Hg®*) and
anti-histamine drugs (e.g., ranitidine) at the nanomolar level in the aqueous medium. A stable and
efficient thiourea-functionalized aluminum—based metal-organic framework (MOF) was prepared and its
guest-free form was applied for the selective detection of the above-mentioned analytes with a low
detection limit (Hg?* = 7.3 nM and ranitidine = 3.4 nM). The MOF was exceptionally sensitive to Hg?* and
ranitidine detection with a fast response time of 10 s and 5 s, respectively. Our probe has the highest Ksy
values for these targeted analytes among the sensors documented to date (i.e., 1.29 x 106 M~ for Hg?*
and 7.99 x 10°> M~ for ranitidine). This work reports the first MOF-based sensor for ranitidine detection.
About 93% and 98% fluorescence quenching was observed after introducing Hg?* and ranitidine, respect-
ively. The probe has excellent selectivity toward detecting Hg?* and ranitidine, even in the presence of
interfering analytes. The sensing capability of the probe was explored in different media, including serum,
urine, wastewater, different pH, etc., which indicates the real-field applicability of the sensor. A cost-
effective, highly efficient, long-lasting MOF@polymer thin-film composite (MOF@PVDF-PVP) was
employed for the on-field qualitative detection of ng+ and ranitidine. The mechanistic insights into the
sensing were well explored with the help of different modern analytical techniques. The ground-state
complexation and inner filter effect were responsible for fluorescence quenching in the presence of Hg®*
and ranitidine, respectively. Furthermore, the catalytic performance of 1" was investigated in the Friedel—
Crafts alkylation reaction between indole and B-nitrostyrene in toluene at 70 °C and the product was
observed in 98% yield. The solid maintained its activity up to four cycles. The integrity and morphology of
the four times used 1" are identical to those of pristine 1'. The catalyst was also active to prepare a series
of products under the optimized conditions.

Introduction

The toxicity of mercury has been recognized for centuries with
historical records describing its harmful effects on miners and
artisans exposed to fumes and vapors."' The toxicity of mercury
was further highlighted in the late 19" century when
Minamata disease, a neurological disorder caused by consum-
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1 Electronic supplementary information (ESI) available: Linker synthesis details,
'H NMR, mass, and "*C NMR spectra of free linker, ATR-IR spectra of MOF and
free linker, TGA plot, EDX spectrum, BET isotherms, fluorescence spectra, TRPL
plot, UV-vis spectra, recyclability plot, and catalytic data. See DOI: https://doi.
0rg/10.1039/d3qi01890c
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ing fish contaminated with mercury, was reported in Japan.’
Research on the mechanisms of mercury toxicity has shown
that it can bind to proteins and enzymes, disrupting their
function and leading to cell damage and death.’ It can also
cross the blood-brain barrier, leading to neurological damage
and cognitive impairment.* Moreover, mercury can accumulate
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in the body over time, leading to chronic exposure and
increased risk of toxicity. The US-EPA has established strict
concentration limits for mercury in water, set at 2 parts per
billion (ppb).> Overall, the history of mercury toxicity high-
lights the importance of understanding the risks involved
during contact to this toxic metal and the need for monitoring
and controlling its levels in the environment to protect human
health and the ecosystem.

Ranitidine is a widely used medication belonging to hista-
mine-2 receptor antagonists. It is commonly prescribed to
individuals suffering from gastrointestinal disorders, such as
acid reflux, peptic ulcers, and heartburn.® The primary func-
tion of ranitidine is to alleviate these conditions by reducing
the production of stomach acid. Ranitidine sensing in
different biological media (plasma and serum) is vital for
therapeutic drug monitoring. By measuring the levels of raniti-
dine in a patient’s blood or plasma, healthcare professionals
can determine the drug’s concentration and ensure that it falls
within the optimal therapeutic range. This information allows
for dosage adjustments, ensuring patients receive the appro-
priate medication to manage their gastrointestinal condition
effectively.

Ranitidine can have adverse effects on the environment. It
can enter water bodies through sewage systems and wastewater
treatment plants, causing aquatic toxicity and disrupting the
growth and survival of aquatic organisms. Ranitidine also has
the potential to bioaccumulate in organisms, leading to higher
concentrations in predators. Its improper disposal or presence
in wastewater can contaminate groundwater, posing risks to
drinking water sources. Additionally, the use of ranitidine has
been associated with the development of antimicrobial resis-
tance.” Proper management and disposal practices are essen-
tial to mitigate the environmental impact of ranitidine.

In aqueous media, detecting Hg>" ions has been challen-
ging due to the interference from other metal ions and the low
concentration of Hg>" ions. Similarly, detecting ranitidine in
biological medium is also quite difficult due to other com-
ponents in a complex medium. Several techniques have been
introduced for detecting these analytes, including chromato-
graphy,® electrochemical,” and fluorometric' based sensing.
Among these methods, the fluorescence-based method is one
of the most popular techniques due to its simple and easy
handling processes.'® Different fluorescent probes have been
designed to detect Hg>" ions and ranitidine, including organic
molecular probes, quantum dots, carbon nanotubes, and
MOFs."' ' Among them, MOFs are potential materials for
sensing applications owing to their high surface area, tunable
pore sizes, and easily functionalized structures.'*"®

After going through several reported works, we found that
sulfur-containing fluorophores could respond to the presence
of Hg”" ions, following the HSAB principle. We observed the
UV-vis absorption maximum of ranitidine at 325 nm. Hence, a
probe with an excitation maximum near 325 nm could detect
ranitidine through a non-radiative energy transfer pathway.
This idea was explored by synthesizing a thioureido containing
fluorophore-based Al-MOF (Scheme 1). Our probe can detect
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Scheme 1 Schematic diagram for the synthesis of 1.

Hg>" and ranitidine in aqueous and HEPES buffer (pH = 7.4)
media. The fluorescence quenching efficiencies of Hg>" and
ranitidine were 93% and 98%, respectively. Different modern
analytical techniques were employed to investigate the mecha-
nism of sensing thoroughly. The sensing ability of the probe
towards the targeted analytes was explored in different real
water samples and in different pH media. A polyvinylidene
difluoride-polyvinylpyrrolidone (PVDF-PVP) thin film-based
MOF composite was also introduced for qualitative point-of-
care detection of these analytes. The real-field applicability,
selectivity, and ultralow detection limit make our designed
probe distinct for detecting Hg>" and ranitidine.

The Friedel-Crafts alkylation reaction between p-nitrostyrene
(NS) and indole (IND) is one of the reactions often employed as a
prototypical reaction to screen the catalytic activity of MOF
solids.’”2° Besides, this reaction can also be considered as a
straightforward reaction to access a series of heterocyclic com-
pounds exhibiting a wide range of biological activities. In
addition, this reaction is also used by many researchers to
demonstrate the influence of different functionalities embedded
within the framework and to establish size-selective catalysis.*!
The Friedel-Crafts alkylation reaction between IND and NS has
been reported by using a series of MOFs that include
CSMCRI-17,%* La(m)-MOF,* urea-modified MOFs,** urea-modi-
fied Ui0-67,> UiO-66(Ce),>® amide functionalized MOFs,”
Cu;(BTC),*® and squaramide functionalized Zr-MOF.>® Thus, the
present work aims to address the influence of the thioureido
functionality on Al-based MOFs as well as size-selective catalytic
behavior. Beside these primary objectives, catalyst stability and
substrate scope were also investigated.

Experimental section
Synthesis of [Al(OH)(BDC-NHCSNHCOCHj;)]-H,O (1)

The detail of linker synthesis is mentioned in the ESIL.{ The
MOF was synthesized using a conventional solvothermal
approach. The optimized conditions for the MOF synthesis
were obtained by varying the aluminium salts, solvents (such
as H,O, DMF and their mixtures) and temperature (starting
from 100 to 180 °C). The optimized conditions for MOF syn-
thesis are as follows: in a 100 mL Teflon-lined autoclave,
216 mg (0.57 mmol) of Al(NO;);-9H,0, 160 mg (0.57 mmol) of
2-(3-acetylthioureido)terephthalic acid (H,BDC-
NHCSNHCOCH;) and 10 mL water were placed (Scheme 1).
The Teflon vial was sonicated for 30 minutes and then put in
an autoclave. Finally, the Teflon-lined autoclave was kept in a
preheated oven at 150 °C for one day. It was naturally cooled to
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room temperature after one day. A slightly yellowish precipitate
was acquired after filtration. The solid was washed thoroughly
with water, DMF and acetone to remove the unreacted starting
materials. Finally, the obtained product was dried overnight at
80 °C in a hot air oven. Yield: 131 mg (0.38 mmol, 67%) with
respect to the Al-metal salt.

Activation of the as-synthesized MOF (1)

The activation of the MOF was executed by the following way.
At first, the as-synthesized MOF 1 (30 mg) was suspended in
30 mL MeOH and the suspension was stirred at room tempera-
ture for 24 h. After that the suspension was filtered out,
washed several times with MeOH and finally dried in an oven
overnight at 120 °C. The MOF was heated under vacuum at
100 °C to get the activated MOF. All the sensing experiments
were performed using the activated MOF (1').

Preparation of the 1'@PVDF-PVP thin film composite

The MOF-based thin-film composite was prepared by adopting
a method previously reported in the literature with some modi-
fications.* Typically, 200 mg of PVDF and 50 mg of PVP were
mixed with 3 mL of DMF and kept under stirring for 2 h. After
that, 10 mg of 1’ was added and stirred for 6 h. Then, 500 pL
of the obtained suspension was placed on a glass slide with
spin coating at 800 rpm for 40 s. Finally, the glass slide was
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kept at 75 °C in an oven for 2 h to obtain the 1’@PVDF-PVP
thin-film composite.

Results and discussion

Structural interpretation

MIL-53(Al) is a type of MOF with a porous structure composed
of BDC ligands and AI** ions.*’ The framework consists of
[AlO4(OH),] octahedral clusters. These clusters form a linear
chain by connecting through p,-OH bridging. These chains are
linked together by carboxylate groups from four different BDC
ligands to generate a three-dimensional framework. The frame-
work contains large one-dimensional rhombic shaped chan-
nels that run parallel to each other. The functionalization of
the BDC ligand usually does not influence the structure of the
MOF. Inspired from this observation, we synthesized an alu-
minium MOF functionalized with the -NHCSNHCOCH; group
in the BDC ligand.

The sharp peaks in the PXRD profile of 1 revealed the high
crystallinity of the synthesized MOF material. The PXRD pat-
terns of 1 and 1’ are almost similar to that of the parent MOF
(Fig. 1b). These findings confirm the high structural similarity
of 1 with the parent MOF. This structural similarity was
further supported by Pawley refinement of PXRD profile of 1’

(b)

(c) thermally Activated (1')

(b) as-synthesized (1)

Intensity (a.u.)

.

(a) simulated

10 20 30
2-Theta (°)

40 50

Fig. 1 (a) Simulated structure of 1. (b) PXRD profiles of 1 and 1' compared with simulated one. (c) Pawley refinement plot for the slow scan PXRD
profile of 1" (R, and R, are 5.4% and 3.8%, respectively). (d) FE-SEM image 1'.
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(Fig. 1c). The obtained lower values R, = 5.3% and Ry, = 3.4%
suggest the high similarity between the observed and simu-
lated PXRD profiles of 1'.

The FE-SEM images were collected to investigate the mor-
phology of the synthesized MOF. A homogeneous distribution of
nano-rod shaped particles was observed in the FE-SEM images of
1, a common morphology of the pristine MOF (Fig. 1d). The
average diameter of the particles, observed from DLS measure-
ment, was 589 nm (Fig. S31). Apart from these findings, the EDX
spectrum (Fig. S41) of 1’ was also recorded to confirm the pres-
ence of the desired elements ie. C, O, N, S and Al in the MOF.
The EDX elemental mapping (Fig. S51) signified the homo-
geneous distribution of the above elements in 1'.

Functional group analysis

It was previously reported that the carbonyl stretching fre-
quency of the carboxylic acid linker is shifted to lower wave-
numbers when it is co-ordinated to metal ions.**> We per-
formed ATR-IR experiment to validate the above statement in
our case. The results (Fig. S6T) show that the -C=O0 stretching
frequency for carboxylate is observed at 1595 cm™" in 1 and 1/,
whereas the same for the linker is noticed at 1643 cm™ "
Another common peak is observed at 1705 cm™" for the linker,
1 and 1', which verifies the presence of the amide functionality
and supports the intact nature of the desired functionality in
the synthesized MOF. Apart from these peaks, a peak at
around 1204 cm™' suggests the existence of the -C=S func-
tional group appended with the linker molecule. Moreover, the
"H NMR spectrum (Fig. S71) of digested 1’ revealed the reten-
tion of the desired functionality in the synthesized MOF.

Chemical and thermal stability of 1’

A sensor should be stable in different chemical environments,
most importantly in the sensing medium. We executed the
PXRD analysis of 1' after stirring in various solvent media such
as water, HEPES bulffer, different pH media, and commonly
used organic solvents. The results confirmed the high chemi-
cal stability of 1’ under these conditions (Fig. S87).

The TG analysis of 1 and 1’ was conducted under N, atmo-
sphere to determine their thermal stability (Fig. S9t). For com-
pound 1, a weight loss of 4.9% was observed in the 30-300 °C
temperature range due to the loss of one water molecule per
unit formula of 1 (calculated weight loss was 4.9%). After
300 °C, a continuous weight loss was observed, which implies
the breaking of the framework. A similar weight loss step was
followed for 1', except for the weight loss due to the elimin-
ation of water molecules. Hence, both the samples were stable
up to 300 °C.

Overall, the results from PXRD and TG analyses highlight
the high chemical and thermal stabilities of 1’ in diverse
chemical environments, making it a promising sensor for
various applications.

N, sorption study

One of the most intriguing properties of a MOF is its porous
nature. We performed N, sorption analysis of 1’ at —196 °C in
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order to determine its surface area. The obtained result is
depicted in Fig. S10.f The surface area of 1’ was found to be
146 m? g', which is much lower than that of the un-functio-
nalized MOF. It was previously reported that the surface area
of MOF is reduced drastically upon functionalization because
the functional groups occupy the cavity of the MOF and reduce
its surface area.** Therefore, our result is consistent with the
reported results.

Fluorometric sensing of Hg”" and ranitidine in water

We have chosen water as a medium for sensing of Hg”".
Hence, we prepared the MOF suspension in water. The details
of the preparation of the MOF suspension are described in the
ESIL.T All the fluorescence measurements were performed with
this aqueous MOF suspension. The excitation and emission
spectra of the MOF suspension in water and HEPES buffer are
presented in Fig. S11 and S12.F We have also recorded the exci-
tation and emission spectra of the ligand (Fig. S13t). The
fluorometric titration experiment for Hg®" detection was exe-
cuted using 3 mL of water and 100 pL of MOF suspension, fol-
lowed by the addition of 10 mM analyte solution to it. A
similar protocol was used for the detection of ranitidine with
some modifications. In this case, both the preparation of MOF
suspension and the sensing experiment were performed in
HEPES buffer (pH = 7.4) medium and 5 mM analyte solution
was used for fluorometric titration experiments. The rest of the
fluorescence titration experiments were like those for Hg*
recognition. The MOF suspension was excited at 322 nm for all
the sensing experiments and the emission spectra were col-
lected in the range of 342-550 nm.

A systematic volume-dependent fluorescence sensing
experiment was executed to determine the volume of 10 mM
Hg>" solution required for the maximum possible fluorescence
quenching. This experiment was performed upon the incre-
mental addition of 25 uL of 10 mM Hg>" solution to the
aqueous MOF suspension (3100 pL). Upon gradual addition of
Hg>" solution, the fluorescence emission intensity of the probe
showed gradual reduction, as depicted in Fig. 2a. There was no
further fluorescence quenching after the addition of 100 pL of
Hg”" solution (10 mM concentration).

In a similar way, the volume-dependent fluorometric titra-
tion experiment was executed for ranitidine sensing in HEPES
buffer medium with incremental (50 pL for each step) addition
of 5 mM ranitidine solution. For ranitidine recognition, the
maximum fluorescence quenching occurred after the addition
of 200 pL of 5 mM ranitidine solution, as depicted in Fig. 2b.
The quenching efficiency for both analytes were calculated
using the formula (1 — I/I,) x 100, where I, and I represent the
fluorescence intensity of 1’ before and after the addition of the
targeted analyte, respectively. It was found that the probe’s
93% and 98% fluorescence intensity was quenched after intro-
ducing 100 pL and 200 pL of 10 mM Hg”" and 5 mM ranitidine
solution, respectively.

We also conducted the time-dependent fluorescence titra-
tion experiment in order to determine the response time of
our synthesized probe 1'. For time-dependent fluorescence

Inorg. Chem. Front,, 2024, 11, 142-155 | 145
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Fig. 2 Change in the fluorescence intensity of 1’ after incremental addition of (a) 10 mM Hg?* and (b) 5 mM ranitidine solutions in aqueous and
HEPES buffer media, respectively.

titration experiment, 100 pL of 10 mM Hg>" solution was
added at a time to 3100 pL MOF suspension. The fluorescence
data were recorded with a time interval of 5 s. There was 93%
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fluorescence quenching of the probe within 10 s after introdu-
cing 100 pL of 10 mM Hg”" solution and no further quenching
was observed after 10 s (Fig. 3a). This was confirmed by per-

0 50 150 200
Time (s)
0 50 150 200
Time (s)

Fig. 3 Time-dependent variation in the fluorescence spectra of 1’ after addition of (a) 100 L of 10 mM Hg?* and (c) 200 uL of 5 mM ranitidine solu-
tion in aqueous and HEPES buffer media, respectively. Results of fluorescence kinetic experiments for (b) ng+ and (d) ranitidine.
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forming kinetic experiment. In fluorescence kinetic experi-
ment, the fluorescence intensity of the MOF at 388 nm was
recorded with respect to time (up to 50 s) upon excitation at
320 nm. After 50 s, we added 100 pL of 10 mM Hg”* solution
and recorded the fluorescence intensity for up to 200 s. The
result shows that 93% quenching took place within 10 s
(Fig. 3b). Similar protocols were adopted to determine the
response time of 1’ toward ranitidine sensing. It was observed
that the fluorescence intensity was quenched by 98% within 5
s upon introduction of 200 pL of 5 mM ranitidine solution
(Fig. 3c and d). Therefore, it can be concluded that our probe
has ultrafast detection time for both the analytes in compari-
son to other fluorescent sensors reported to date (Table S77).
An ideal sensor should respond to a target analyte in the
presence of other interfering analytes. In this regard, the
selectivity of 1’ towards Hg®" was investigated in the presence
of different metal ions like Cu®*, Ag®, K', Na*, Ccd*', Zn*,
Mg**, Mn**, Pb**, Ni**, Fe**, P>, Pd*", AI**, Cr** and Co*". We
have used different counter anions for different metal ions
(Cl7, SO4*7, NO;~, NO, ™, F~, CH;COO™, etc.). The interference
study was also conducted by using the sodium salts of these
counter anions (Fig. S14-S37f). To examine the selectivity
towards Hg>", 100 pL of each competitive analyte solution
(10 mM concentration) was added to the probe suspension.
Subsequently, 100 uL of 10 mM Hg>" solution was added. As
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depicted in Fig. 4a, no analyte had a quenching efficiency
more than 30%, except Hg®>" which showed a quenching
efficiency of 93%. Moreover, the interfering analytes did not
alter the quenching efficiency of the probe considerably
(Fig. 4c).

In order to examine the selectivity towards ranitidine,
200 pL solution of individual competitive analyte solution
(5 mM concentration) was added to the dispersion of the MOF
and subsequently 200 puL of 5 mM ranitidine solution was
added. The competitive analytes of ranitidine included
glucose, alanine, phenylalanine, histidine, K", Na®, Mg*",
aspartic acid, glutamic acid, serine, tartaric acid, ascorbic acid,
creatinine, glutathione, uric acid and urea (Fig. S38-S5371). As
depicted in Fig. 4b, all the analytes showed less than 25%
quenching efficiency except for ranitidine, which exhibited a
quenching efficiency of 98%. Furthermore, the quenching
efficiency of ranitidine was not hampered by the presence of
different analytes (Fig. 4b-d).

Stern-Volmer constant (Ksy) is directly related to the
quenching efficiency of a quencher. A higher value of Kgy sig-
nifies higher quenching and vice versa. We plotted Iy/I as a
function of analyte concentration for both Hg>* and ranitidine
to evaluate the Kgy values for both the targeted analytes
(Fig. S54 and S557). The obtained Kgy values are 1.29 x 10°
M~" and 7.99 x 10> M~ for Hg®>" and ranitidine, respectively.
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Fig. 5 3D S-V plots of various analytes for (a) Hg?* and (b) ranitidine sensing using 1".

These values are higher than those of reported sensors for
fluorometric detection of both analytes (Table S7t). From the
large values of Kgy, it can be inferred that both Hg”* and raniti-
dine exert strong interactions with the probe. The 3D Stern-
Volmer plots of both the targeted analytes are also shown in
Fig. 5a and b, which imply that our sensor is highly selective
to the targeted analytes in the respective medium.

An ideal sensor should be able to detect very low concen-
tration of an analyte. To estimate our sensor’s limit of detection
(LOD), we performed fluorescence experiments for both analytes
in concentration ranges as low as possible. The formula 3s/k was
utilized to find out the LOD values for both analytes, where £ is
slope of the linearly fitted plot of the fluorescence intensity of 1’
versus the concentration of analytes (Fig. S56 and S577) and o is
standard deviation of 10 blank fluorescence readings of MOF sus-
pension. The LOD values are 7.3 nM and 3.4 nM for Hg** and
ranitidine, respectively. The LOD value for Hg”" is comparable to
those of previously reported MOF-based sensors (Table S7t). As
per our knowledge, this is the first MOF-based ranitidine sensor.
The LOD for ranitidine is the lowest amongst the fluorescent
sensors reported to date (Table S87).

Hg”" and ranitidine detection in different water and pH media

Hg”" detection in different water samples (Milli-Q water, river
water, tap water and lake water) was investigated systematically.
At first, MOF suspensions were prepared in different types of
water specimens. Then, we prepared a series of aqueous Hg>"
solutions with 1, 2.5 and 5 mM concentrations for our fluo-
rescence sensing experiments. The fluorescence intensity of 1’
in different water specimens was measured before and after
the addition of 100 pL solution of different concentrations of
Hg>*. The outcomes in terms of quenching efficiency are dis-
played in Fig. 6a. The results confirmed that our probe is
highly effective in detecting Hg>* even from complicated
aqueous systems. Similarly, we explored the quenching
efficiency of the probe toward Hg”" in different pH media. Our
designed probe can detect Hg>" in a broad pH range (4 to 10)
without losing its quenching efficiency significantly (Fig. 6b).
Our probe can detect ranitidine in HEPES buffer medium,
different water specimens and a wide pH range. The ranitidine
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sensing ability of 1’ in various media was investigated in a pre-
viously mentioned way as for Hg”>*. The obtained results are
depicted in Fig. 6¢c and d. These findings suggest that our
probe can be used for real-field monitoring of Hg** and
ranitidine.

Detection of ranitidine in human urine and blood serum

The fluorometric detection of ranitidine was also performed in
more complicated environments like urine and human blood
serum. The procedures for preparing urine and blood serum
samples are provided in the ESI.{ A specific amount of raniti-
dine was added in different serum and urine samples. After
that, these solutions were spiked in 1’ and the fluorescence
data were recorded. Each experiment was repeated three times
to evaluate the measurements’ relative standard deviation
(RSD). The obtained experimental results are displayed in
Fig. S58, S59 and Tables S1, S2.f In both urine and blood
serum, the recovery percentages are between 97.0 and 104.0%,
and the relative standard deviations are also quite low (0.8 to
3.1%). These findings imply that our probe could be suitable
to detect ranitidine even in complex media.

Detection of ranitidine in pharmaceutical samples

Apart from sensing of ranitidine in blood serum and urine
samples, we also explored the detection of ranitidine in
pharmaceutical compositions such as ranitidine tablets. A
ranitidine tablet RANRAC®150 was purchased from a local
medical shop (Guwahati, India). One tablet was crushed into
powder and 9 mg from it was added in 4 mL HEPES buffer
solution. The solution was sonicated to make a homogeneous
solution. Then, the centrifugation of the solution was per-
formed at 10000 rpm for 10 min. The obtained supernatant
was used for fluorescence experiments. The experimental
results (Fig. S607) imply that our probe can detect ranitidine
even in pharmaceutical samples.

Reusability of 1

An ideal fluorescent turn-off sensor should be reusable
without losing its quenching efficiency. We studied the recycl-
ability of 1’ for both the analytes for up to five cycles by collect-
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Fig. 6 Fluorescence quenching efficiency of (a) Hg?* and (c) ranitidine in different real water specimens and sensing ability of 1’ in different pH

media for (b) Hg?* and (d) ranitidine.

ing through centrifugation and washing with a large excess of
water after every cycle of sensing in order to remove the ana-
lytes. The obtained MOF sample after centrifugation and
washing was used for next fluorescence detection cycle. The
results showed that 1’ is almost equally efficient up to 5™ cycle
for sensing of both the targeted analytes in the respective
medium (Fig. S61 and S62t). We also examined the stability of
1’ before and after sensing by comparing the PXRD patterns.
We found our probe highly stable after sensing both analytes
in the respective medium (Fig. S637).

Sensing of Hg”" and ranitidine with the 1'@PVDF-PVP thin
film composite

Excellent selectivity, recyclability and high sensitivity motiva-
ted wus to introduce an inexpensive user-friendly
MOF®@PVDF-PVP composite membrane for real-field sensing
application of Hg?* and ranitidine. Probe-coated paper strips
and cotton-based composites were introduced previously for
detection of targeted analytes.>*> But, these kinds of compo-
sites have several limitations, including leaching of MOF par-
ticles, non-reusability, instability in solvents, etc. These short-
comings could be overcome by introducing relatively more
stable MOF@polymer composite thin film that strongly holds
the MOF particles. The thin-film preparation method has been
mentioned previously in the Experimental section. The PXRD
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patterns and ATR-IR spectra revealed that the MOF particles
were grafted on the polymeric surface of the membrane
(Fig. S64 and S65t1). We found that the thin-film was amor-
phous in nature. Hence, all the peaks of 1’ could not be
assigned to 1'@ PVDF-PVP but the major peaks of 1’ could
easily be assigned. After successfully preparing and character-
izing the 1'@PVDF-PVP membrane, it was treated with
different concentrations of analyte solutions. Fig. 7 reveals the
decrease in the fluorescence intensities of the composite upon
an increase in the concentration of analytes solutions. These
observations indicate that the membrane composite could be
useful for the real-field monitoring of the targeted analytes.

Mechanism of fluorometric sensing

The mechanism of fluorescence quenching was systematically
investigated for both analytes. Our first observation was that
probe 1’ showed turn-off responses towards both analytes.
According to various reported works, several phenomena
might cause the fluorescence quenching, including breaking
of the MOF structure, ground-state complexation, the inner
filter effect (IFE), Forster resonance energy transfer (FRET),
photoinduced electron transfer (PET), etc.'®¢738

The obtained PXRD patterns of 1’ (Fig. S631) before and
after detection experiments were analogous, implying the
retention of the structural integration of 1’ after sensing. Then,
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Fig. 7 Detection of various concentrations of (a) Hg?* and (b) ranitidine
using the MOF@PVDF-PVP thin film composite.

we executed the time-resolved photoluminescence (TRPL)
experiment of 1’ before and after the addition of targeted ana-
lytes to evaluate the excited-state fluorescence lifetime of 1'.
The experimental results are displayed in Fig. S66 and S67,
and Tables S3 and S4.7 It was observed that there were no sig-
nificant changes in the lifetime of 1’ in the presence of tar-
geted analytes. These results omitted the possibility of PET or
FRET-based quenching.

In the case of ground-state complexation, there should be a
change in the position of maximum absorbance (4nax) after
the addition of analyte, whereas this is unaltered for IFE-based
quenching.’” We observed that the addition of Hg>* to the
aqueous suspension of 1' caused a significant change in the
Amax value (Fig. S68t). However, no such variation in the A
value happened in the case of ranitidine. Ground-state com-
plexation is the most probable reason behind Hg>" sensing as
1’ contains a soft donor S atom and Hg>" is a soft acceptor. We
have performed various experiments to establish the feasibility
of ground-state complexation between Hg>* and S atoms,
including EDX, fluorescence, UV-vis spectrophotometry, iso-
thermal titration calorimetry (ITC), XPS analysis, etc.

The EDX spectrum and elemental mapping (Fig. S69 and
S70%1) of 1’ after treating with Hg>* (without washing) con-
firmed the presence of Hg”'. The reusability of our probe
(Fig. S61t) after thoroughly washing with water implies the
presence of weak interaction between Hg>" and 1'. There was a
significant change in both the excitation and emission spectra
of 1’ upon introducing Hg”" (Fig. S681). We have also executed
solid-state UV-vis spectroscopy of 1’ before and after treating
with Hg>" (Fig. S711). We found a red shift (32 nm) in the UV-
vis spectrum of 1’ after Hg>" addition. These results indicate
the formation of a complex between 1' and Hg>".

A systematic ITC experiment was performed to further
investigate the mechanism of sensing. Various thermodynamic
parameters such as binding constant (Ki), enthalpy change
(AH) and entropy change (AS), etc., could be obtained from
this experiment. In this experiment, Hg>" solution was used as
the titrant while the linker solution was used as the titrate.
Both of them were taken in water. A certain amount of Hg>"
solution was injected into the linker solution with a constant
time interval and the heat change was recorded upon each
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injection. The obtained results are depicted in Fig. S72 and
Table S5.1 The negative values of AH and AS confirmed that
the exothermic complexation reaction occurred after adding
Hg>" to the linker solution. These observations again support
our mechanistic assumption.

The soft-soft interaction between the ‘S’ atom and ‘Hg”"
was further proved by XPS analysis. The 2s orbital binding
energies of sulphur shifted significantly to higher energy after
introducing Hg>" in 1’ (Fig. S737). Apart from this, the shifting
of binding energies for all elements was observed before and
after the addition of Hg>" (Fig. S74-S787). These shifts imply
the electron transfer from 1' to Hg”" and the fluorescence
quenching of 1’ resulted from it.

In the case of ranitidine, there was no change in lifetime
after the addition of ranitidine (Fig. S67 and Table S4t). This
result omitted the possibility of dynamic quenching: either
FRET or PET. No considerable overlap between the emission
spectrum of 1’ and the absorption spectrum of ranitidine
(Fig. S79t) excluded the probability of the FRET mechanism.

The possibility of PET behind fluorescence quenching was
further investigated by comparing the lowest unoccupied mole-
cular orbital (LUMO) and the highest occupied molecular orbital
(HOMO) energies of the free linker and ranitidine. Density func-
tional theory (DFT) was utilized to obtain the HOMO-LUMO of
the free linker and ranitidine. All calculations were performed
using the Pople diffuse basis set 6-31G+(d, p) and B3LYP func-
tional. The LUMO of the linker has much lower energy than that
of ranitidine (Fig. S80t). Therefore, the probability of electron
transfer from the excited state of the linker to the LUMO of raniti-
dine was negligible, which diminishes the possibility of PET
behind the detection of ranitidine.

A large overlap was noticed between the excitation spectrum
of 1’ and the absorption spectrum of ranitidine (Fig. S797).
This observation suggested that the IFE might be a probable
reason behind the fluorescence quenching of the MOF after
ranitidine inclusion. We performed UV-vis spectroscopy of the
targeted analyte along with all the interfering analytes to prove
it. It was observed that the normalized absorption spectrum of
ranitidine highly overlapped with the normalized excitation
spectrum of 1’ and this did not occur in the cases of other ana-
Iytes (Fig. S791). The IFE-based sensing mechanism was
further investigated by introducing the IFE correction factor.
Here, the quenching efficiency was calculated after removing
the contribution of IFE for quenching. The obtained results
are depicted in Fig. S81 and Table S6.1 After removing the IFE
contribution, the considerable drop in quenching efficiency
suggested that the IFE is the most probable mechanism for
ranitidine sensing. Although IFE was previously considered an
error in fluorescence measurements, it is well established now
as a non-irradiative mechanistic model for energy transfer in
the spectroscopic technique. It has been used to develop
various photoluminescence-based sensors.>**° From all the
above experimental results, we can conclude that the ground
state complexation and IFE are the most plausible reasons
behind the fluorescence quenching of 1’ in the presence of
Hg>" and ranitidine, respectively.
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Catalysis of Friedel-Crafts alkylation using 1’

The potential ability of 1’ for heterogeneous catalysis was
examined in Friedel-Crafts alkylation between IND and NS as
classical substrates. The reaction conditions were optimized.
The observed results are discussed below. The Friedel-Crafts
alkylation reaction between IND and NS was performed in
toluene at 70 °C for 24 h using 1’ as a solid catalyst. Under
these experimental conditions, this reaction afforded 98%
yield of the anticipated product. Fig. 8 displays the time yield
plots for the reaction between IND and NS when 1' was
employed as a catalyst. Under similar conditions, the activity
of AI-MIL-53-NH, was investigated and a significantly lower
yield of the targeted product was observed. These data unam-
biguously suggest that thioureido functionalities embedded
within the framework of MOFs significantly contribute to
facilitate the reaction. These results agree with earlier
reports,'® suggesting the involvement of hydrogen bond donat-
ing sites. Thus, the activity of MOFs has been significantly
improved with appropriate functionalization in the linker with
amide, urea, thiourea and squaramide moieties. These groups
are responsible for activating IND and NS within the confined
environment of the MOF. On the other hand, the yield of the
product also decreased upon decreasing the reaction tempera-
ture and catalyst loading. The reaction between NS and IND
using 10 mg of 1’ as a solid catalyst at 50 °C showed 64% yield
after 24 h while 5 mg of 1’ provided 55% yield after 24 h.

A mandatory experiment in heterogeneous catalysis is to
perform leaching and reusability tests to ascertain catalyst
integrity under the optimized conditions. Leaching experiment
was conducted under the optimized reaction conditions and
the solid was filtered after 1 h. The remaining reaction mixture
was continued without the solid catalyst and the reaction rate
was compared with the reaction rate in the presence of the
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Fig. 8 Time-yield plots for Friedel-Crafts alkylation between IND and
NS using (a) 1’ as a solid catalyst, (b) MIL-53(Al)-NH, as a catalyst and (c)
leaching test in the absence of 1'.
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solid catalyst. Comparison of the product yields between these
two reactions clearly indicates that the reaction did not
proceed further after the removal of the solid catalyst. Hence,
the reaction occurs via a heterogeneous manner without leach-
ing of any active site into solution. The solid catalyst was recov-
ered after the reaction through filtration. After washing and
proper drying, it was used again in successive cycles. Fig. 9
shows that 1’ could retain its performance up to four cycles
without any decay in its yield. Furthermore, FE-SEM images
and PXRD patterns also suggest that the particle morphology
and crystallinity of the used solid were not affected with
respect to the fresh solid catalyst (Fig. S82 and S83t). Thus,
these results imply the stability of 1’ under the present experi-
mental conditions.
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Fig. 9 Reusability experiments for the Friedel-Crafts reaction of NS
with IND using 1'.
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Scheme 2 Proposed mechanism for the Friedel-Crafts alkylation
between IND and NS using 1’ as a catalyst.
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Considering the activity achieved with 1’ as a catalyst for the can be seen in Scheme 2, the thioureido moieties in 1" interact

Friedel-Crafts alkylation reaction between IND and NS, a poss- with NS by establishing hydrogen bonding. This is one of the
ible mechanism is proposed and it is shown in Scheme 2. As important intermediates to alter electron density in NS and

Table 1 Friedel—-Crafts alkylation of IND derivatives with NS employing 1’ as a solid catalyst?
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“Reaction conditions: IND (0.1 mmol), NS (0.105 mmol), toluene (0.1 mL), 70 °C, 1' (10 mg), 24 h. ”Isolated yields are confirmed by "H-NMR
and GC-MS.
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such intermediates have been reported in the literature due to
the involvement of hydrogen bond donating sites.*’™** Thus,
the activity of 1’ was significantly higher compared to that of
MIL-53(Al)-NH, as a catalyst under similar conditions. This
interaction of NS with hydrogen bonding sites creates electron
deficiency in the C=C double bond of NS. Furthermore, IND
attacks NS through the C3 carbon to afford the desired
product. Thus, the catalyst can be regenerated and recycled in
subsequent cycles.

The catalytic activity of 1’ with different substrates as well
as the size-selective catalytic behaviour was investigated
(Table 1 and Fig. S84-S95%). The above optimized conditions
were considered to prepare a series of heterocyclic compounds.
In this aspect, the reaction of IND with NS afforded 98% yield
utilizing 1’ at 70 °C in toluene after 24 h. Under identical con-
ditions, the reaction of 1-methylindole and NS resulted in 96%
yield using 1' as a solid catalyst. A similar activity was also
observed for the reaction between 2-methylindole and NS with
1’ as a catalyst under identical conditions. The reaction of
5-methoxyindole and 5-bromoindole with NS gave 97 and 54%
yields using 1’ as a catalyst under the same conditions. The
coupling between pyrrole and NS was also efficient to achieve
93% yield using 1' as a catalyst. Under the same conditions, no
product was obtained when 5-nitroindole was reacted with NS.
Furthermore, efforts to perform the reaction between N-Boc
protected IND and NS using 1’ as a solid catalyst also failed.
This is a suitable example to illustrate size selective catalysis. It
suggests that the diffusion of the larger substrates towards the
active sites is hindered due to their larger kinetic dimensions
and thus no reaction occurred.

Conclusion

In this work, a novel thioureido functionalized aluminium
MOF was applied for selective and rapid sensing of a heavy
metal ion (Hg®") and an anti-histamine drug (ranitidine) in
aqueous and HEPES media, respectively. The designed probe
is the first MOF for recognition of ranitidine. The sensor
showed a fast response time with 93% fluorescence quenching
within 10 s for Hg** and 98% within 5 s for ranitidine. The
detection limits for Hg®" and ranitidine were determined to be
7.3 nM and 3.4 nM, respectively, which are lower or compar-
able to those of the existing fluorescent sensors. We explored
the sensing ability in various biological media (serum and
urine), various water specimens, and even in pH media.
Furthermore, the MOF detected ranitidine in pharmaceutical
samples, highlighting its potential for practical applications.
To enhance the practical utility of the MOF, we developed a 1’
@PVDF-PVP composite membrane, which exhibited fluo-
rescence quenching upon exposure to Hg** and ranitidine.
The composite showed potential for real-field sensing appli-
cations, providing a more stable and reusable platform than
other reported composites. The mechanism of fluorescence
quenching was investigated, and it was found that ground-
state complexation and the inner filter effect were the most
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probable reasons behind the fluorescence quenching of 1’
upon addition of Hg>" and ranitidine, respectively. We believe
this work will contribute to advancing efficient and practical
fluorescent probes for environmental and biomedical appli-
cations. Furthermore, the catalytic activity of 1’ was convin-
cingly demonstrated in the Friedel-Crafts alkylation reaction
between IND and NS in 98% yield at 70 °C. The absence of
leaching was confirmed by the hot-filtration experiment. The
catalyst was efficiently reused up to four cycles. Owing to its
broad substrate scope, the catalyst can be utilized to obtain a
series of heterocyclic compounds.
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