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Electrophilicity modulated targeted luminescence
of MOF-coated cotton composite for dual analyte
detection in aqueous mediumt

Abhijeet Rana and Shyam Biswas (2 *

Sulfur is a soft Lewis base and thiocarbonyl has moderate electrophilicity. Our probe's properties are
adjusted in such a way that it could simultaneously detect a Lewis acid (ng+) and a strong nucleophile
(NH>—NH,). Considering the above fact, a thioureido-functionalized robust MOF material was prepared,
which was utilized for the selective fluorometric detection of environmentally significant toxic pollutants
(H92+ and NH;—NH,) in an aqueous medium. The probe detected mercury by quenching the fluor-
escence emission intensity in a static pathway by soft-soft interaction with the S-atom of the probe. In
contrast, the detection of hydrazine was furnished by a reaction-based pathway by the attack of hydrazine
to the moderate electrophilic (thiocarbonyl) part of the probe, which resulted in an enhancement in the
fluorescence emission intensity of the probe. A MOF-coated cotton composite was developed for the
naked-eye detection of Hg?" and NH,—NH, for real-life applicability. The MOF was highly sensitive
towards detecting ng+ and NH,—NH; with very low detection times, i.e., 10 s and 50 s, respectively. The
probe's sensitivity also remained unaltered under a significantly lower concentration of the targeted ana-
lytes, i.e., the detection limits for NH,—NH, and Hg?* were 1.9 nM and 4.0 nM, respectively. Our probe's
response time and LOD are much lower than the other previously reported probes for ng" and NHy—
NH, to date. A 92% fluorescence quenching and 28-fold fluorescence enhancement of the MOF were
observed after the interaction of the probe with Hg?* and NH,—NH,, respectively. The probe has excellent
selectivity over the competitive analytes of ng+ and NH>—NH,. The MOF could also sense hydrazine in
various environmental water specimens. Systematic mechanistic investigations were conducted to know
the phenomena behind the fluorescence quenching and enhancement processes.

ment occurs though the discharge of industrial waste.
Overexposure to hydrazine can cause detrimental effects on

Mercury is a toxic soft Lewis acid present in many forms in the
environment." Once inorganic mercury comes into the
environment, it is converted to methylmercury,> which enters
the human body via sea food consumption® and causes
Minamata disease. Hyperconcentration of mercury affects the
heart, kidney, nervous system, and liver.*” Therefore, USA EPA
has set the highest concentration limit of mercury in water as
2 ppb. Hence, the selective detection of mercury below the
limits set by USA EPA is highly required.

Hydrazine is used as a catalyst,’ propellant,”® blowing
agent,” etc. The accumulation of hydrazine into the environ-
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human health. The threshold concentration of hydrazine in
drinking water has been set as 10 ppb.'° Therefore, the detec-
tion of hydrazine below the safe limit is highly required.
Looking into the detrimental effects of mercury and hydra-
zine in drinking water, many environmental scientists working
in the field of sensing hazardous materials have put forward
their contribution by several methods. The selective sensing of
hazardous materials has been reported by enormous research
groups with the help of ion-exchange chromatography, electro-
chemical,'" spectrometry,'*> voltammetry,"* and fluorescence-
based methods®®."*™® Among the abovementioned tech-
niques, the fluorescence-based method has several advantages
over other techniques due to the easy handling and simple
observation process.”” There are many class of materials uti-
lized for the sensing of hazardous materials including
quantum dots,"®' graphene oxide-based materials,>* carbon
nanotubes,”" and organic probes.>* Metal-organic frameworks
(MOFs) are porous with very high surface areas and their active
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sites for sensing could be easily tuned. Therefore, MOF-based
materials are advantageous over other classes of materials.

The abovementioned toxic properties of hydrazine and
mercury and the easy handling fluorescence method inspired
us to develop a fluorescence-based selective probe to detect
mercury and hydrazine. The soft nature of mercury pushed us
to design a soft center-based probe with sulfur-containing func-
tionality. In contrast, the nucleophilic nature of hydrazine having
alpha-effect inspired us to design a probe with moderate electro-
philic center. The moderate electrophilic nature guides the probe
to selectively react with hydrazine even in the presence of other
nucleophilic congeners. The above idea was incorporated by
designing a thioureido-functionalized robust H-MOF named as
Hf-UiO-66-NHCSNHCHj;. The soft sulfur atom and moderate
electrophilic thiocarbonyl group was the active centers for the
selective interaction of Hg?* and NH,-NH, with the probe. A
28-fold increment in the fluorescence intensity of Hf-UiO-66-
NHCSNHCH; was observed after the addition of hydrazine solu-
tion and a fluorescence quenching efficiency of 92% was
observed after adding an aqueous Hg”* solution . The probe can
detect Hg** and NH,-NH, below the permissible limit in drink-
ing water. A thorough study of the mechanistic pathway was
explored via various analytical techniques to present the work sys-
tematically and be applicable in future endeavours. The selecti-
vity and applicability for real field purposes, the ultralow detec-
tion limit, and the relevance of dual sensing purpose make our
material a unique sensor of mercury and hydrazine.

Experimental section
Chemicals and general methods

Related reagents and instruments have been mentioned in the
ESLt

Synthesis of [Hf604(0H)4(C 10H8N204S)2_8(C8H5N04)3_2] -1H,0

The synthesis of the probe Hf-UiO-66-NHCSNHCH; was
initiated from a solvothermal synthesis of Hf(iv) metal salt and
BDC-NH, linker-based MOF. The UiO-66 topology-based Hf(iv)
MOF bearing BDC-NH,, (BDC-NH,: 2-amino-1,4-benzene dicar-
boxylic acid) ligand, i.e., Hf-UiO-66-NH, was synthesized by a

Chemicals and General Methods
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Scheme 1 Detailed stepwise synthesis of Hf-UiO-66-NHCSNHCH3.
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systematic solvothermal approach. A mixture of HfCl,
(0.54 mM) and BDC-NH, linker (0.75 mM) in 15 mL DMF
using 1 mL HCI as a modulator was heated at 80 °C for 24 h.
The precipitate was collected after 24 h and was appropriately
washed with water and then with acetone. The obtained
material was solvent exchanged with methanol for 24 h and
then vacuum dried at 100 °C for 24 h to get the activated form
of Hf-UiO-66-NH,, i.e., Hf-UiO-66-NH,. In the second step, a
post-synthetic modification approach was taken forward utiliz-
ing a mixture of 60 mg Hf-Ui0-66-NH, and 20 mg methyl iso-
thiocyanate in a mixture of solvent (CHCl; : CH;0H = 9: 1) and
was heated at 55 °C for 3 days, as shown in Scheme 1.

Results and discussion

Characterization of
[Hf604(0H)4(C 10H8N204S)2_8(C 8H5NO4)3_2] . 1H20

During the post-synthetic modification of Hf-UiO-66-NH, with
methyl isothiocyanate, the -NH, group of Hf-UiO-66-NH, was
expected to react with the H;CN=C=S functionality to
provide the -NH(C=S)NHCH; group. When the post-syntheti-
cally modified MOF named Hf-UiO-66-NHCSNHCH; was
digested with 40% HF solution, 46% conversion of the -NH,
group to the -NH(C=S)NHCH; functionality could be noticed
by comparing the digested "H NMR spectra of Hf-UiO-66-
NHCSNHCH; and Hf-UiO-66-NH, (Fig. S1 and S21). The 'H
NMR spectra of Hf-UiO-66-NH, showed the presence of two
doublets and one singlet due to three aromatic protons at 7.76
(d, 1H), 7.37 (S, 1H), and at 7.03 (D, 1H). The "H NMR spectra
of Hf-UiO-66-NHCSNHCH; showed three additional peaks at
8.05 (d, 1H), 7.95 (S, 1H), and 7.78 (D, 1H) including three aro-
matic protons of Hf-UiO-66-NH, and a singlet at 3.65 (S, 3H)
due to three methyl protons. A downfield chemical shift was
observed after post-synthetic modification as the binding of
methyl isothiocyanate to the free amine group causes a
decreased electron density in the benzene ring. The presence
of six aromatic protons proved that some amount of the
BDC-NH, linker is reacted with the methyl isothiocyanate
group to afford 46% post-synthetic modification. Again, the
presence of the peak due to the methyl group is direct evi-
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dence of the successful post-synthetic modification. The per-
centage of post-synthetic modification that occurred was calcu-
lated by comparing the area under each proton. Again, the *C
NMR spectra of Hf-UiO-66-NH, (**C NMR: 169.3, 167.5, 150.5,
135.7, 132.0, 118.5, 116.1, 114.1) (Fig. S31) and Hf-Ui0-66-
NHCSNHCH; (*C NMR: 175.9, 169.2, 167.3, 166.3, 163.3,
159.5, 151.0, 139.2, 136.8, 135.4, 131.7, 128.8, 124.45, 118.3,
116.9, 115.2, 113.1) (Fig. S4T) were compared. The additional
peak at 175 ppm due to the thiocarbonyl group in the '*C
NMR spectrum of Hf-Ui0-66-NHCSNHCH; also supported the
successful bonding between the amine of Hf-UiO-66-NH, with
the methyl isothiocyanate moiety.>> The mass spectrometry of
the digested MOF Hf-UiO-66-NH, showed the presence of a
strong peak at 180 m/z, which is due to the linker from the
digested MOF (Fig. S51), and the mass spectrum of Hf-UiO-66-
NHCSNHCH; displayed m/z peaks at 180 as well as 253 due
the presence of both the linkers BDC-NH, and
BDC-NHCSNHCHj3; (Fig. S6t). The above result is a strong evi-
dence of the successful post-synthetic modification.

The FT-IR spectra of Hf-UiO-66-NH, MOF possesses two
peaks (at 1575 and 1385 cm™") due to the asymmetric and sym-
metric stretching frequency of the carboxylic group of Hf-
UiO-66-NH,. These two carboxyl frequencies are present in Hf-
UiO-66-NHCSNHCH; MOF, which proves that there is no struc-
tural detachment of the carboxylate from the metal center
during post-synthetic modification. The FT-IR spectra showed
additional peaks at 1280, 1085, and 798 cm™" due to the -C=S
bond of Hf-Ui0-66-NHCSNHCH,; MOF,** which confirmed the
successful post-synthetic modification (Fig. S77).

—— Hf-Ui0-66-CSNHCH, (experimental)
— D'"-UiO-GG-NI'I2 (experimental)
— Ui0-66 (simulated)

Intensity (cps)

10 20 30 40 50
2-Theta (°)

View Article Online

Inorganic Chemistry Frontiers

The FE-SEM images (Fig. 1d) of Hf-Ui0-66-NHCSNHCH;
and Hf-UiO-66-NH, demonstrate similar particles, which con-
firmed no change in the crystallinity of the material after post-
synthetic modification. The successful post-synthetic modifi-
cation was again supported by the EDX elemental analysis.
The TEM-EDX elemental analysis of Hf-UiO-66-NH,, confirmed
the presence of Hf (5.1%) (Fig. S8t). At the same time, the
TEM-EDX elemental analysis of Hf-UiO-66-NHCSNHCH; con-
firmed the presence of Hf (4.6%) and S (4.5%) elements
(Fig. S10%). The TEM-EDX elemental mapping was also carried
out for Hf-Ui0O-66-NH, and Hf-UiO-66-NHCSNHCHj;, which
displayed the homogenous distribution of all the desired
elements (Fig. S9 and S117). The presence of the additional
sulfur atom in Hf-UiO-66-NHCSNHCH; confirmed the incor-
poration of the isothiocyanate group into the free amine of Hf-
UiO-66-NH,. The homogenous distribution of the desired
elements in the elemental mapping of Hf-UiO-66-
NHCSNHCH; suggests that the methyl isothiocyanate mole-
cule was not physically adsorbed on the surface of Hf-UiO-66-
NH, but it was bonded with the -NH, group of Hf-UiO-66-
NH,.

Further, the PXRD analysis of Hf-Ui0-66-NHCSNHCH; and
1'@NH, was performed to confirm their phase purity and crys-
tallinity. Both materials showed similar PXRD patterns such as
the simulated one (Fig. 1). The PXRD experiment demon-
strated that the above-synthesized materials Hf-UiO-66-
NHCSNHCH; and Hf-UiO-66-NH, belong to the UiO-66 topo-
logy. The Pawley fit and indexing data (Fig. S12 and Table S17)
of the slow scan PXRD data of Hf-UiO-66-NHCSNHCH; again

(d)

Fig. 1 (a) and (b) Simulated structure of Hf-UiO-66-NHCSNHCH3; with Hf atoms shown as cyan polyhedra. (c) Comparative PXRD pattern of Hf-
UiO-66-NHCSNHCH3; with Hf-UiO-66-NH; and UiO-66 MOF (simulated), (d) FE-SEM image of Hf-UiO-66-NHCSNHCH3.
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supported this observation. The Pawley fit data showed that
the PXRD pattern of Hf-UiO-66-NHCSNHCH; exactly fits with
the simulated pattern with negligible errors (R, = 1.0% and
Ryp = 1.6%) (Fig. 5121).

The chemical robustness of the material was also examined
by stirring the materials in DCM, DMF, H,O, pH 2, and pH 12
solutions. The materials were filtered and the PXRD patterns
of the recovered materials were measured individually. The
PXRD pattern of the recovered materials precisely matched
with the PXRD pattern of Hf-UiO-66-NHCSNHCH; (Fig. S137).
It concludes that the crystallinity of the material remained
unchanged even after 24 h of stirring.>” Therefore, the probe
Hf-UiO-66-NHCSNHCH; is stable enough for the application
of the sensing purpose in a variety of solvent media.

The thermogravimetric (TG) experiments for both Hf-
Ui0-66-NHCSNHCH; and Hf-UiO-66-NH, were performed to
know the material’s thermal stability. Initially, there was a
weight loss of 2.9% in the TG-curve of Hf-UiO-66-NH, due to
the removal of 1.3 molecules of water per unit formula of Hf-
Ui0-66-NH,, at 130 °C (Fig. S141). The second weight loss was
attributed to the loss of the framework structure at 400 °C. The
absence of breakpoint due to DMF in the TG trace confirmed
the proper activation of Hf-UiO-66-NH,. The material Hf-
UiO-66-NHCSNHCH; also displayed a similar TG-curve with an
initial weight loss of 3.7% due to the loss 1.5 molecules of
water per unit formula and the second weight loss due to
linker dislocation from the framework structure starting from
350 °C to 400 °C. The framework destruction of Hf-UiO-66-
NHCSNHCH; occurred at a slightly lower temperature com-
pared to Hf-UiO-66-NH,, due to the linker defect that arose at
the time of post-synthetic modification.

N, sorption analysis of Hf-Ui0-66-NHCSNHCH; was carried
out at —196 °C using liquid nitrogen. The determined surface
area for Hf-UiO-66-NHCSNHCH; was 498 m” g~ '. We noticed a
decreased surface area of Hf-UiO-66-NHCSNHCH; compared
to the surface area (784 m*> g~') of the previously reported Hf-
Ui0-66-NH, MOF (Fig. S157).>® The reduced surface area is
attributed to the post-synthetic modification. Because of post-
synthetic transformation, the extra functionality of methyl iso-
thiocyanate occupied the pores of Hf-UiO-66-NH,, which
caused a decrease in the surface area of Hf-UiO-66-
NHCSNHCH;. The decreased surface area of Hf-UiO-66-
NHCSNHCH; again supports the successful incorporation of
the methyl isothiocyanate moiety via the free amine of Hf-
Ui0-66-NH, (Fig. S167).

Structural description

The PXRD pattern of the synthesized Hf-UiO-66-NHCSNHCH;
material agrees that the material belongs to the UiO-66 class
(Fig. 1c). Again, the material’s phase purity, crystallinity, and
topology were supported by Pawley fit (Fig. S121) and indexing
(Table S17). Due to the strong binding between the oxophilic
hard Zr(wv) centers with the oxygen of the carboxylate groups of
the linkers, the MOFs bearing Zr(iv) ions are usually robust.
The hard-hard interaction gives rise to a chemically robust
material. Initially, a secondary building unit (SBU) is formed

This journal is © the Partner Organisations 2023
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by the bonding of six Zr(v) ions to four of the oxygen and four
hydroxy groups in the ps-bridging mode to afford one cubocta-
hedron oxo cluster.*® Twelve of the BDC linkers bound to the
SBU to give face-centered cubic topology with an approximate
cell length of 20.7 A.*” The cell parameter of Hf-UiO-66-
NHCSNHCH; was found to be 20.74 A by the indexing of its
slow scan PXRD data (Table S1t). The overall face-centered
cubic framework (Fig. 1a and b) possesses small tetrahedral
cages and large octahedral cages.

Fluorescence sensing of Hg>" and NH,-NH,

The use of mercury and hydrazine in industrial processes and
their release into the environment creates numerous health-
related issues. Therefore, the selective detection of industrially
important toxic analytes is highly required for a healthy
environment. Consequently, we synthesized a 2-(3-methyl-
thioureido)terephthalic acid-functionalized targeted system for
the selective detection of mercury and hydrazine. All the fluo-
rescence experiments for the sensing of mercury were per-
formed using a MOF suspension in DMF (1 mg mL ™) and the
analytes were prepared in water. The MOF suspension was pre-
pared by taking 1 mg MOF in 1 mL DMF . The mixture was
sonicated for about 30 min and kept undisturbed for 12 h.
Afterward, the mixture was centrifuged and only the super-
natant suspension was collected by decanting from the centri-
fuge tube and separating the excess MOF powder adhered
below. In this way, we prepared the stable MOF suspension. A
systematic fluorescence experiment was performed using
2700 pL DMF and 300 pL of the above-prepared MOF suspen-
sion and then adding 300 pL 10 mM aqueous analyte solution.
For the detection of hydrazine, a similar procedure as that for
mercury was followed with slight modification. Both MOF sus-
pension and analyte solution were prepared in water, and all
the fluorescence spectra were recorded using 2700 pL water
and 300 pL MOF suspension and thereafter adding 300 pL
10 mM aqueous analyte solution. For all the fluorescence
experiments for the detection of both mercury and hydrazine,
fluorescent light of 360 nm wavelength was used for excitation,
and the emission spectra were recorded between 380 and
600 nm. The excitation and emission spectra of the MOF sus-
pension are displayed in Fig. S17.}

Avolume-dependent fluorescence detection experiment was
carried out by adding 50 pL 10 mM aqueous Hg>" solution to
3000 uL MOF suspension in DMF in each step. A sudden
quenching in the fluorescence emission intensity was observed
after every incremental step and, finally, a saturation of the
quenching process was noticed after the addition of 300 pL
aqueous Hg>" solution, as shown in Fig. 2a. A similar volume-
dependent sensing experiment was carried out by adding
50 pL 10 mM aqueous hydrazine solution to 3000 pL aqueous
MOF suspension in each step. An immediate turn-on in the
fluorescence emission intensity was noticed after each incre-
mental addition and, finally, a saturation in fluorescence
intensity was detected after the addition of 300 pL 10 mM
aqueous hydrazine solution, as displayed in Fig. 2b. The detec-
tion of targeted analytes should be reproducible and repeata-
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Fig. 2 Change in the fluorescence emission intensity of the probe Hf-UiO-66-NHCSNHCH; after the incremental addition of 300 pL aqueous
10 mM Hg?* (a) and NH,—NH; (b) solution.

ble, which is a good characteristic of the ideal sensor material.
Therefore, we carried out batch experiments multiple times on
the same day and different days. The experimental results pre-
sented in Tables S2 and S3t confirmed that the sensing pro-
cesses are reproducible and repeatable for providing the same

results toward both
accuracy.

The time-dependent experiment was performed to deter-
mine the sensitivity of detection. To find the detection time,
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300 pL 10 mM aqueous Hg”* solution was added to a 3000 uL
MOF suspension in DMF, and the fluorescence emission
intensity was recorded after every 10 s intervals. We found that
after 10 s, there was a saturation in the fluorescence intensity
and no further appreciable quenching occurred up to 1 min

the analytes with high precision and (Fig. 3a and b). A similar procedure was adopted to find the
probe’s response time for hydrazine detection. In this case, we
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found that the turn-on nature of the fluorescence intensity of
Hf-UiO-66-NHCSNHCH; became saturated after 50 s (Fig. 3c
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Fig. 3 Time-dependent fluorescence emission intensity of probe Hf-UiO-66-NHCSNHCHj3 after the addition of 300 uL 10 mM aqueous solution of

NH,—NH, (a) and Hg?* (c). Fluorescence intensity versus time plot for NH,—NH, (b) and Hg?* (d).
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and d). Therefore, the probe Hf-Ui0-66-NHCSNHCHj; is highly
sensitive with a very low detection time as compared to other
MOF-based mercury and hydrazine sensors displayed in Tables
S5 and S6.f The fluorescence increment and quenching
efficiency after adding 300 pL hydrazine and Hg>* solution was
calculated using the formulas I/I, and (I — Io/I) x 100, respect-
ively (I, is the fluorescence intensity of the probe before the
addition of the target analyte and I is the fluorescence inten-
sity of the probe after the addition of the target analyte). We
found a 28-fold increment in the fluorescence intensity of the
probe after the addition of 300 pL 10 mM hydrazine solution.
After the addition of 300 pL 10 mM Hg”* solution, the fluo-
rescence intensity of the probe quenched up to 92%. The
appreciable change in the original fluorescence intensity of
the probe by both the targeted analytes made our material a
different and more efficient sensor.

The selectivity of the probe over the other competitive ana-
lytes was thoroughly investigated. To a MOF suspension of
3000 pL in DMF, 300 pL 10 mM of aqueous competitive
analyte solutions (Ag®, K, Li*, Cd**, Zzn**, Cu®*, Mg *>*, Mn*",
Pb>*, Ni**, Na*, Pt>", Pd*", AI**, Cr**, and Co®") were added in
individual experiments, and the fluorescence intensity was
recorded (Fig. 4a). We found a quenching efficiency of 92% in
the case of Hg”", whereas for other analytes, the quenching
efficiency only remained below 25% (Fig. S18-S33f and 4a). A
similar experiment was performed using an aqueous MOF sus-
pension and competitive analytes (ala, gly, leu, tyr, pro, urea,
thiourea, phe, Br-, F~, CH;COO~, HSO,”, NCS~, HCO;,
S,05>7, and NO,") of hydrazine (Fig. S34-5497). We found an
immediate 28-fold increment in the fluorescence intensity
when hydrazine was added to an aqueous MOF suspension.

(@) —100
N3
< 90
>
gBO
g
o 60
&£ 50
w
o 40
£ 30
'Fc,zo
S 10
éo
A & & & & &8 & & 208 & %
$32 38838 Tepss s
(b) Analyte
30
25
20
=
= 15
10
5
°~g° 0 L 5 o > e @ Z 3 % 8 o
f fggeargs gegigte
r 2 I z @
- Analyte

Fig. 4 Comparative selectivity bar plots of the probe Hf-UiO-66-
NHCSNHCH; toward Hg?* (a) and NH,—NH, (b) with their respective
congeners (plots are shown with standard deviations of
3 measurements).
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However, a minor enhancement in fluorescence intensity was
noticed for other competitive analytes of hydrazine. The above
experiments confirmed that the probe Hf-UiO-66-
NHCSNHCH; is highly selective over other competitive ana-
lytes for the selective detection of Hg®>" and hydrazine, as
shown in Fig. 4b. An ideal probe should not only detect the
target analyte selectively, but the detection process should also
be repeatable and with a minimum allowed standard error.
Therefore, the selectivity experiment was carried out three
times, and the error in the 2D-bar plot is presented as the stan-
dard deviation in Fig. 4a and b. The minor standard deviations
confirmed that our probe is reproducible in providing the
results repeatedly with high precesion and accuracy.

We evaluated the selectivity of our probe to hydrazine and
Hg>" in a complex medium in the presence of other competi-
tive analytes. A three-step procedure was carried out for the
selectivity experiments. In the first step, the fluorescence emis-
sion intensity of the MOF suspension was recorded. In the
second step, 300 puL 10 mM aqueous solution of a competitive
analyte was added and the fluorescence spectrum was
recorded. In the last step, 300 pL 10 mM aqueous Hg”" solu-
tion was added and the fluorescence emission intensity was
recorded. The same experiment was repeated for all the com-
petitive analytes of Hg”*. Similar experimental procedures were
adopted for all the competitive analytes of hydrazine as well.
The obtained results showed that probe Hf-UiO-66-
NHCSNHCH; can detect both Hg”" and hydrazine selectively
in the presence of respective competitors. As displayed in
Fig. 5a and b, there is no such competitor analyte to question
the selectivity of the probe Hf-UiO-66-NHCSNHCH; for detect-
ing both the targeted analytes (Hg”* and NH,-NH,).

(a) 100

& & & 4 8 & 2 & % A ¥ 2 42 & s
32388232237 g¥es3z2
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Fig. 5 The comparative selectivity bar plot (with standard deviations) of
probe Hf-UiO-66-NHCSNHCH; toward Hg?* (a) and NH,—NH, (b) in the
presence of their respective congeners. The brown bars represent the
quenching efficiency toward ng+ and fold increment in the case of
NH,—NH, and the blue bars belong to the competitive analytes.
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The low value of limit of detection (LOD) is one of the
essential properties of an ideal sensor. Therefore, we per-
formed the fluorescence sensing experiment of Hf-UiO-66-
NHCSNHCH; of our probe toward detecting mercury and
hydrazine in the concentration of analytes with as low concen-
tration as possible. After a systematic investigation, we calcu-
lated the LOD values using the formula 36/k. Here, o is the
standard deviation of the blank fluorescence intensities of the
MOF suspension only and k is the slope of the curve (linear fit
curve between fluorescence intensity and concentration)
(Fig. S50 to S51%). The LOD values of the probe Hf-UiO-66-
NHCSNHCH; were 1.9 + 0.25 nM and 4.0 + 0.37 nM for hydra-
zine and Hg”" detection, respectively. The obtained LOD values
are lower in comparison with any MOF-based sensors of
mercury and hydrazine to date (Tables S5 and S6+). The selecti-
vity, sensitivity, and lower LOD value of our probe Hf-UiO-66-
NHCSNHCHj; toward detecting mercury and hydrazine make it
an ideal sensor.

To understand the quenching process of the probe by Hg*",
we plotted the Stern-Volmer plot. The Stern-Volmer plot in
Fig. S66t1 displays that at lower concentration, the plot is
linear, but at higher concentration, it became steeper. The
above observation concluded that the quenching process
might be due to the static or dynamic pathway.?® Therefore, we
carried out the time-resolved fluorescence lifetime experiment.
Again, the Stern-Volmer constant (Kg,) obtained from the
slope of the plot between Iy/I versus the concentration of
mercury confirmed that the quenching process must be due to
strong interaction between the probe and mercury as the K,
value is much higher (7.49 x 10> M™") (Table S1t). There was
almost no change in the probe’s lifetime before and after
adding Hg>*. The minor lifetime change confirmed that the
static pathway of fluorescence quenching occurred due to the
formation of the ground state complex between the probe and
Hg>" (Fig. $52 and Table S47). The 3D-Stern-Volmer plot, also
presented in Fig. 6, shows that the material is highly selective

Fig. 6 3D Stern—Volmer plot for the detection of Hg?*.

2748 | Inorg. Chem. Front., 2023,10, 2742-2753

View Article Online

Inorganic Chemistry Frontiers

toward mercury over other analytes in a wide concentration
range.

The recyclability of the probe for the sensing of mercury
was examined by washing it with DMF and water after each
cycle of the sensing process. We performed the recyclability
experiment up to seven cycles, which showed that the probe is
equally efficient in detecting mercury up to seven cycles, as
shown in Fig. S53.1

The sensing of hydrazine in different water specimens was
studied in a systematic way. An MOF suspension was prepared
in each water specimen (river water, seawater, lake water, tap
water, and distilled water). A series of aqueous hydrazine solu-
tions of 3.33 mM, 6.66 mM, and 10 mM concentrations were
prepared and utilized for sensing experiments. The fluo-
rescence experiment was carried out in a general manner by
recording the fluorescence emission intensity before and after
the addition of different concentrations of hydrazine. The
obtained results shown in Fig. 7a proved that our probe has
efficiency in detecting hydrazine even from a complex water
specimen system. These results indicate that the probe can
work for real-field application purposes.

Again, the detection of hydrazine in different pH solutions
was examined. The obtained results in Fig. 7b indicates that
our probe could detect hydrazine in a wide pH range (pH 4 to
pH 12). At pH 2, the presence of an acidic medium immedi-
ately protonated the added hydrazine and hindered its attack
on the thiocarbonyl group. Therefore, a negligible turn-on in
the fluorescence emission intensity was noticed after the
addition of hydrazine to the MOF suspension.

A naked eye detection method was adopted by adding
hydrazine and mercury to the cuvettes containing MOF sus-
pension under a fluorescence lamp. A turn-on blue fluo-
rescence light was observed after the addition of hydrazine,
whereas after the addition of mercury, a turn-off in fluo-
rescence was observed under the fluorescence lamp. A cotton
composite-based device was also designed by coating MOF
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Fig. 7 Detection of hydrazine in environmental water specimens at
different concentrations (a) and detection of hydrazine in various pH
solutions (b).
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powder onto the surface of a cotton cloth. For preparing the
MOF-cotton composite, at first, cotton pieces were washed
with ethanol and acetone and dried. The clean cotton pieces
were immersed in MOF suspension in ethanol. The cotton
pieces were stirred in MOF suspension slowly for 24 h. Then,
the pieces were removed and dried in an oven. The dried MOF-
cotton composite was utilized further for real-field sensing
purposes. Cotton possesses free hydroxy groups on its surface,
and the Hf-atom of Hf-UiO-66-NHCSNHCH; is oxophilic in
nature. Therefore, the MOF material was bound to the hydroxy
groups on the surface of cotton to produce a useful cotton-
composite material, which has great utilization for real-field
sensing application purposes. After adding mercury and hydra-
zine to the MOF-coated cotton composite, similar turn-off and
turn-on phenomena in fluorescence intensity were observed
(Fig. 8). The simple cotton composite-based naked-eye sensing
device made of our material applicable in real-world sensing
applications.

Mechanism of hydrazine sensing

A systematic experimental investigation was performed to find
the reason behind the selective turn-on detection of hydrazine
by the Hf-UiO-66-NHCSNHCH; probe. The PXRD analysis of
the probe was performed after one cycle of sensing experiment
and the retention of the exact PXRD pattern before and after
sensing confirmed that the turn-on behaviour of the probe was
not due to the structural destruction of the MOF material
(Fig. S547). The recyclability experiment was performed using
the recovered material after the first cycle of the sensing
experiment. The fluorescence spectrum of the recovered probe
showed a turn-on nature before adding hydrazine solution.
The above result confirmed that a new species was generated
due to the reaction between the functional group of the probe
and hydrazine. Therefore, the fluorescence turn-on occurred
by a reaction-based pathway.

To know the exact active center of the reaction, we carried
out sensing experiments with Hf-UiO-66-NH, MOF. The
obtained result showed that after adding hydrazine solution to
Hf-UiO-66-NH, suspension, there was little change in the fluo-
rescence emission intensity. The above result indicated that
the reaction between the thiocarbonyl group of the probe and
hydrazine is the reason behind the fluorescence turn-on behav-
ior. Again, we repeated the fluorescence sensing experiment
utilizing a Hf-BDC-NHCON(CH;), MOF in place of our probe

View Article Online
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Hf-UiO-66-NHCSNHCH;. In this case, a similar fluorescence
turn-on behavior such as probe Hf-UiO-66-NHCSNHCH,; was
observed (Fig. 9). The probe Hf-BDC-NHCON(CHj;), is not
selective for other competitive analytes such as NCS™, HSO,™,
and S,0;*". H-BDC-NHCON(CH3), showed a similar turn-on
behaviour similar to NH,-NH,. The higher electrophilicity of
Hf-BDC-NHCON(CHj3), is the cause of the absence of selecti-
vity, whereas with probe Hf-UiO-66-NHCSNHCH;, the moder-
ate electrophilicity of the thiocarbonyl group helps to detect
hydrazine without any selectivity issue. The a-effect of hydra-
zine causes the nucleophilic attack on the thiocarbonyl group.
It breaks the conjugation from the aromatic part of the linker,
resulting in an enhancement in the fluorescence emission
intensity. Further proof of reaction-based nucleophilic attack
on the thiocarbonyl functionality of the linker was supported
by the '"H NMR and '*C NMR spectra. The aromatic peaks in
the "M NMR spectrum of hydrazine-treated Hf-UiO-66-
NHCSNHCH; displayed an up-field chemical shift due to an
increase in the electron density on the benzene ring
(Fig. $551). In the "*C NMR spectrum, the disappearance of
the peak at 175 ppm and the appearance of the 149 ppm peak
is a strong evidence of the nucleophilic attack by NH,-NH,
(Fig. S56%). The mass spectrum of the probe after the addition
of hydrazine showed prominent peaks at 237 and 251 m/z
ratios (Fig. S577), which is due to the formation of the new
imine complex (mass 251) by the attack of hydrazine on the
thiocarbonyl group. Later, the imine complex dissociated by
the attack of water present in the system to give a carbonyl
compound (mass 237), as shown below in Scheme 2. Again,
the UV-Vis spectra of probe Hf-Ui0-66-NHCSNHCH; before
and after the addition of NH,-NH, was examined. We noticed
a considerable change in the absorbance spectrum after
adding NH,-NH,. It also supports that the enhancement in
the fluorescence emission intensity of the probe Hf-UiO-66-
NHCSNHCH; after adding NH,-NH, might be due to a reac-
tion-based pathway (Fig. S587).

The EDX elemental analysis of the recovered probe after
hydrazine sensing confirmed the absence of sulfur atoms,
indicating a nucleophilic attack by hydrazine on the thiocarbo-
nyl group of the probe, thereby causing loss of sulfur in the
form of hydrogen sulfide (H,S) (Fig. S591). To confirm the
removal of sulfur in the form of H,S, we used a previously
reported azide-based H,S sensor Nap-but for H,S detection.?®
The H,S sensor was spiked with our MOF suspension, and the

'i |

NH,-NH,

‘_‘Qt‘!

Fig. 8 Naked eye detection of Hg?* and NH,—NH, by MOF-coated cotton composite under a fluorescence lamp.
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Scheme 2 Proposed mechanism of hydrazine sensing by the probe Hf-
UiO-66-NHCSNHCH;.

fluorescence spectrum was recorded. The same was also uti-
lized by Bhabak et al. to detect the H,S from their reaction
medium.*® After the addition of hydrazine to the above
mixture, we noticed a prominent enhancement in the fluo-
rescence intensity, which confirmed the release of H,S from
our probe due to the attack of hydrazine on the thiocarbonyl
part of our probe (Fig. S601). When we added hydrazine to a
mixture of our probe and lead acetate in water, we noticed
immediate black precipitation due to the formation of lead
sulfide (Fig. S61).>" The source of sulfur must be due to the
detachment of sulfur from our probe. As we know, lead acetate
is very reactive toward H,S to form lead sulfate. The color of
lead sulfate is black, and we noticed a black sediment in the
mixed suspension after adding hydrazine. All the above experi-
mental data strongly supported the nucleophilic attack of
hydrazine to the thiocarbonyl center of our probe. It caused an
enhancement in the fluorescence emission intensity after
adding hydrazine to the probe.

2750 | Inorg. Chem. Front, 2023,10, 2742-2753

Mechanism of Hg”* sensing

A significant quenching in the fluorescence spectrum of Hf-
UiO-66-NHCSNHCH; by mercury inspired us to explore the
sensing mechanism of our probe toward mercury. The fluo-
rescence quenching mechanism is very crucial from a chemist’s
perspective. Therefore, we conducted a series of experiments to
find the exact reason behind the quenching process. As men-
tioned above, the probe is recyclable, and the PXRD pattern
remained unchanged after sensing (Fig. S627), proving that the
fluorescence quenching process is neither due to a reaction-based
process nor due to the structural destruction of the framework
structure. Further, the EDX spectrum of the probe after sensing
and thorough washing did not show Hg>" or loss of any element,
which also supported the above statement that the quenching
process is neither due to a reaction-based process nor due to the
structural destruction of the framework (Fig. S63t). The washing
process was carried out by stirring the recovered sample in water
for 24 h, followed by filtration and drying for further use. The
recovered sample after the sensing of Hg>* without washing
showed the presence of Hg”" in the EDS (TEM) spectrum and
elemental mapping, which confirmed the weak complexation
between the probe and Hg>" (Fig. S64 and S65). The Stern-
Volmer plot mentioned above is linear at lower concentration and
became steeper at higher concentration of mercury, which may be
due to a static or dynamic quenching pathway. To summarize, we
carried out the fluorescence lifetime study of probe Hf-UiO-66-
NHCSNHCH; before and after adding Hg*".
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The fluorescence lifetime of the probe remained almost the
same before and after adding mercury solution to the MOF
suspension, as mentioned above. Therefore, the quenching
process was not due to a dynamic pathway which kicked out
the possibility of fluorescence resonance energy transfer
mechanism. The above result confirmed that the fluorescence
quenching process occurred through a static quenching
pathway, i.e., due to the ground state complexation between
the probe and mercury, which allows the electron transfer
from the probe to the vacant orbital of mercury. As reported by
many previous works, the sulfur atom of the thiocarbonyl
group is the center for the interaction with mercury, and in
our case, the sulfur of the probe may be the center for soft-
soft interaction with mercury.** Therefore, we performed X-ray
photoelectron spectroscopy to find the exact active center of
complexation. We executed the XPS analysis of Hf-UiO-66-
NHCSNHCH; before and after interaction with mercury. The
binding energies of the 2S orbital of sulfur were 161.96 and
163.09 eV before the interaction with mercury. They became
162.46 and 163.58 eV after the interaction with mercury, pro-
viding a direct support for the interaction of mercury with
sulfur. The mercury-sulfur interaction allows the transfer of
electrons from the probe to mercury and thereby causes
quenching in the fluorescence intensity of the probe
(Fig. S667). The shift in the binding energy of all the elements
after interaction with Hg>* also supported that there must be
some interaction between the probe and Hg>" (Fig. S67-S707).
The presence of the XPS characteristic peak of mercury is also
direct proof of the interaction between the sulfur atom of the
probe and Hg*" (Fig. S7171).** The solid state UV-Vis spectrum
of our material before and after the addition of Hg*" showed a
24 nm red shift, which is a strong evidence of ground state
complexation between our probe and Hg”" (Fig. S727).

Further confirmation of molecular interaction was obtained
from a systematic temperature-dependant fluorescence experi-
ment of our probe in the presence of different concentrations
of mercury in varying temperature range (298-343 K). The K,
value was obtained at different temperatures from the linear fit
plot of I/I, versus the concentration of mercury (Fig. S737).
There was a decrease in the K, value with an increase in temp-
erature, as shown in Table 1. The reduction in the K, value
with increase in temperature rise supports the soft-soft inter-
action between mercury and the sulfur atom of our probe.

Table 1 Thermodynamic parameters obtained from Stern—Volmer,
modified Stern—Volmer, and Van't Hoff equations obtained from temp-
erature-dependent fluorescence titration experiments in the presence
of Hg?* ion

Ko x10° K, x10° AG AH AS
T(K) (Lmol™) (Lmol™) (kfmol™) (kJmol™) (Jmol™K™)
298 7.49 1.29 —-28.89 —-37.24 —28.02
313 6.23 0.49 —28.47
328 5.99 0.26 —28.05
343 5.51 0.19 —27.63
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The bimolecular binding constant (K,) at different tempera-
tures was obtained from the intercept of the plot of log[(Z, — 1)/
I] versus log[Q] using the modified Stern-Volmer equation
(Fig. S74%): log[(Io — I)/I] = log K, + nlog[Q]. The decrease in the
magnitude of the binding constant again supported the fact
that the quenching process was due to the soft-soft interaction
between mercury and the sulfur atom of our probe (Table 1).
By increasing the temperature of the system, the randomness
of the system increases and the interaction becomes weak,
because of which the value of the binding constant decreased
with the increase in the temperature.**3*

The thermodynamic parameters, i.e., enthalpy change (AH)
and entropy change (AS), were obtained from the slope and
intercept of the log K, versus 1/T plot, respectively (Fig. S757).
As we know, the difference in enthalpy and entropy could help
in predicting the interaction process. The positive value of AH
and AS suggests hydrophobic interaction, whereas the negative
value of AH and positive value of AS suggests electrostatic
interaction. In our case, both the thermodynamic parameters
are negative, indicating molecular interaction.

In K, = —AH/RT + AS/R

Further, we calculated the free energy change (AG) at
different temperatures using the obtained value of AH and AS
and the following thermodynamic formula. The obtained
values of AG at various temperatures were negative, which con-
firmed that the interaction process was spontaneous and
exothermic.®® The decrease in the magnitude of AG with an
increase in temperature also agrees with the K, values
obtained at various temperatures.

AG = AH TAS

Further, we carried out control fluorescence experiments
using Hf-UiO-66-NH, and Hf-Ui0-66-NHCON(CH3), MOF
materials in place of our probe. A negligible quenching in fluo-
rescence emission intensity was observed after adding mercury
solution to Hf-Ui0O-66-NH, and Hf-UiO-66-NHCON(CH3;), MOF
suspensions (Fig. 9). The experiments again confirmed that
the interaction between the sulfur atom of the probe and
mercury is the reason behind the fluorescence quenching
process.

Conclusion

The detection capacity of Hg>" and NH,-NH, by our probe was
presented systematically with a proper explanation of the
mechanism behind the change in the fluorescence emission
intensities. The lower detection limit, fast response, recyclabil-
ity, and reproducibility with high precession made our probe
reliable over the other reported probes for Hg>* and NH,-NH,
sensing. The cotton-based MOF composite is advantageous
over the paper-strip device due to its low-cost and recyclable
nature. The probe detects Hg** and NH,-NH, in the presence
of a wide variety of competitive analysts. The high turn-on in
the fluorescence emission intensity (28-fold increment) due to
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hydrazine and the high quenching efficiency (92%) made our
probe ideal due to the noticeable change in the signal. The
probe can also detect hydrazine from environmental water
samples and a wide range of pH solutions. The detection
mechanisms of Hg*" and NH,-NH, were explained in a sys-
tematic manner using appropriate analytical characterization
methods, which is an essential criterion for a good sensor
material. The overall work presented here will help scientists
working in the field of MOF-based sensors due to the reliable
and reproducible nature of our probe.
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