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A fluorescent zirconium organic framework
displaying rapid and nanomolar level detection of
Hg(II) and nitroantibiotics†

Subhrajyoti Ghosh,a Felix Steinke,b Abhijeet Ranaa and Shyam Biswas *a

The solvothermal reaction of ZrCl4 with a benzo[1,2-b:4,5-b’]dithiophene-2,6-dicarboxylic acid (L1) linker

molecule in the presence of a trifluoro acetic acid modulator afforded a UiO-66 type of metal organic

framework (MOF) (IITG-5, IITG = Indian Institute of Technology, Guwahati). The synthesized MOF material

was characterized in detail with the help of PXRD, FE-SEM, FT-IR, EDX and elemental analyses. The

material showed high thermal stability up to 390 °C in air atmosphere. This porous material (surface area

= 1228 m2 g−1) also displayed significant chemical stability in various solvents. The thermally activated

compound (IITG-5a) exhibited excellent detectability towards Hg2+ in aqueous medium and various

nitro-antibiotics (nitrofurazone and nitrofurantoin) in MeOH. Besides the fast response (1 min for all ana-

lytes), very low limits of detection (LODs) were observed for the sensing of all the targeted analytes (LOD

for Hg2+, nitrofurazone and nitrofurantoin were 5, 156.7 and 96.3 nM, respectively). A paper strip-based

sensing technique was developed for all the three analytes. Interestingly, for the sensing of all the above-

mentioned analytes, IITG-5a featured excellent reusability of up to five consecutive cycles without loss of

its sensing efficiency. Mechanisms for all the sensing actvities were elaborately explored by means of DFT

calculations and analytical methods.

Introduction

Mercury (Hg) is a highly toxic, non-biodegradable and soft
heavy metal.1 In the year 1956, Japan’s minamata disease
already displayed the horrible toxic effect of Hg.2 In the
environment, Hg is mainly present in its inorganic salt form.
However, the inorganic form of Hg2+ can easily be converted
into its more toxic form methylmercury (CH3Hg+) by fish and
microorganisms.3 Due to the soft and lipophilic nature of
CH3Hg+, it can be easily absorbed by the human body.3 This
toxic heavy metal mainly enters into the human body via
aquatic organisms. Even a trace amount of mercury can easily
bind with soft sulphur-containing amino acid molecules of
living organisms and collapse the immune and central
nervous systems.4,5 Absorption of higher concentrations of Hg

can cause cancer, heart troubles, respiratory failure, motion
disorder, temporary blindness, kidney failure, intelligence
loss, nephrotic syndrome, etc.6 In spite of the large number
of toxic effects of Hg, the on-going development of various
industries, numerous natural phenomena like volcanic erup-
tion and human activities (e.g. burning of coal, waste incinera-
tion, and combustion of fossil fuels) increase Hg pollution.7

Therefore, environmental pollution caused by Hg has become
a global issue of high concern, which must be resolved
urgently.

In the modern day, different types of pharmaceutical anti-
biotics are being used all over the world for the purpose of
human therapy and the farming industry.8 In the year 1928,
the first antibiotic penicillin was discovered.9 Thereafter, in
the last 90 years, a variety of antibiotics have been developed
to get rid of different bacterial diseases.10,11 However, the
excessive use and arbitrary disposal of the poorly metabolized
antibiotics created lot of problems for the environment as well
as for living beings.12,13 Long-term intake of antibiotics may
give rise to the development of antibiotic resistant genes in
living organisms, which have serious effects on the
ecosystem.13,14 The residues of pharmaceutical antibiotics and
their various transformed products may cause different
adverse effects like chronic and acute toxicity and microorgan-
ism antibiotic resistance.15 Nitrofurazone (NFZ) and nitrofur-
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antoin (NFT) are two very common antibiotics, which are
mainly used for the remedy of skin infections, and urinary
tract and kidney infections, respectively.16,17 Exposure to these
antibiotics for a long time may cause several side effects such
as nausea, vomiting, headache, loss of appetite and
dizziness.18,19 Thereafter, it is necessary to develop a suitable
method to prevent the environmental pollutions caused by
these antibiotics.

One of the most common ways to prevent the environment
and living beings from the toxic effects of heavy metal ions
(Hg) and various antibiotics (NFZ and NFT) is to know their
presence in the environmental samples (soil and water).
Fluorometric method is one of the most user-friendly, easily
accessible, rapidly responsive, low-cost and reliable methods
of sensing.20 Such features have made the fluorescence-based
method of sensing more popular in scientific community than
other conventional techniques of sensing such as HPLC, capil-
lary electrophoresis, LC-MS, atomic emission and absorption
spectroscopy.21 The choice of appropriate sensor molecules
(fluorophores) can permit the easy sensing of the targeted
analytes.

Fluorescent MOFs contain ligands such as fluorophores,
which are able to sense various metal ions, anions, biologi-
cally signalling molecules, various toxic gas molecules, anti-
biotics, etc., in the past few years.22–25 Rapid development of
various MOF-based sensors took place in recent times
because of their high physicochemical stability, porous
nature and tuneable nature of functional groups (as required)
even after their synthesis.24,26 Wide choice of solvent mole-
cules for the sensing purpose and stability in a H2O medium
have made MOF materials suitable sensing probes for various
analytes.27

Various sulphur-containing organic linker molecules and
MOFs are reported in the literature, which were used for the
sensing of Hg2+. For the sensing of various nitro-group-con-
taining antibiotics, an electron-rich probe can be used.26,27

The interaction between the soft sulphur atom with soft Hg2+

ions and intermolecular energy transfer is the probable reason
behind the sensing of Hg2+ ions and nitro-group-containing
antibiotics in most of the reported probes.28–30

Thereby, we strategically synthesized a Zr-based UiO-66
MOF material using benzo[1,2-b:4,5-b′]dithiophene-2,6-
dicarboxylic acid linker (L1). Our aim was to utilise such a
linker for the sensing of Hg2+ and various nitro-group-con-
taining antibiotics. In reality, the thermally activated MOF
material displayed outstanding selectivity towards the
sensing of Hg2+ and nitro-group-containing antibiotics (NFZ
and NFT) (Scheme 1). Rapid responses were observed in
both the cases of sensing (for Hg2+ = 1 min; for NFZ = 1 min
and for NFT = 1 min). In addition to fast and selective
responses, this MOF material also exhibited extraordinarily
low LODs for all the targeted analytes (LOD is 5 nM for Hg2+,
156.7 nM for NFZ and 96.3 nM for NFT). Together with the
solvent phase, this newly synthesized MOF material can also
sense the targeted analytes in a paper strip coated with
MOFs.

Experimental section
Synthesis of [Zr6O4(OH)4(C12H4S2)4.9]·4H2O·4DMF (IITG-5)

A mixture of a benzo[1,2-b:4,5-b′]dithiophene-2,6-dicarboxylic
acid linker molecule (20 mg, 0.07 mmol), a ZrCl4 metal salt
(17 mg, 0.07 mmol), trifluoroacetic acid (166 µL, 2.1 mmol)
and 3 mL DMF was sonicated for 30 min after pouring all the
components into a Pyrex tube. Here, the linker molecule, ZrCl4
and trifluoroacetic acid modulator were taken in a molar ratio
of 1 : 1 : 30. After complete dissolution of all the components
by sonication, the mixture was positioned on a pre-heated
heating block at 150 °C for 1 day. After 1 day, a yellow colour
solid precipitate (IITG-5) was collected via filtration. The
obtained solid was washed with acetone (3 × 2 mL) and placed
in an 80 °C air oven for 6 h. Yield: 25 mg (0.01 mmol, 77%)
related to Zr salt. Anal. calcd for C70.8H59.6N4O16S9.8Zr6 (2075 g
mol−1): C, 40.94; H, 2.87; N, 2.70. Found C, 40.59; H, 2.72; N,
2.56%. FT-IR (cm−1): 3387 (br), 2846 (w), 2550 (w), 1654 (s),
1542 (vs), 1445 (s), 1402 (vs), 1358 (s), 1310 (s), 1253 (w), 1162
(s), 1075 (m), 886 (m), 773 (s), 660 (s), 602 (m), 442 (s).

Activation of compound IITG-5

In the as-prepared compound (IITG-5), some DMF molecules
were encapsulated within the pore. To remove the DMF mole-
cules, at first 50 mg of IITG-5 was stirred in 100 mL of metha-
nol (MeOH) for 1 day. Then, the recovered material was col-
lected by filtration and completely dried in an oven at 60 °C
for 1 day. Finally, the low boiling MeOH solvents (encapsulated
within the pore of IITG-5 during solvent exchange) were
removed by heating the compound in a 100 °C oil-bath for 1
day under vacuum. Thus, we obtained the thermally activated
compound IITG-5a.

Rietveld refinement

At first, a starting model for the Rietveld refinement based on
the UiO-66 structure31 was built using Materials Studio32 and
geometrically optimized applying force-field calculations. For
the refinement using Topas Academics,33 the bond lengths of
the Zr–O-bonds of the hexanuclear cluster were restrained. For
the C–C-, C–S- and C–O-bonds of the linker, a set of distance
and angle restraints were used. Since the linker is placed on a
mirror plane, the atoms S1 and C3 were refined almost on top

Scheme 1 Fluorogenic switch-off sensing of Hg2+ and NFT/NFZ by
IITG-5a.
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of each other, but with an occupancy of 0.5 respectively. No
indication for a preferred orientation of the linker molecule
was found. The final parameters obtained from the Rietveld
refinement are summarized in Table S7.† The Rietveld plot is
displayed in Fig. 1 and the details of bond lengths in the struc-
ture of IITG-5 are shown in Table S1 (ESI†).

Results and discussion
Analysis of structure

At first, PXRD analysis with both IITG-5 and IITG-5a was per-
formed (Fig. S5, ESI†). The obtained PXRD data of IITG-5 were
indexed. This resulted in a cubic space group (Fm3̄m, no. 225).
By utilizing the obtained lattice parameters from refinement
(Table S7†) and the crystal structure of UiO-66, a model for the
structure of IITG-5 was constructed. The modelled crystal
structure of IITG-5 was refinement via the Rietveld method uti-
lizing the PXRD data of the compound. To our satisfaction, the
refinement results indicated that the structure of IITG-5
(Fig. 2) owns a similar framework structure to UiO-66.31

Similar to pristine UiO-66 framework, IITG-5 also has octa-
hedral and tetrahedral structural voids. Here, all the Zr-atoms

are present in a square antiprismatic coordination environ-
ment. Such similarities in both the structures imply that the
incorporation of benzo[1,2-b:4,5-b′]dithiophene-2,6-dicar-
boxylic acid linker molecules in place of un-functionalized ter-
ephthalic acid linker molecules does not make any change in
the framework structure. The activated compound (IITG-5a)
also displayed a similar PXRD pattern to that of IITG-5. That
means, the framework of IITG-5 remains un-altered even after
thermal activation. A homogeneous crystalline phase consist-
ing of cubic shaped crystals of IITG-5a was visualized from the
FE-SEM images (Fig. S6, ESI†). The presence of C, S, O and Zr
atoms in the MOF was confirmed by the EDX analysis
(Fig. S34, ESI†).

Infrared (IR) spectroscopy

To ensure the presence of various functional groups and the
whole removal of DMF (solvent) molecules from the pore of
the framework structure, we took the support of FT-IR spec-
troscopy (Fig. S4, ESI†). Two sharp absorption bands at 1542
and 1402 cm−1 were observed in case of both IITG-5 and
IITG-5a, which originated from the Zr-coordinated asymmetric
and symmetric stretching of carboxylate groups of the linker
molecules. A weak absorption band near 1654 cm−1 was
observed for compound IITG-5, which denotes the carbonyl
stretching vibration of DMF molecules. Such an absorption fre-
quency was not observed in case of IITG-5a. This confirmed
the whole removal of guest DMF molecules from the pore of
the framework structure of IITG-5.

Thermal stability

Thermogravimetric analysis (TGA) of both IITG-5 and IITG-5a
was conducted to know the thermal stabilities of this newly
synthesized MOF material in as-synthesized (IITG-5) and acti-
vated forms (IITG-5a). Fig. S7 (ESI†) displays that both IITG-5
and IITG-5a are thermally stable up to a temperature of 390 °C
in air. For the as-synthesized compound (IITG-5), three con-
secutive losses of weights took place. The first loss of weight

Fig. 1 Rietveld plot for the structural refinement of IITG-5a.

Fig. 2 Structure of the compound IITG-5 (a), its SBU (b) and corresponding linker (c).
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(2.6%) in between the temperature of 25–120 °C could be
attributed to the loss of 4 H2O molecules per formula unit
(calcd.: 2.6 wt%). Escaping of 4 DMF molecules (per formula
unit) from the pore of the framework is the reason behind the
weight loss of 11.2% within the temperature range of
120–230 °C (calcd.: 11.3 wt%). Beyond a temperature of
390 °C, decomposition of the framework structure took place.
In case of IITG-5a, weight loss was observed only at tempera-
tures above 390 °C due to decomposition of the framework
structure. Hence, it can be concluded that both IITG-5 and
IITG-5a have similar thermal stabilities to that of the other
reported UiO-66 family of Zr-MOFs.34,35

The experimental and theoretical weight losses due to the
degradation of the organic linkers were ∼57% and ∼71%,
respectively. Such a difference between experimental and
theoretical weight losses clearly indicates that there are some
linker defects in the MOF structure. The weight loss owing to
the degradation of the linker molecules suggests that 4.9
linker molecules are present per formula unit of the frame-
work. This result eventually implies that 1.1 linkers are
missing per formula unit of MOFs.

Chemical stability

Chemical stability of IITG-5a in different solvents (H2O,
MeOH, CH2Cl2, acetone, hexane and DMF) was investigated
(Fig. S8, ESI†). For this investigation, at first, 15 mg of IITG-5a
was stirred in 20 mL of different solvents at room temperature
for 6 h. Afterwards, the material was collected by filtration and
PXRD analysis was performed after drying the recovered
material at 60 °C inside an oven. The unperturbed nature of
the PXRD patterns confirms the stability of IITG-5a in various
solvents. The robust nature of the material in the sensing
media (H2O and MeOH) fulfills the criteria of a smart sensor
molecule. Therefore, the chemical stability of IITG-5a is com-
parable to other reported UiO-66 types of Zr-MOFs.34,36

N2 sorption analysis

For the determination of surface area (BET) and pore volume
of IITG-5a, the N2 sorption analysis was performed at a temp-
erature of −196 °C (Fig. S9, ESI†). The N2 sorption study and
density functional theory pore-size distribution plot (Fig. S10,
ESI†) confirms the microporous nature of the framework. The
obtained surface area of IITG-5a was 1228 m2 g−1 with a pore
volume of 0.6 cm3 g−1 (measured at p/p0 = 0.5). The average
pore radius was 10.8 Å. Therefore, it is worthy to state that the
BET surface area of IITG-5a is comparable to the other Zr-
based UiO-66 types of materials reported in the literature.35,37

We also conducted the BET surface area analysis after stirring
the MOF material in different solvents for 6 h. The obtained
BET surface areas of the recovered materials after stirring in
H2O, MeOH, CH2Cl2, acetone, hexane and DMF solvents were
1196, 1192, 1239, 1184, 1231 and 1170 m2 g−1, respectively
(Fig. S11–S16, ESI†). The obtained surface areas were similar
to the surface area of the fresh MOF material (1228 m2 g−1).
These experiments clearly support the structural stability of
the MOF in the above-mentioned solvent systems for 6 h.

Particle size determination for IITG-5a in sensing media

The particle size of IITG-5a was measured by a dynamic light
scattering method. The average particle sizes of the MOF after
three measurements were 956 nm and 994 nm for the aqueous
and MeOH dispersions, respectively (Fig. S82, ESI†). The poly-
dispersion index (0.29 and 0.35 in H2O and MeOH, respect-
ively) values also signified the narrow distribution of the par-
ticle size. The obtained particle sizes clearly proved that the
MOF particles have a diameter in the colloidal region.

Fluorescence sensing of Hg2+ in water

Various small organic sensor molecules and MOF materials
were reported for the sensing of Hg2+. However, in most cases,
the sensors suffer from poor selectivity of sensing, long
response time, unsatisfactory limit of detection, lack of recycl-
ability of the sensing probe and choice of an organic solvent
as a sensing medium.38,39 To ensure the capability of IITG-5a
for the sensing of Hg2+ in the universal solvent (H2O), at first,
we conducted the fluorescence titration experiment with the
aqueous suspension of IITG-5a (100 µL) (taken in a 3 mL
cuvette containing 2900 µL of H2O) by adding an incremental
volume of 25 µL of aqueous solution (10 mM) of Hg2+.
Initially, IITG-5a displayed very high luminescence emission
intensity but with the incremental addition of Hg2+ solution,
and the emission intensity gradually decreased and finally
became saturated after addition of 75 µL of 10 mM aqueous
solution of Hg2+ (λex = 320 nm, λem = 420 nm) (Fig. 3). Around
92% decrease in fluorescence intensity was observed after the
addition of 75 µL of a 10 mM solution of Hg2+.

A time-dependent luminescence study was conducted to
deduce the response time of IITG-5a for the sensing of Hg2+

(Fig. 4). We know that the sensors with a lower response time
are more applicable for the real-life sensing purpose. At first,
100 µL of aqueous suspension of IITG-5a was taken in a
cuvette containing 2900 µL of water. It was followed by
inclusion of 75 µL of 10 mM aqueous Hg2+ to that mixture,
and fluorescence spectra were recorded with a regular time
interval of 1 min. It was observed that the emission spectrum

Fig. 3 Decrease in emission intensity of IITG-5a with the incremental
addition of 10 mM aqueous solution of Hg2+ (from 0 µL to 75 µL) (λex =
320 nm and λem = 420 nm).
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rapidly became saturated after 1 min of the addition of Hg2+

(Fig. 4). Therefore, this probe will be highly applicable for the
real-life detection of Hg2+ because of its very low response time
(1 min).

A reliable sensor material should sense the targeted analyte
only. To verify this criteria, we conducted similar sensing
experiments using the other competitive metal ions (Fe2+,
Cu2+, Al3+, K+, Ni2+, Cd2+, Na+, Mn2+, Cr3+, Zn2+, Co2

+, Pb2+,
Pd2+ and Pt2+) of Hg2+. Fig. 5 and Fig. S19–S32 (ESI†) display
that no other competitive metal ion can effectively quench the
fluorescence emission intensity of IITG-5a. Thus, we can con-
clude that IITG-5a is highly selective to sense Hg2+ in H2O.

In actual situation, more than one competitive analyte can
be present together. A smart sensor should have the quality to
sense the targeted analyte even in the presence of other com-
petitive analytes. To corroborate this phenomenon, at first, we
treated the aqueous suspension of IITG-5a with 75 µL of a
10 mM solution of other competitive analytes. Thereafter, the
suspensions were further treated with 75 µL of 10 mM
aqueous solution of Hg2+. From Fig. S19–S32 (ESI†) and
Fig. S33 (ESI†) it can be evidenced that the fluorescence inten-
sities of IITG-5a were not effectively quenched in the presence
of other competitive analytes. However, a rapid decrease in
fluorescence intensities was observed after the addition of

Hg2+ solution. This proved the selective nature of IITG-5a even
in the presence of other competitive analytes.

The Stern–Volmer (S–V) plot for different concentrations of
various analytes provides us valuable information of the
nature of quenching. Here, sensing of Hg2+ takes place via a
quenching pathway. Therefore, it is obvious to draw a S–V plot
to know the mechanism behind the quenching of fluorescence
intensity (Fig. S34, ESI†). Here, the Ksv value (Ksv = S–V quench-
ing constant) was calculated using the following mathematical
equation: I0/I = Ksv[Q] + 1.

In the equation, I0 and I denote the intensities of IITG-5a in
the absence and presence of different analytes, respectively.
[Q] represents the concentrations (in molar) of different ana-
lytes. The obtained value of Ksv for the sensing of Hg2+ was
3.54 × 105 M−1 (Fig. S35, ESI†), which is much higher than
that of most of the other reported MOF-based sensors of
Hg2+.40,41

The limit of detection value denotes the quality of a sensing
probe. To obtain the LOD value for the sensing of Hg2+, at
first, the standard deviation (σ) of the luminescence intensities
of the suspension of IITG-5a (in absence of any analyte) was
calculated. Afterwards, a series of fluorometric titration experi-
ments were carried out after gradually diluting the concen-
tration of Hg2+. A straight line with a negative slope (k) was
obtained after plotting the concentrations against the fluo-
rescence emission intensities (Fig. S36, ESI†). Here, the slope k
= 2184.64, which corresponds to the equation y = −2184.64x +
1.12 × 106 and R2 = 0.99299 (x axis represents the concen-
tration of the analytes and y axis the obtained fluorescence
intensity of IITG-5a after the addition of analytes). The σ value

was calculated using the formula σ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP ðxi � μÞ2

N

r
, where Σi =

intensity maxima of each suspension of IITG-5a (in absence of
any analyte), µ = mean of the maxima of all the intensities,
and N = total number of measurement. Finally, the LOD value
was calculated using the formula 3σ/k. Here, the obtained LOD
value (5 nM) is lower than that of most of the reported MOF-
based chemosensors of Hg2+ (Table S5, ESI†).

Recyclability tests up to five cycles were conducted using
the probe IITG-5a. The MOF material was recovered after each
cycle by centrifugation. Then, the material was filtered,
washed with H2O for the complete removal of the previously
absorbed Hg2+ and dried. For the use of IITG-5a for the next
cycle of sensing, the material was stirred in MeOH for 4 h and
dried at 100 °C for 12 h. Fig. S37 (ESI†) displays that the
material can sense Hg2+ with almost equal efficiency up to five
cycles. High reusability with equal efficiency ensures that the
probe is highly applicable for the real-life sensing purpose.

Mechanistic investigation for Hg2+ sensing

Recyclability performance up to five cycles (Fig. S37, ESI†) and
the integrity of the framework structure of IITG-5a after Hg2+

sensing (Fig. S39, ESI†) ensure that the sensing mechanism is
not reaction-based. Many sulphur-containing sensor molecules
of Hg2+ are available in the literature, where the interaction

Fig. 4 (a) Switch-off in the luminescent intensity of IITG-5a with the
increase in time after the addition of 75 µL of 10 mM Hg2+ solution (λex
= 320 nm, λem = 420 nm). (b) Change in luminescent emission intensity
with increase in time.

Fig. 5 Turn-off in emission intensity of IITG-5a after the inclusion
(75 µL) of 10 mM Hg2+ solution and 75 µL (10 mM) solutions of competi-
tor metal ions (λex = 320 nm, λem = 420 nm).
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between the soft sulphur (S) atoms with the soft Hg2+ was the
reason behind the quenching of fluorescence emission inten-
sities of the sensors.39 We also expected here that the inter-
action between the sulphur atoms of the thiophene rings
(present in the linker molecule) and Hg2+ may be the reason
behind the quenching process.

To explore the actual reason of quenching, we have per-
formed the luminescence lifetime measurements (Fig. S38 and
Table S2, ESI†). Insignificant change in fluorescence lifetime
(2.08 and 2.07 ns) before and after addition of Hg2+ confirms
the static nature of quenching process.42 Static nature of
quenching ruled out the possibility of resonance energy trans-
fer from IITG-5a to Hg2+. Therefore, the coordinative inter-
action between soft sulphur atoms of IITG-5a and Hg2+

(S⋯Hg2+ interaction)43 may be the reason behind the quench-
ing process. This kind of interaction was reported for many of
the sensing/absorption processes of Hg2+ in the literature.28,44

Furthermore, UV-Vis, EDX and XPS analysis were performed to
validate the probable interaction between the S atoms (of the
linker) and Hg2+. EDX analysis of the recovered material
obtained after sensing displayed the presence of Hg2+

(3.1 wt%) (Fig. S40, ESI†). This implies that some complexa-
tion took place between Hg2+ and S atoms of the linker mole-
cule. However, the retention of the PXRD profile verified that
the interactions between Hg2+ and the S atoms of the thio-
phene rings are not sufficiently strong to break down the crys-
talline nature of IITG-5a (Fig. S39, ESI†). Furthermore, the
possible interaction between soft S atoms of IITG-5a and Hg2+

was examined by UV-Vis spectroscopy (Fig. S41, ESI†). Before
the addition of Hg2+, IITG-5a displayed absorption peaks at
374 and 255 nm and a shoulder peak at 362 nm. However,
after the inclusion of Hg2+, the peak at 374 nm vanished and a
new absorption peak appeared at 344 nm along with two small
peaks at 381 and 403 nm. The peak at 255 nm remained at the
same position. These changes in the UV-Vis spectra strongly
support the interaction between the soft S atoms and
Hg2+.45,46 To confirm the specific interaction between S and
Hg2+, we performed XPS analysis. The XPS spectra of IITG-5a
before and after the treatment of Hg2+ were analysed (Fig. S42–
S46, ESI†). The XPS signature of the 4f orbital of Hg2+ showed
sharp peaks at 101.38 and 105.41 eV. This confirmed the pres-
ence of Hg2+ in the recovered material obtained after the
sensing event. Furthermore, the XPS spectra of the fresh and
Hg2+-treated IITG-5a for Zr 3d, O 1s and C 1s orbitals were
similar. However, an obvious change in the XPS spectrum of
the S 2p orbital of the fresh and used IITG-5a confirmed the
interaction between the S atoms of thiophene rings and Hg2+.
The peaks at 163.82, 164.88, 168.78 and 169.91 eV for fresh
sample correspond to the 2p orbital of S atoms, which were
shifted to the lower energy region (163.15, 164.22, 168.07 and
169.22 eV) after the treatment of Hg2+. All the above-men-
tioned experimental results strongly support that the coordina-
tive interactions between the S atoms of IITG-5a and Hg2+ were
the reasons behind the fluorescence quenching of IITG-5a.

We conducted a control luminescence experiment to
explore the mechanism underlying Hg2+ sensing using benzo

[1.2-b:4,5-b′]difuran-2,6-dicarboxylic acid (L2) and benzo[1,2-
b:4,5-b′]dithiophene-2,6-dicarboxylic acid (L1) linker mole-
cules. In case of L1 linkers, rapid and significant quenching in
emission maxima was observed after the addition of 75 µL of
10 mM aqueous solution of Hg2+ to the aqueous solution of L1
(100 µL). However, in case of L2 linkers, no such decrease in
emission response was observed (Fig. S47, ESI†). This obser-
vation clearly supports the coordinative interaction between
soft sulphur atoms of the L1 linker and Hg2+ (S⋯Hg2+ inter-
action) and such interaction results in the fluorescence
quenching of L1 linkers or IITG-5a MOFs.

Fluorescence sensing of antibiotics (NFZ and NFT) in MeOH

NFZ and NFT are two crucial antibiotics, which are mainly
used to cure the skin infections and for the remedy of urinary
tract infections, respectively.12 Consumption of these anti-
biotics for a long time may cause several side effects such as
nausea, vomiting, headache, loss of appetite and dizziness.18

Overuse and arbitrary disposal of these non-biodegradable
antibiotics cause environmental pollution. Several sensors and
absorbent materials were developed for the detection or
removal of these toxic antibiotics from the environment
(Table S6, ESI†). However, for most of the cases, they fail to
fulfil the expectations. Poor selectivity, long response time,
lack of recyclability and insufficient stability are the major
drawbacks of most of the reported sensing probes of anti-
biotics. In most of the reported sensors of antibiotics, the
transfer of energy from highly electron-rich probes to electron-
deficient antibiotics is the reason behind the sensing.30,47

Strong fluorescence intensity of IITG-5a in MeOH motivated us
for the sensing of antibiotics in this solvent. To verify the
efficiency of IITG-5a for the sensing of antibiotics, first, we
measured the emission intensity of IITG-5a (100 µL MOF in
2900 µL MeOH) after exciting the MOF suspension at 370 nm.
Strong emission intensity with an emission maximum at
442 nm was observed before the addition of NFZ and NFT anti-
biotic solutions (Fig. S18, ESI†). However, the emission inten-
sities of IITG-5a gradually decreased after each incremental
accumulation of 10 mM of NFZ and NFT antibiotic solutions.
The diminution of emission intensities became saturated after
the addition of 100 µL of 10 mM methanolic solution of NFZ
and NFT antibiotics (Fig. 6).

Fig. 6 Quenching in the luminescence intensity of IITG-5a with the
gradual addition of 10 mM aqueous solution of NFZ (a) and NFT (b)
(from 0 µL to 100 µL) (λex = 370 nm and λem = 442 nm).
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Detection time for these antibiotics by the probe was
measured after addition of 100 µL of methanolic solution of
NFZ and NFT antibiotics into a cuvette filled with the mixture
of 100 µL MOF in 2900 µL MeOH. The reduction in fluo-
rescence intensity became saturated after 1 min of the
addition of NFZ and NFT antibiotics (Fig. 7).

The selective sensing efficiency was verified after the
addition of 100 µL of 10 mM of antibiotic solutions to the sus-
pension of 100 µL of MOF in 2900 µL MeOH. From Fig. 8 and
Fig. S48–S56 (ESI†), it can be concluded that other antibiotics
(except NFZ) did not effectively quench the fluorescence inten-
sity of IITG-5a. Analogous experiments using 100 µL of 10 mM
methanolic solution of antibiotics were performed in case of
NFT. Similar results were also obtained in case of NFT
(Fig. S57–S65, ESI†). All these results imply that the MOF is
highly selective for the sensing of NFZ and NFT.

The selectivity of luminescence response of IITG-5a towards
NFZ and NFT even in the presence of other competitive ana-
lytes (metronidazole (MTZ), chloramphenicol (CHL), ofloxacin
(OFX), ciprofloxacin (CIP), tetracycline (TET), dimetridazole
(DMZ), sulfamethazine (SMZ), ronidazole (RNZ) and sulfadia-
zine (SDZ)) were also verified. For this study, at first, the MOF
material was treated with 100 µL of other competitive anti-
biotics. After that, the material was further treated with 100 µL
(10 mM) MeOH solution of NFZ (identical experiments were
also carried out in case of NFT antibiotic after taking 100 µL of
10 mM of NFT solution). From Fig. S66, Fig. S48–S56 and
Fig. S57–S65 (ESI†), it is clear that NFT and NFZ can quench
the emission intensity of IITG-5a with equal efficiency even in
the presence of its other congeners. Therefore, we can deduce
that IITG-5a is highly suitable for the selective sensing of NFZ
and NFT in MeOH.

To realize the actual mechanism behind the quenching of
fluorescence intensity in the presence of NFZ and NFT, we ana-

lysed the S–V plots (Fig. S67 and Fig. S68–S69, ESI†). The Ksv

values were determined using the following formula: I0/I =
Ksv[Q] + 1.

The Ksv values of 1.42 × 105 M−1 and 4.3 × 105 M−1

(Fig. S68–S69, ESI†) for NFZ and NFT are more superior than
most of the other reported chemosensors of nitro-
antibiotics.30,48,49 Initially, at lower concentrations of nitro-
antibiotics, the S–V plots were linear in nature. However, at
higher concentrations of nitro-antibiotics, they deviate from
their linearity. Thereby, the energy transfer process or self-
absorption may be the reason behind these quenching
processes.

Similar to Hg2+ sensing, here also the LOD values for the
detection of NFZ and NFT were calculated (Fig. S70 and S71,
ESI†) using the 3σ/k rule. The final obtained values of LODs
are 156.7 nM and 96.3 nM for NFZ and NFT, respectively. The
obtained LOD values are much lower than most of the reported
chemosensors of NFZ and NFT (Table S6, ESI†).

Reusability performance for the sensing of NFZ and NFT up
to five cycles was explored (Fig. S72 and S73, ESI†). Similar
experimental procedures as applied in case of Hg2+ sensing
were followed. It is worth to note that the material is highly
recyclable of the sensing of the selected nitro-antibiotics. High
recyclable performance without any loss of its sensing
efficiency increases its practical application possibilities.

Mechanistic investigation for NFZ and NFT sensing

Reusability of IITG-5a for the sensing of NFZ and NFT up to
five conjugative cycles (Fig. S72 and S73, ESI†) and retention of
the PXRD profile of IITG-5a after sensing (Fig. S39, ESI†) con-
firmed that the mechanism behind quenching is not reaction
based. There are some basic phenomena such as collision
between molecules, ground-state complexation, energy transfer
process, inner filter effect (IFE) and excited-state reaction,
which are reported in the literature as reasons behind quench-
ing processes.50 All the above-mentioned processes can be
classified into two different types of quenching processes.

Fig. 7 Switch-off in the luminescence intensity of IITG-5a with respect
to time after the inclusion of 100 µL of 10 mM (a) NFZ and (c) NFT solu-
tions in MeOH. Variation in the fluorescence intensity with time for (b)
NFZ and (d) NFT (λex = 370 nm, λem = 442 nm).

Fig. 8 Switch-off in the luminescence intensity of IITG-5a after the
inclusion (100 µL) of 10 mM of NFZ and NFT solutions and 100 µL of
10 mM solutions (in MeOH) of other competitor antibiotics (λex =
370 nm, λem = 442 nm).
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These are static and dynamic quenching processes. Diffusion
of quencher molecules to the excited state of the fluorophore
and collision between the fluorophore and the quencher mole-
cules are the main reasons behind the dynamic quenching.
However, close association between fluorophore and the
quencher molecules may result in static quenching.43

A time-resolved fluorescence study can corroborate the
nature of quenching. If the fluorescence lifetime of the
excited-state fluorophore remains constant even after addition
of quencher molecules, the process is static quenching.
However, if the fluorescence lifetime decreases, the process is
dynamic quenching.42

Here, after the addition of nitro-antibiotics, the fluo-
rescence lifetime of the fluorophore was reduced from 1.68 ns
to 1.28 and 1.38 ns for NFZ and NFT, respectively (Fig. S74,
S75 and Tables S3, S4, ESI†). It confirmed the dynamic nature
of quenching. Hence, the possibilities of IFE and static
quenching are completely ruled out. For examination of the
reason behind the quenching process in detail, we collected
the UV-Vis spectra of all the antibiotics and the normalized
absorption spectra were overlapped with the emission spec-
trum of IITG-5a. From Fig. S76,† it is obvious that the
maximum overlap took place between the absorption spectra
of nitro-antibiotics and the emission spectra of IITG-5a,
whereas, all the other antibiotics did not show any overlap.
This satisfactory overlap resulted in the resonance energy
transfer from IITG-5a to the nitro-antibiotics. This is the poss-
ible reason behind quenching in fluorescence intensity, which

was further supported by the decrease in fluorescence lifetime
value. It is worthily to note that the above-discussed mecha-
nism was followed in many of the sensing processes of nitro-
antibiotics reported in the literature.30,47,51

Some fluorescence control experiments were also carried
out using linkers L1 and L2 to confirm the energy transfer
mechanism behind the sensing of NFT/NFZ in MeOH.
Quenching in fluorescence emission maxima of the free
linkers was observed for both the linker molecules after
addition of 100 µL of 10 mM methanolic solutions of NFT/NFZ
to the solution of the linkers (Fig. S77 and S78, ESI†). To
explore these observations, we plotted the previously collected
UV-Vis absorption spectra of all the antibiotics with the nor-
malized emission spectra of the free linkers. Fig. S79 (ESI†)
clearly displays the significant overlap between the emission
spectrum of the linkers and the absorption spectra of the NFT/
NFZ. These observations clearly support the energy transfer
between the electron-rich donor linkers to electron-deficient
nitro-antibiotics (NFZ and NFT). Such energy transfer is also
possible for L2 linker molecules. All the above-mentioned facts
proved that the energy transfer process is the reason behind
the sensing of NFT/NFZ by the MOF IITG-5a in a MeOH
medium.

For the confirmation of the photo-induced electron transfer
(PET) between the electron-rich donor MOF to electron-
deficient nitro-antibiotics (NFZ and NFT), we executed the DFT
calculations using the Gaussian 09 software. The functional,
B3LYP and Pople diffuse basis set 6-31G were utilized for all

Fig. 9 HOMO–LUMO energy levels of the linker, NFZ and NFT obtained from the DFT calculations using the Gaussian 09 software.
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the calculations. The aim of these calculations was to know
the exact location of the HOMOs and LUMOs of the linker
molecule and the targeted sensing analytes. For an ideal elec-
tron transfer process, the LUMOs of the electron-lacking ana-
lytes should stay in a lower energy level than the conduction
band of the electron-rich probes. After DFT calculation with
the linker molecule and nitro-antibiotics, we observed that the
energy of the LUMO of the linker (−2.50 eV) is higher than the
LUMO of the nitro-antibiotics (NFZ: −3.05 and NFT: −3.31 eV)
(Fig. 9 and ESI†). Such alignment of energy levels facilitated
the PET process. These theoretical observations were also sup-
ported by the UV-Vis spectroscopic observations.

Sensing of Hg2+ and nitro-antibiotics in paper strips

In recent times, the use of sensor-coated, cheap paper strips
has rapidly increased for the in-field monitoring of toxic ana-
lytes. Here, we also verified the ability of our newly synthesized
IITG-5a to sense our targeted analytes in a paper strip coated
with IITG-5a. For this experiment, two filter paper strips were
taken and both of them were homogeneously coated with
IITG-5a. Then, IITG-5a-coated paper strips were dried and
treated with a Hg2+ solution. After treating with Hg2+, both of
the filter papers were placed under UV-light. A strong blue
fluorescence was observed in case of the un-treated paper strip
but no fluorescence was observed for the Hg2+-treated paper
strip (Fig. S80, ESI†). This result implies that IITG-5a can sense
Hg2+ in a paper strip. Analogous experiments were carried out
in case of both the nitro-antibiotics and similar observations
were obtained in case of both the antibiotics (Fig. S81, ESI†).
Therefore, it can be concluded that real-time monitoring of
Hg2+ and nitro-antibiotics is possible using IITG-5a-coated
paper strips.

Conclusions

A Zr(IV)-metal-based UiO-66 type MOF has been successfully
synthesized using a benzo[1,2-b:4,5-b′]dithiophene-2,6-dicar-
boxylic acid linker molecule. After single-step solvothermal
synthesis, the material was throughout characterized using
various instrumental supports (PXRD, elemental analysis,
EDX, FE-SEM and IR analysis). Both IITG-5 and IITG-5a dis-
played outstanding thermal stability up to a temperature of
390 °C. Excellent chemical stability of this porous material
(surface area = 1228 m2 g−1) in various solvents (H2O, MeOH,
CH2Cl2, acetone, hexane and DMF) was observed. The ther-
mally activated compound showed the super selective nature
of sensing towards Hg2+ in H2O, and NFZ and NFT in a MeOH
medium. Along with fast response (1 min for all analytes),
nanomolar level detection capability (LOD: Hg2+ = 5 nM, NFZ =
156.7 nM and NFT = 96.3 nM) was observed in all the cases of
sensing. A real-time paper strip method of sensing technique
was also developed for all the sensing targets. In-depth investi-
gations were carried out to establish the mechanisms for all
the cases of sensing by analytical and spectroscopic methods
as well as molecular simulations.
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