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Chapter 1: Metal-organic frameworks (MOFs) are a new class of highly porous
coordination polymers. They are interconnected by the inorganic building units and
organic linkers in a 2D or 3D fashion. MOFs have emerged as a new class of highly
crystalline materials over other traditional porous materials such as zeolites, silicas,
activated carbons, etc. MOFs have large surface areas and permanent porosity. Extending

i
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the length of organic linkers leads to increase in pore sizes for the resulting MOFs.
Attaching hydrophobic functional groups with the organic linkers enhances
hydrophobicity of the MOFs. The tuneable functionality and precise arrangement of the
organic linkers make them potential candidates for selective gas adsorption, separation,
chemical sensing, proton conductivity, electrical conductivity, heterogeneous catalysis,
photo-catalysis, drug delivery, etc. The MOF-based fluorescence sensing results from the
incorporation fluorescent linkers or incorporation of f-block metal ions. Post-synthetic
modification of MOFs also enhances some additional properties in chemical sensing, drug
delivery, gas sensing, chemical stability, etc. Due to the formation of strong bonds between
metal ions (specially in high oxidation states) and carboxylate groups of organic linkers,
the resulting MOF materials show high thermal and chemical stability, which are desirable
for practical applications such as gas adsorption and chemical sensing. Inspired by the
above-mentioned advantages, a broad variety of MOF materials have been investigated
for gas storage as well sensing of a wide range of analytes including cations, anions,

biomolecules, small molecules, volatile organic compounds and nitro explosive materials.

Chapter 2 presents two different types of Zr(IV) and Ce(IV)-based MOFs having the same
crystal structure. The compounds were synthesized under solvothermal conditions by
using 4-carboxycinnamic acid (H2CCA). Zr-MOF (1) was synthesized from a mixtures of
ZrCls, HoCCA ligand and acetic acid with a molar ratio of 1:1:10 in DMF at 150 °C for 24
h. Ce-MOF (2) was synthesized by solvothermal reaction of a mixture of ammonium
cerium(IV) nitrate and H>CCA ligand in a DMF/H>O mixture at 100 °C for 20 min. The
as-synthesized and activated forms (1’ and 2’) of the compounds were characterized by
XRPD (Figures 1 and 2), FT-IR, TG and elemental analysis. The TG analysis revealed that
1 and 2 show high thermally stable up to 390 and 300 °C in air atmosphere, respectively.
The chemical stability of both compounds were characterized by XRPD measurements.
Both compounds showed moderate stability in water, but they lost their crystallinity in 1
M HCI. N» sorption experiments revealed that 1’ and 2’ possess BET surface areas of 870
and 1210 m? g™!, respectively (Figure 3). The CO; uptake values of 1’ and 2’ at 0 °C and

1 bar were 2.0 and 1.6 mmol g ', respectively.

il
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Figure 1. Theoretical (black) XRPD pattern of DUT-52 and experimental (red) XRPD
pattern of as-synthesized compound 1. (Microporous Mesoporous Mater.,2017,237,275-
281)
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Figure 2. Theoretical (black) XRPD pattern of DUT-52 and experimental (red) XRPD
pattern of as-synthesized compound 2. (Microporous Mesoporous Mater.,2017,237, 275-
281)
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Figure 3. N» adsorption (filled symbols) and desorption (empty symbols) isotherms of 1’
(circles) and 2’ (squares) measured at —196 °C. (Microporous Mesoporous Mater., 2017,
237,275-281)

Chapter 3 presents a new fluorescent MOF called Zr-BTDB which was synthesized by
using HBTDB {H>BTDB = 4,4'-(benzo[c][1,2,5]thiadiazole-4,7-diyl)dibenzoic acid}
ligand. Zr-BTDB was prepared under solvothermal conditions from a mixture of ZrCly,
H>BTDB and trifluoroacetic acid (used as a modulator) in DMF at 150 °C for 24 h. The
as-synthesized material (3) was characterized by XRPD analysis, FT-IR spectroscopy and
elemental analysis. The thermal stability of 3 was envisaged by using TG analysis which
revealed that 3 is stable up to 400 °C. The activated form (called 3") of 3 was obtained by
solvent exchange with methanol, followed by heating under high vacuum. XRPD
experiments verified that the activated 3’ retained its crystallinity when exposed to water,
acetic acid and 1 M HCI solutions. From the steady-state fluorescence titration
experiments of the activated compound 3’, showed a selective sensing behavior towards
2,4,6-trinitrophenol (TNP, commonly known as picric acid) (Figure 4), even in the
presence of other potentially competing explosive nitroaromatic compounds (Figure 5).
The detection limit of 3" was 1.63 x 107 M. The fluorescence quenching ability of TNP
can be ascribed to both energy and electron transfer processes as well as electrostatic
interactions between the hydroxyl group of TNP and the Lewis basic N-donor sites of the

BTDB ligand in the structural framework.

v
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Figure 4. Quenching of the fluorescence intensity of 3’ by gradual addition of 3 mM TNP
solution to a 3 mL well-dispersed methanol suspension of 3’ (Aex = 370 nm and Amax = 494
nm). (CrystEngComm, 2016, 18, 3104-3113)
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Figure 5. Fluorescence quenching efficiencies of various nitroaromatic explosives
towards 3’ at 3 mM concentration (dex = 370 nm and Amax = 494 nm). (CrystEngComm,
2016, 18, 3104-3113)

Chapter 4 presents a boronic acid functionalized Hf-based MOF called UiO-66-B(OH),
which has capability of selectively sensing of ONOO ~ in live cells. Hf-UiO-66-B(OH)»

MOF was synthesized from a mixture of HfCl4 and 2-borono-1,4-benzenedicarboxylic
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acid [H2BDC-B(OH):] ligand in DMF in the presence of formic acid at 130 °C for 48 h.
The phase purity of the as-synthesized material (4) was confirmed by comparison of
XRPD pattern of 4 with the XRPD pattern of Hf-based UiO-66 framework (Figure 6). The
as-synthesized material (4) was activated by exchange with methanol, followed by heating
under high vacuum. The activated material (4") was utilized as a fluorescent turn-on probe
for the rapid sensing of extracellular peroxynitrite (ONOO™) under conditions mimicking
those of biological medium (10 mM HEPES buffer, pH 7.4) (Figure 7). Selective sensing
of ONOO™ over other ROS/RNS was also achieved by 4' (Figure 8). The selective turn-on
sensing behavior towards ONOO™ can be ascribed to the oxidative cleavage of attached
boronic acid groups forming corresponding hydroxy-functionalized ligands. The probe
showed extraordinary sensitivity (detection limit = 9.0 nM) toward ONOO™ in 10 mM
HEPES buffer at pH 7.4. The probe-loaded cells did not affect the cellular cytotoxicity and
morphological deformities. It is remarkable that the probe inside the cells responded
toward the ONOO™ solution to give an intense blue fluorescent signal. The fluorescence
microscopy study with J774A.1 macrophage cells unambiguously demonstrated that

probe 4' is suitable to image peroxynitrite in living cells (Figure 9).

4000
3000
n
Q
&,
:E' 2000 (b) as-synthesized
c
1] 4
E L/ W
1000 4
(a) calculated

10 . 20 30 , 40 . 50
2 Theta (°)

Figure 6. Comparison between (a) calculated XRPD pattern of Hf-UiO-66 and (b)
experimental XRPD pattern of as-synthesized 4. (Inorg. Chem., 2018, 57, 10128-10136)

vi
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Fluorescence Intensity {cps)

Figure 7. Selective turn-on response of 4’ (in 10 mM HEPES buffer at pH = 7.4) upon
incremental addition of 0.5 mM ONOO solution. (Inorg. Chem., 2018,57, 10128-10136)
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Figure 8. Comparative fluorescence enhancement behavior of 4’ in HEPES buffer (10
mM, pH = 7.4) towards different ROS/RNS (4’, 0.5 mM of '‘BuO®, NaOCl, TBHP, O,*",
HO®, '0,, NO®, NO*, NO,~, NO3~ and ONOO") (Aex = 330 nm and Jem = 426 nm). (Inorg.

Chem., 2018,
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Bright Field Fluorescence Superimposed

Unloaded Cells

Probe Loaded Only

ONOO- Treated Cells

Figure 9. Sensing of ONOO™ in J774A.1 macrophage cells using 4'. Bright-field (a, d, g)
and fluorescence channel (b, e, h) images as well as their superposition (c, f, i) are shown
for the unloaded cells, probe-loaded cells, and probe-loaded cells after treatment with
ONOO". Remarkably, the cells loaded with probe 4’ (5 puM) showed bright blue
fluorescence after treatment with ONOO™ (50 uM) solution (h, 1). (lnorg. Chem., 2018, 57,
10128-10136)

Chapter 5 demonstrates a new boronic acid (H,BDC-B(OH),) functionalized Zr(IV)
metal-organic framework (Zr-UiO-66-B(OH)) having the capability of sensing H>O> in
live cells. XRPD analysis revealed that the structure of as-synthesized material (5) was
similar as the UiO-66 framework (Figure 10). The activated material was denoted as 5'.
Compound 5" was highly selective for fluorogenic detection of H,O2 in 10 mM HEPES
buffer at pH = 7.4 (Figure 11), even in the presence of interfering ROS (ROS = reactive
oxygen species) and other biologically relevant analytes (Figure 12). The fluorescent probe
was found to display extraordinary sensitivity for H.O> (detection limit = 0.015 uM) in
HEPES buffer, which represents lower value than the MOF probes documented so far for
sensing H>O> using other analytical methods. For high selectivity and sensitivity of H2O»
in HEPES buffer, the probe was employed for the imaging of intracellular H>O». Imaging
studies with MDAMB-231 cells revealed the emergence of bright blue fluorescence after
loading with probe 5’ and subsequent treatment with H>O> solution (Figure 13).

viii
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Figure 10. Comparison between the experimental XRPD pattern of S and calculated
XRPD pattern of Zr-UiO-66. (Inorg. Chem., 2018, 57, 14574—14581)
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Figure 11. Fluorescence turn-on response of 5’ (suspended in 10 mM HEPES buffer, pH
= 7.4) upon the stepwise addition of 10 mM H:O> solution at room temperature. The
spectra were collected after 3 min of each addition. (Inorg. Chem., 2018, 57, 14574—
14581)
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Figure 12. Fluorescence responses of 5’ (suspended in 10 mM HEPES buffer, pH = 7.4)
upon the addition of solutions of various ROS (10 mM of C10~, 0,*~, 'BuO®, HO®, TBHP,
!0, and H,0») and other biologically relevant species (10 mM of F-, glucose, fructose,
galactose, xylose and mannose) at room temperature. The bars denote fluorescence
intensity after the addition of blank, 60, 120, 180 and 240 pL of each ROS. The spectra
were collected after 6 min of each addition. (/norg. Chem., 2018, 57, 14574-14581)

Overlay with phase

Fluorescence

Probe Loaded Cells Unlabeled Cells

HZO2 Treated Cells

Figure 13. Detection of H»>0O» inside the MDAMB-231 cells loaded with probe 5’. The
panel (a-c) is the unlabeled cells, (d-f) denotes probe-loaded cells and (g-i) represents
probe-loaded cells treated with H2O.. The cells either remained unloaded (a-c) or probe (5
puM) loaded cells either remained untreated (d-f) or treated (g-i) with H O (1 uM) for 5
min at 37 °C. The H2O»-treated cells showed bright blue fluorescence as compared to the
probe-loaded cells. An overlay of bright field and fluorescence images indicates that the
fluorescence is arising from the cell. (Inorg. Chem., 2018, 57, 14574—14581)
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Chapter 1

1.1 Introduction

The storage and separation of gases in the modern era have important impacts on the
ongoing research for the development of porous materials which are sustainable. The use
of fossil fuels immensely affects the environmental balance due to the release of pollutants
emitted during the burning of these fuels.! The by-product during the burning of fossil
fuels is one of the world’s most threatened pollutant to human health and future.? Globally,
the majority of pollutant gases come from the burning of coal, diesel fuel, gasoline, oil,
and natural gas for the generation of electricity, heating, transportation and industry.>
Therefore, continuous emission of these gases increases global warming and hazardous
gases have immense effects on human health. To solve the problems of gaseous pollution,

porous materials can be used for the storage/separation of gaseous compounds.

Other than gaseous pollutants, toxic anions, metal ions, nitroaromatic explosive, volatile
organic compounds, etc. may pollute the environment. One of the important routes to
detect the metal ions, explosive compounds, biomolecules, organic vapors, moisture and
contaminations of water is chemical sensing. Chemical sensing can be achieved due to
quenching or enhancement of fluorescence of the probe. Nowadays, the luminescent
porous materials are one of the best probes to confirm the real interactions between
analytes and probes. These luminescent porous materials are reusable because of their high
robustness and high thermal and chemical stability. Due to porosity and pore sizes of these
materials, the target analytes can enter into the pores of these materials and interact with

the probe.

Old porous materials (such as zeolites, activated carbons, metal hydrides, chalcogens,
etc.) have low void space, pore size and less possibility of functionalization. In addition,
less number of functionalized materials are employed for chemical sensing, biological and
cell imaging applications.® Owing to these drawbacks of these old porous materials, there
is a urgent need of new porous materials which will overcome all difficulties of

traditionally used porous materials.

In this regard, a new class of crystalline porous materials called metal-organic
frameworks (MOFs) has been developed with high surface areas and pore volumes.* They
attract significant interest for their promising applications in fluorescence based chemical
sensing as well as gas adsorption/separation,” metal ions,’ chemical sensing,” drug

delivery,® proton conduction’ and heterogenous catalysis.'® However, several MOFs

1
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(example: MOF-5)'! are very sensitive to water due to lability of the metal-ligand bonds
and presence of open metal sites.!? They are gradually decomposed when the water
molecules interact with the frameworks. To overcome these difficulties, high valent metal
ions have been used to increase the stability of metal-ligand bond.!* Organic ligands
containing hydrophobic groups enhance the water stability of the MOF materials. In
addition, O-donor ligands form strong bond with metal ions in comparison with N-donor
organic ligands. The stability of the MOFs in water is required for applications in aqueous

and humid conditions.

1.2 Basic Principles for Design of MOF Materials

Two different types of strategies have been employed for the synthesis of MOF

materials. They are mainly:

i.  Node and Spacer.
ii.  Secondary Building Units (SBUs).

1.2.1 Node and Spacer

This strategy can be applied to construct extended MOF structures. The organic ligands
are generally termed as ‘spacers’ and metal ions as ‘nodes’. The shape of spacers and nodes
may have different types (e.g. square, tetrahedral, octahedral, etc) which are utilized during
the synthesis of MOFs. Several combinations of organic ligands with the metal ions lead
to the formation of metal-organic networks with diverse topology.'* Figure 1.1 represents

the different organic ligands with linear, angular, trigonal and tetrahedral shapes.
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pyrazine 1.4-benzenedicarboxylic acid
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1,3,5-triazine
1,3,5-benzenetricarboxylic acid
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N|[__N COOH
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OOH
HMTA 1,3,5,7-adamantanetetracarboxylic acid

Figure 1.1 Examples of organic ligands for the construction of MOFs (HMTA =

hexamethylenetetramine).

1.2.2 Secondary Building Units (SBUs)

The term ‘secondary building unit’ is generally used in the zeolite chemistry where the
SBUs are denoted as main structural motif which occur in various tetrahedral
frameworks.!> Yaghi and co-workers have introduced the ‘secondary building unit (SBU)’
strategy for the construction of rigid and porous frameworks. These SBUs are constructed
from the metal clusters and organic ligands which form well-defined and systematic
coordination structures. The SBUs in MOFs act as rigid vertices which are connected with
the organic ligands to construct the 3D structures of MOFs with permanent porosity

(Figure 1.2).16
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Figure 1.2 The formation of MOF materials via coordination of the organic ligands with
SBUs. These constructions lead to the formation various MOFs (metal ion = sea green;
carbon = black; oxygen = red and linker = black rod shape). Reproduced with permission

from ref. 16. Copyright 2005 Royal Society of Chemistry.
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1.3 Basic Strategies for Design of Water-Stable MOF's

The presence of water molecules results in decomposition of MOF materials due to
lability of metal-ligand bonds and presence of open metal sites.!” The stability of MOF
materials in the presence of water is highly desirable when MOFs are utilized for

adsorption/separation in humid conditions,!”” and detection of toxic metals,!®?!

2426 in aqueous phase.?”> ** In order to

pharmaceuticals igredients,?” 2> harmful pollutants
design the water-stable MOF materials, the following strategies have been used:

i.  The strong metal-ligand bond contributes to the hydrolytic stability of MOF
materials in water. Strong bond between metal and ligand prevents the attack from
water molecules.” Valency of metal ions can govern the chemical stability of
MOFs. The high valent metal ions (such as, Zr(IV), Hf(IV), Ce(IV), Ti(IV), etc.)
form strong bonds with ligands which is crucial for high water stability of MOFs.3*-
35

ii.  Hydrophobicity of the organic ligands can play important role for improving the
stability of MOFs in water. The hydrophobicity can be incorporated into MOFs by
using hydrophobic fluorinated and alkyl-functionalized organic ligands during the
synthesis of MOFs 338

iii.  Steric factors in MOFs can reduce the close interactions between water molecules
and metal clusters of MOFs. The steric factors in MOFs can be introduced by

increasing the coordination number of metal ions** ¥

and incorporating bulky side
functional groups in the organic ligands, which create a crowding effect around

metal ions.

1.4 Synthesis Procedures of MOF Materials

MOF compounds have two major units: metal ions and organic ligands. Usually, the
organic ligands consist of aromatic® and aliphatic carboxylates,** imidazolates,* **
triazolates,*’ tetrazolates,* pyrildyls *° etc. The metal ions can be chosen from the periodic
table depending on their oxidation states as well as coordination modes. Numerous
possibilities of the binding modes of the metal ions can build up the MOF materials with
different topologies. The coordination mode of the organic ligands can be also tuned to

synthesize MOF materials with different structural geometries (Figure 1.3).
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Figure 1.3 Schematic showing synthesis of MOFs from metal ions and organic ligands to

form 1D, 2D or 3D MOFs depending on degree of extension.

All the MOF materials are crystalline in nature and their structures can be determined by
single-crystal or powder X-ray diffraction method. For single-crystal X-ray diffraction
analysis, single-crystals of MOFs with acceptable size are required. On the other hand,
crystalline powder phase of MOFs is required for powder X-ray diffraction method. In the
following section, the different methods which are used to get the single-crystals and

powder forms of MOF materials are discussed.

1.4.1 Solvo/Hydro-thermal Synthesis Using Electric Heating

Solvothermal reaction occurs in a closed reaction vessel where reaction is carried out at
a temperature higher than the boiling point of the used solvent under autogenous
pressure.*® Generally, Teflon-lined steel autoclave reactors (Figure 1.4) are used for
solvothermal reaction. At higher temperature, viscosity and dielectric constant of the
solvent are reduced. Reduction of viscosity and dielectric constant increases the diffusion

process of the solvent molecules and consequently enhances the crystal growth process.

The method of hydrothermal synthesis is similar to the solvothermal synthesis, expect

that corresponding solvent is replaced by water during hydrothermal synthesis.
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Figure 1.4 Image of the different parts of a Teflon-lined steel autoclave used in

solvo/hydro-thermal reaction for the synthesis of MOF materials.

1.4.2 Solvothermal Synthesis Using Microwave Radiation

Microwave-assisted synthesis of MOFs is mainly based on the interactions of
electromagnetic waves with mobile electric charges of metal ions and ligands.*” By
applying the acceptable frequency, the collision between the molecules/ions takes place,
which leads to increase in kinetic energy and enhancement in rate of reaction.*’ The
microwave-assisted MOF synthesis has several advantages such as acceleration of
crystallization process, reduction of synthesis time and formation of products with high

purity (Figure 1.5).4

[V

Figure 1.5 Microwave-assisted synthesis of highly crystalline UiO-66 MOF. Reproduced

with permission from ref. 48. Copyright 2015 Royal Society of Chemistry.
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1.4.3 Room Temperature Synthesis

Room temperature synthesis of MOF materials is the easiest method where high
temperature or high pressure is not needed (Figure 1.6).* Synthesis is conducted in open
vessels at ambient temperature and pressure by mixing the starting materials in a polar

t50

solvent.”” Polar bases like triethylamine, ethylamine, 2,6-lutidine etc. are used as bases,

which deprotonate the organic ligand to precipitate the MOF compound.

- /l

€ M (Co,Ni, Zn)

¢ BDC - 3 g
W A X\
DABCO K H

Figure 1.6 Room temperature synthesis of highly crystalline M2(bdc)2(dabco) (M =
Zn(I), Ni(IT), Co(Il); bdc = 1,4-benzene dicarboxylate and dadco = 1,4-
diazabicyclo[2.2.2]octane) MOFs. Reproduced with permission from ref. 49. Copyright
2017 Elsevier.

1.4.4 Mechanochemical Synthesis

Mechanochemical method for the synthesis of MOF material is an environment friendly
process. In mechanochemical synthesis, external forces are applied to synthesize MOF
materials.’! In this method, the mechanical forces break the intramolecular bonds followed
by a chemical transformation. Starting materials are mixed in a steel reactor containing a

steel ball, or mortar and pestles are used to mix the reactants.

1.4.5 Electrochemical Synthesis

In electrochemical synthesis, electromotive force is applied to prepare the MOF

materials. During synthesis of MOF by this method, metal ions are continuously
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introduced through anodic dissolution rather than the addition of metal salts, which react

with the ligands present in the reaction medium (Figure 1.7).5?

Step 1 Step 2

1-1’»).-"‘ il ; '
£

eer
aol

Figure 1.7 Electrochemical synthesis of highly crystalline Zn3(BTC), (BTC = 1,3,5-
benzenetricarboxylate) MOF. Reproduced with permission from ref. 52. Copyright 2014
Royal Society of Chemistry.

1.4.6 Post-Synthetic Modification

Direct synthesis of functionalized MOF materials is restricted because of the reactivity
of labile functional groups during the solvothermal synthesis. Modification of the
functional groups in the framework can be achieved by post-synthetic modification
(PSM).** In PSM, the MOF materials are initially synthesized with the inert functional
groups and subsequently those functional groups are transformed into reactive functional

groups. As a result, newly functionalized MOFs are obtained.>

1.5 Applications of MOF's

The old porous materials like zeolites, carbon nanotubes, activated carbons, metal

hydrides, clathrates etc. are used for gas adsorption/separation,**

separation of metal
ions,>® gas sensing,>® catalysis, etc.’’ They have limited applications due to their low
possibility of synthetic expansion.’® Clathrates and metal hydrides mostly follow the
chemisorption rather physisorption in gas separation applications.>® The chemisorption is
an irreversible process. Hence, these materials are not suitable for real field application in

terms reusability. Separation of metal ions by zeolites has limited applications due to the
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availability of a limited number of functional groups present in zeolites.®® Zeolites, metal
hydrides and activated carbons are used as heterogeneous catalysts. But, large substrates
cannot enter into their smaller pores during catalysis.’® ¢! Thus, applications of the

traditional porous materials are restricted in several fields.

Gas Storage

Figure 1.8 Various representative applications of MOFs.

MOFs are now more promising candidates over other old porous materials due to their
tunable pore size, surface area and diverse functionality. By changing the lengths of the
ligands, MOFs with various surface areas can be obtained. In addition, incorporation of
different ligands can change the pore sizes of the MOFs and enhances the selectivity
towards the target gas molecules. In addition, introduction of various functionality in the
ligands present in the framework can enhance the selective sensing nature of the material.
Moreover, this functional group incorporation process in the framework does not alter the
structural integrity of the MOF material. The high crystallinity of MOF allows the accurate
structure determination by X-ray diffraction method, which permits the exact knowledge
of atomic positions and interactions that may be involved in the detection of an analyte or
adsorption of a gas. Several MOFs with coordinatively unsaturated metal sites promote
gas adsorption. Other than the pore size and active site, the microenvironment present in

MOF material ensures close interactions between the MOF and analyte species during

10
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sensing event. Additionally, the stability of MOF material in water medium including
harsh conditions makes it a promising candidate for real field applications in gas storage
and fluorescence sensing over other porous materials. Recently, MOFs are utilized in

6467 photocatalysis,*®

several fields like gas separation/storage,> ®> ¢ florescence sensing,
89 proton conduction’ and drug delivery (Figure 1.8).7° In this thesis work, we have mainly
focused on gas adsorption and fluorescent based chemical sensing applications of MOF

materials.

1.5.1 CO2 Adsorption

The combustion of fossil fuels such as coal, petroleum and natural gas, etc. is the major
sources of CO: emission, which contributes above 80% of greenhouse gas to the

.1 The annual increment of global emission of CO> is approximately 80%

environment
between 1970 and 2004. It is predictable that continuous increase of CO> emission will
happen due to economic growth and industrial development. To solve this global problem,
urgent need of technologies/processes are required to reduce the atmospheric CO> levels.
Several processes have been employed for the effective capture and separation of CO»
such as chemical adsorption with solvents, membrane separation, adsorption with solid
adsorbents, electrochemical separation, cryogenic separation and fuel cells.”> The most
crucial parameter of any CO: capturing material is high selectivity toward CO> over other
gaseous components for complete removal of CO; from a mixture of gases. The affinity
of the material toward CO> is an important parameter which controls interaction of CO>
toward the material. But, if the interaction is too strong, a high energy will be required in
order to release the captured CO»>. Weak interaction lowers the regeneration cost but it may
lower the selectivity towards CO.. Hence, those materials which exhibit high stability
under the conditions of capture and release of CO», is preferable to reduce the

environmental COx.

The CO» adsorption and storage capacity of porous materials can be estimated by both
volumetric and gravimetric methods. The volumetric adsorption of CO; refers to how
densely COz is present within the porous material whereas the gravimetric CO2 adsorption
corresponds to the quantity of CO; adsorbed within a unit mass of the porous material. The
porous materials are preferred as potential candidates for CO; adsorption owing to their

high porosity and surface area. The CO> storage and adsorption within the pores of the

11
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porous materials depend on various factors including open metal sites’”, surface

functionalization’ and structural defect.”

Along with porous materials, aqueous
alkanolamine solutions (such as monoethanolamine, triethylamine, etc.) have great affinity

towards CO;. These alkaline solutions react with CO; and form carbamates or

bicarbonates,’® "’ as shown in Figure 1.9.
H = ®
2 HO/\/NHQ + CO, == HO/\/N\H/O + HO/\/NH3
0]
MER carbamate

OH o OH
— o ®
N + COp + HQ0 == L + NH
Bt ey MOS0 © oyt
OH bicarbonate OH
TEA
Figure 1.9 First row represents the reaction of CO> with basic monoethanolamine (MEA)
to give carbamate product (upper), and second row represents the corresponding reaction

with triethanolamine (TEA) resulting in a bicarbonate species (lower). Reproduced with

permission from ref. 77. Copyright 2012 American Chemical Society.

The alkaline amine solutions are not useful for CO; storage in spite of high affinity of
these solutions towards CO; because these carbamates or bicarbonates are relatively
unstable towards heat. Moreover, due to instability of amine compounds, lifetime of the
compounds decreases and performance of the compounds is reduced day by day. In
addition, the corrosive nature of the amine solutions prevents their applications in practical
purpose. Compared to absorption process, the removal of CO» via adsorption technologies
has drawn more attention because solid adsorbents have shown energy-efficient CO>
uptake with good regeneration. Solid adsorbents such as activated carbons, zeolites, basic
oxides and hydrolytic materials have been employed for CO: uptake. Recently, zeolite
LTA is utilized for CO; adsorption but it is not useful because of its high hydrophilic
nature.”® To overcome this problem, hydrophobic activated carbon is employed which
shows effective adsorption of CO> compared to zeolite. Hence, development of robust
porous materials having high affinity towards CO: is highly desirable. Recently, MOF

materials are considered as potential candidates for CO; adsorption due to their unique

12
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structural properties including robustness, high internal surface areas, high chemical and

thermal stabilities and functionalization with basic amine groups (example: IRMOF-74-

I1I-(CH2NH2),).” In addition, the presence of coordinatively unsaturated metal centers

(i.e. open metal sites) in the frameworks provides Lewis acidity to MOF materials. Along

with large surface area and pore volume, the available open metal sites in some MOFs

(example: Mz-dobdc or M-MOF-74; M = Mg, Mn, Fe, Co, Ni, Zn; dobdc™™ = 2,5-dioxido-

1,4-benzenedicarboxylate)®® make them promising materials for CO, uptake. The MOF

materials which are utilized for CO adsorption are documented in Tablel.1.

Table 1.1 Representative examples of MOF materials used for CO> adsorption.

MOFs Conditions Adsorbed Ref.
Amount
(mmol/g)
Mg-MOF-74 298 K, 1 bar 8.48 81
HKUST-1 298 K, 1 bar, 8.18 80
4% hydrated
Mg-MOF-74 296 K, 1 atm 8.00 82
Co-MOF-74 298 K, 1 bar 7.55 81
Ni-MOF-74 298 K, 1 bar 7.15 81
Co-MOF-74 296 K, 1 atm 6.95 82
Mg-MOF-74 298 K, 1 atm 6.98 83
Ni-MOF-74 298 K, 1 atm 6.98 &3
bio-MOF-11 273 K, 1 bar 6.00 84
Ni-MOF-74 296 K, 1 atm 5.82 82
Zn-MOF-74 296 K, 1 atm 5.54 82
Ni-MOF-74 303K, 1 atm 5.00 85
HKUST-1 295.25K, 1 bar 4.20 86
bio-MOF-11 298 K, 1 bar 4.10 84
HKUST-1 298 K, 1 bar 4.07 87
CUK-1 298 K, 760 torr  3.48 88
YO-MOF 273 K, 1 atm 3.39 89
SNU-M10 273 K, 1 atm 33 90
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H3[(CusCl)3(BTTri)s] 298 K, 1 bar 3.25 91
USO-2-Ni-A 303K, 1 atm 3.18 92
USO-1-Al-A 303K, 1 atm 2.73 92
ZIF-69 273K, 1 atm 2.26 93
HKUST-1 318.15K, 1 bar  2.60 86
Ni-STA-12 298 K, 1 bar 2.60 94
[Pd(u-F-pymo-N!,N*),-(H20)m]n 293 K, 650 torr  2.49 95
[Fe(PZ)Ni(CN)4] 298 K, 1 bar 2.48 96
MIL-53(Cr) 303K, 0.1 Mpa 2.39 97
USO-1-Al 303 K, 1 atm 2.27 92
MOE-5 296 K, 1 bar 2.10 98
SNU-M10 298 K, 1 atm 2.10 90
USO-2-Ni 303K, 1 atm 2.05 92
amino-MIL-53(Al) 288 K, 1 bar 2.00 99
MIL-53 304 K, 1 bar 2.00 100
UoC-1 273 K, 1 bar 2.00 101
MOF-5 298 K, 1 bar 1.92 98
[Cu(IMTA)(DMSO):]-2H,0 298 K, 1 bar 1.80 102
ZIF-100 273 K, 1 atm 1.70 103
[PA(2-PYMO)2]a 298K, latm  1.68 104
SNU-9 273 K, 1 atm 1.25 105
Zny(L1)(bpy) 298 K, 1 bar 1.14 106
[Cu2(HBTB)2(H20)(EtOH)]-HO-EtOH 298 K, 1 bar 1.00 107
[Cus(m-TATB)Py(CH3;0H):] 273K, 1 atm 0.82 108
[Zna(L2)(py-CF3)2]n 98 K, 1 bar 0.62 109
[Mg(HCOO)-(H20)2] 298 K, 700 torr  0.30 110
ZIF-20 273 K, 760 torr  0.16 111

Ligand abbreviations: BTTri = 1,3,5-tris(1H-1,2,3-triazol-5-yl)benzene; pymo = 5-
fluoropyrimidin-2-olate; PZ = pyrazine; IMTA = imidazolium tetracarboxylic acid; BTB
= 1,3,5-tris(4-carboxyphenyl)benzene; Li = tetrakis[4-(carboxyphenyl)oxamethyl]
methane; bpy = 4,4'-bipyridine; Lz = 4,4',4" 4"-benzene-1,2,4,5- tetrayltetrabenzoic acid;

py-CFz = 4-(trifluoromethyl)pyridine.
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1.5.2 Fluorescence Based Chemical Sensing

Across the globe, various pollutions are rapidly increasing year by year. The
development of new technologies, industrial growth, human activities, etc. are responsible
for the enhancement of urban pollutions.!!? Exposure of these pollutants causes the
contamination of water, abnormality on human health and air pollution.!'* The
development of efficient and eco-friendly chemical sensors is therefore crucial for the
detection of environmental pollutants including toxic metal ions, anions, nitroaromatic

explosives, biomolecules and organic compounds.''*

Several methods have been reported so far including electrochemistry,'!> 116

gas
chromatography,'!” liquid chromatography,'!® and GC-MS'® "% for the detection of
various analytes. Fluorescent-based chemical sensing has several advantages over above-
mentioned traditional analytical methods because of its high selectivity towards the target
analyte. Moreover, the fluorescence based method can be applied in various fields
including biological system, cell imaging, explosive sensing and industrial application.!'?%
121 Due to high solubility of organic molecules in sensing medium, it is difficult to separate
them, which prevents their reusability. Sometimes, organic molecules show toxicity
towards living cells. This also restricts their use in real biological environment. Recently,
the development of fluorescent MOF-based porous materials has attracted over other
sensor materials for selective detection of various analytes in many fields including
chemical threat detection, bioimaging, food quality control and medical diagnostics.!?*-1%
The MOF-based fluorescent probes have various advantages over other small organic
molecules-based probes because of the following factors: (i) the synthesis of MOF
materials is much more straightforward than other probes;'?* (ii) the exact structures of
MOFs can be determined by X-ray diffraction method as the MOFs are crystalline in
nature, which is helpful for describing the actual interaction of MOFs with the analytes;'?
(i11) due to the porous nature of MOFs, the close interactions between MOFs and analytes
can occur, which enhance their selectivity towards desired analyte.'?” Moreover,
functional groups, Lewis acid-base and open metal sites within the MOF materials can act
as active sites for the detection of different analytes. '25!? The selective interaction of the
target analyte with the active metal sites within the MOFs can result in increment in

detection performance with lower detection limit up to the level of single molecule. In

addition, incorporation of fluorescent organic ligands or fluorescent dyes in the rigid

15
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MOFs can lead to the formation of fluorescent MOF materials which emit stronger
fluorescence that might be visible in the naked eye.!” The fluorescence properties of
MOFs can be generated from either organic ligands or metal ions. The origin of
fluorescence in ligand centered fluorescent MOFs have three subtypes: (I) ligand
fluorescence; (II) ligand-to-metal charge transfer (LMCT) and (I1I) metal-to-ligand charge
transfer (MLCT) (Figure 1.10)."3! Encouraged by the above-mentioned advantages, a
broad-variety of luminescent MOF materials have been synthesized and examined for the
detection of various analytes such as cations, anions, explosive compounds, biomolecules,

etc.lZS, 128,129, 132-135

Figure 1.10 Representation of photoluminescence properties in MOFs. SBUs, blue
spheres; organic linkers, red cylinders; guest chromophores, inner yellow sphere.

Reproduced with permission from ref. 131. Copyright 2017 Elsevier.

In principle, for ‘turn-off’ and ‘turn-on’ fluorescence experiments, the alteration of
fluorescence intensity of the fluorescent MOFs can be considered as sensing signal.
Depending on the electronic nature of analyte, energy or electron transfer between the
fluorescent MOF and analyte or a combination of the two can occur, which lead to either
enhancement or quenching of the fluorescence. The nitroaromatic explosives are strong
quencher compounds because of high electron affinity.'*® 1*” The Mn?*, Co?**, Ni** and
Cu*" ions also show quenching of fluorescence intensity via LMCT or by the relaxation of
the excitation energy through non-radiative process. In case of turn-on fluorescence
experiments, new emission peaks (typically in the visible range) are generated from a
previously dark background after addition of analyte. In order to act as a fluorescent probe,

a MOF material must follow the few properties: (i) it must show detectable change in
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fluorescence intensity when it interacts with the analyte and (ii) it must show high

selectivity and sensitivity towards target analyte.

Several MOF materials have been investigated for the selective sensing of various anions
such as F~,138 1713 CO5* 1 C104 ' NO; ' MnO4,'*? Cr,07%,'* etc. Recently, a
Cd(II)-based MOF [Cd(L3)2(Cl104)2]-toluene-MeOH]n (L3 = 1,4-bis(4-pyridyl)-2,3-diaza-
1,3-butadiene) has been reported for the detection of N3 , ClOs , SCN  and N(CN),
ions."** A water-stable Zr-based MOF ([Zrs04(OH)4(2,7-CDC)s]-19H,0-2DMF) (2,7-
CDC = 9H-carbazole-2,7-dicarboxylate) has been reported for the selective detection of
CN ion.'*?

In biological systems, cation sensing plays an important role. The fluorescent MOF-
based porous materials have been also investigated for the detection of various metal ions.
For example, a PCN-224 (PCN = porous coordination network) type Zr-based MOF has
been utilized for the detection of heavy metal ion like Hg?* ion in HEPES buffer. An
indium-based MOF,'*5 (Ina(OH)2(H2TTHA)(H20)2] (H¢TTHA = 1,3,5-triazine-2,4,6-
triamine hexaacetic acid), has been used for the detection of both UO,** and Ru**
cations.'* An Al-based MOF, nMOF-253, has been reported for the detection of Fe?* in

water medium and bioimaging in live cell.'*

The protonation and deprotonation of the fluorescent organic ligand within the MOF
frameworks can change the fluorescence emission spectra which allow detection of the pH
of the solution.!*’ For example, an Eu(Ill)-based MOF, UPC-5, has been used for the
determination of pH of the solution in range of 7.5 to 10.0.'*” Furthermore, a Zr-based
Ui0-67-bpyd (bpyd = 2,2-bipyridine-5,5'-dicarboxylate) MOF has been demonstrated for

the determination of pH of the solution in the range of 1 t0 9.!4

The MOF materials which have been investigated in various fields of chemical sensing

are represented in Table 1.2.

Table 1.2 Representative examples of MOF-based chemical sensing of different analytes.

MOFs Type of Sensing Analytes Ref.

A. Anion Sensing

Ln-MOFs turn-off fluorescence F 138
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bio-MOF-1DDAAC turn-on fluorescence CN- 149
NU-1000 turn-off fluorescence ~ CroO7* 150
CrO47,
[Mna(C20H10N204S)2(HCOO)4(DEF),] Cr0%
turn-off fluorescence 151
and [Pb(C20H10N204S)(DMF)] and
MnO4
CAU-10-N2H3 turn-on fluorescence CN- 152
Ui0O-66-NH> turn-on fluorescence PO4* 153
Tb** @Zr-MOF turn-on fluorescence ~ F~ 154
[ZrsO4(OH)4(2,7-CDC)6]-19H,0-:2DMF  turn-on fluorescence CN- 133

B. Cation Sensing

Zr-DPTDC, Zr-TDC, Zr-DMTDC,

turn-off fluorescence ~ Fe’” 155
Zr-MPTDC
PCN-224 turn-off fluorescence ~ Hg*" 145
[Eu(BTB)(phen)]-4.5DMF-2H-O turn-off fluorescence  Al*" 156
MIL-53-Le turn-off fluorescence ~ Cu** 157

UO»*" and
[Ln(OH)2(H.TTHA)(H20):] turn-off fluorescence Ry 132
u
FII-C8 turn-off fluorescence  Fe’* 158
[Eu(BTPCA)(H20)]-2DMF-3H>0 turn-on fluorescence Zn* 159
[Eu(BTPCA)(H20)]-2DMF-3H,0 turn-off fluorescence ~ Fe’* 159
[Zrs04(OH)4(2,7-CDC)]- 19H20-2DMF  turn-off fluorescence  Fe** 133
Sm**@[AI(OH)(btec)]-H.0 turn-on fluorescence Ag" 160
C. Biomolecules Sensing
MN-ZIF-90 turn-on fluorescence cysteine 161
18
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Al-MIL-53-N3 turn-on fluorescence H>S 162
Ui0-66-(NO2)2 turn-on fluorescence HS 163
Ui0-66-NH> turn-off fluorescence DNA 164
UiO-66-N3 turn-on fluorescence H,S 165
NMOF-PVA-BDY turn-on fluorescence ONOO 134
D. NAEs Sensing

DNT,
[Zn1.5(L7)(H20)]-1.5(C¢Hs) turn-off fluorescence 135

DMNB

TNT and
[Zn2(ndc)2(bpe)] -2.5DMF:0.25H,0 turn-off fluorescence 166

RDX

: il TNT and

[Zna(ndc)(bpee)]-2.25DMF-0.5H,0 UL QR e SeL1CC 166

RDX

TNP and
BUT-12 turn-off fluorescence 167

4-NP

TNP and
BUT-13 turn-off fluorescence 167

4-NP
[Zna(Ls)2(dpyb)] turn-off fluorescence ~ TNP 168
Zn(Ls)(dipb)]-2H>0O turn-off fluorescence =~ TNP 168
Zn-PDA turn-off fluorescence TNP 169
[Zny(fdc)2(bpee)2(H20)],-2H20 turn-off fluorescence = NB 170
Zr-BTDB-MOF turn-off fluorescence TNP 171
USTC-7 turn-off fluorescence TNP 172
[ZrsO4(OH)4(2,7-CDC)6]- 19H20-2DMF  turn-off fluorescence ~ PNP 133

Ligand abbreviations: ndc = 2,6-naphthalenedicarboxylate; L7 = 4,4',4"-(benzene-1,3,5-
triyltris(oxy))tribenzoate; Ls = 3,3'-(thiophene-2,5-diyl)dibenzoate, dpyb = 1,4-di(pyridin-
dippb = 4,4'-di(1H-imidazol-1-yl)-1,10-biphenyl); PDA = O-
phenylcarbazole-3,6-dicarboxylate; fdc = 2 ,5-furandicarboxylate; BTDB = 44'-

4-yl)benzene;
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(benzo[c][1,2,5]thiadiazole-4,7-diyl)dibenzoate; DAAC = 3,6-diaminoacridinium cation;
BTC = 1,3,5-benzenetricarboxylate; TDC = thieno[2,3-b]thiophene-2,5-dicarboxylate;
DMTDC = dimethylthieno[2,3-b]thiophene-2,5-dicarboxylate; MPTDC =
monophenylthieno[2,3-b]thiophene-2,5-dicarboxylate; DPTDC = diphenylthieno[2,3-
b]thiophene-2,5-dicarboxylate; BTPCA = 1,1’,1"-(benzene-1,3,5-triyl)tripiperidine-4-
carboxylate; BTB = 1,3,5-benzenetribenzoate; phen = 1,10-phenanthroline; btec =
pyromellitiate; TTHA = 1,3,5-triazine-2,4,6-triaminehexaacetate; Leé = 2-(pyrene-1-
imine)-terephthalate; bpe = 1,2-bis(4-pyridyl)ethane; bpee = 1,2-bis(4-pyridyl)ethylene;
TNT = 2.,4,6-trinitrotoluene; 4-NP = p-nitrophenol; TNP = 2 4,6-trinitrophenol; DMNB =
2,3-dimethyl-2,3-dinitrobutane; RDX = 1,3 ,5-trinitro-1,3,5-triazine; DNT =

dinitrotoluene.

1.5.2.1 Fluorescence Sensing of Nitroaromatic Explosives (NAEs)

Selective detection of NAEs is crucial for security screening, homeland security,
environmental safety and human health. The major industrial explosive compounds are
2,4,6-trinitrotoluene (TNT), 2,4-dinitrotoluene (2,4-DNT), nitrobenzene (NB), 2,3-
dimethyl-2,3-dinitrobutane (DMNB), p-nitrophenol (PNP), 2,6-dinitrotoluene (2,6-DNT)
and 2,4,6-trinitrophenol (TNP). Among these, the most explosive compound is TNP than
other NAEs which has been used in the manufacture of rocket fuels, landmines, fireworks
and matches.!”® '7* It is also used in the leather, pharmaceutical and dye industries.
Excessive use of the TNP in the industrial level causes several problems in environment,
human health and wildlife. Therefore, selective sensing of TNP among other NAEs is vital
for the reduction of its effect on the environment and living beings. Several fluorescent
MOF materials have been used so far as fluorescent probes for the detection of NAEs. In
this detection, the electron-rich MOF materials interact with the electron deficient NAEs.
The electron transfer mechanism from MOFs to NAEs causes ‘turn-off’ effect of the
fluorescence due to the reduction of fluorescence intensity. Several examples of
luminescent MOF materials are available exhibiting fluorescence quenching properties

towards NAEs.!”!

Fluorescent MOFs have been synthesized from m-electron rich organic ligands which
can be easily quenched by NAEs.!”! Metal ions with d° (e.g., Zr*") or d'° (e.g., Zn>" and

Cd*") configuration are very promising candidates for the formation of ligand-centered
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fluorescent MOF materials due to their strong luminescent behavior. Several Zn(I)-based
fluorescent MOF materials have been reported for the detection of NAEs, '3 166, 168170, 175-
177 For example, a Zn(Il)-based MOF, [Zn; 5(L4)(H20)]-1.5C¢Hs ( L4 = 4,4',4"-(benzene-
1,3,5-triyltris(oxy))tribenzoate) has been synthesized with a m-conjugated organic ligand.
It shows selective sensing behavior towards DMNB over other NAEs (Figure 1.11).!%
Furthermore, several Cd(IT)-based MOFs have been reported for sensing of NAEs.!” 17
In addition, the several other metal ions have been used for synthesizing fluorescent MOF
materials'8 '8! for the detection of NAEs. For example, a Zr-BTDB MOF (BTDB = 4,4'-
(benzo[c][1,2,5]thiadiazole-4,7-diyl)dibenzoate) has been demonstrated for rapid and
selective detection of TNP.!"!Few Mg-based MOFs have been reported for the detection
of NAEs.!82 18 A Cu-based MOF, Cus(Ls);(H20)s (Ls = 5,5'-((5,7,12,14-tetrahydro-
5,14:7,12-bis([ 1,2]benzeno)pentacene-6,13-diyl)bis(ethyne-2,1-diyl))diisophthalate) has
been reported for the detection of NAEs. %4

Figure 1.11 Representation of Zn-based MOF for selective sensing of DMNB and DNT.
Reproduced with permission from ref. 135. Copyright 2013 American Chemical Society.

In addition, lanthanide-based fluorescent MOF materials have been employed towards
the detection of NAEs. The MOFs with other meal ions than lanthanides have major
drawbacks due to small Stokes shift which prevents the detection of NAEs by the naked
eye. On the other hand, lanthanide MOFs-based sensors exhibit large Stokes shift which
is useful for the detection of NAEs. A large number of Tb(II)!#31¥7 and Eu(I1I)!%8-1°° MOFs

have been reported for the selective detection of NAEs.
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1.5.2.2 Sensing of Reactive Oxygen/Nitrogen Species (ROS/RNS)

In biological systems, both ROS and RNS play very important roles.!”! The major
ROS/RNS are hydrogen peroxide (H202), peroxynitrite (ONOQ"), singlet oxygen ('0.),
superoxide (O>™), nitric oxide radical ("NO), nitrosonium ion (NO"), nitrite (NO, ), nitrate
(NOs3 ), hydroxy radical ("OH), fert-butyl hydrogen peroxide (TBHP), peracid (RCOsH)
and hypochlorous acid (HOCI). Excess ROS/RNS in biological system causes several
human diseases.'”>""** Selective detection of ROS/RNS in biological system is crucial for
monitoring the concentration of ROS/RNS. Several organic fluorescent probes bearing
boronic acid functional group shown selective fluorescence response towards hydrogen
peroxide and peroxynitrite via Baeyer—Villiger oxidation reaction.'”>"'” Few MOF-based
sensors for H>O» have been reported using different analytical techniques such as

199.200 and  colorimetry®! for the detection of

chemiluminescence,'”® electrochemistry
ROS. But, there is no report on MOFs so far for the sensing of ROS using fluorometry.
The surface modification or functionalization of the MOF materials with boronate ester or
boronic acid groups offers a selective interaction between analyte and functional group.'**
A boronic acid group functionalized MOF-based material has been recently reported for
the detection of RNS. The Zr-based Nano-MOF (NMOF-PVA-BDY) with surface-coated
boronic acid group has been reported for the selective sensing of ONOO ™~ (Figure 1.12).134
So, the direct functionalization of ligand with boronic acid functional group can serve as
a potential material for the fluorescence based detection of H2O2 or ONOO . Hence, the

synthesis of boronic acid functionalized MOFs are highly interesting for the detection of

ROS/RNS.

Em 540nm
Ex 340 nm Ex 340nm

on S /_\ i !
7 o - o
) oNoo - 4 )
-
PVA-ABL wdm"m
@ NMOF-PVA-ADE (MA) NMOF-PVA-AbL (MA)

Emg1 Clnm
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f ’d ﬁf
i - ’ n -
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4
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Figure 1.12 Boronic acid functionalized Zr-based NMOF (NMOF-PVA-BDY) for the
selective sensing of ONOO . Reproduced with permission from ref. 136. Copyright 2017
Royal Society of Chemistry.
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1.6 Motivation and Objectives

MOFs are an emerging class of highly crystalline porous materials with potential
applications in the field of gas storage, separation and chemical sensing of various analytes
(cations, anions, biomolecules, small molecules, nitroaromatic explosives materials,
volatile organic compounds, etc.). During synthesis of functionalized MOFs, pre-
functionalized organic ligands were utilized. Moreover, functionalization can be achieved
by employing the post-synthetic modifications method. The anchored functional groups in
the MOF framework play a crucial role in gas storage, separation and sensing
application.?*? 233 The anchored functional groups can act as active sites for adsorption of
specific gas molecules or sensing of specific analytes during fluorescence detection, thus
increasing the selectivity of the MOF towards target gas or analyte. In spite of numerous
advantages, applications of many MOFs are limited due to their low chemical stability
under harsh conditions. The synthesis of water-stable MOFs is still a key challenge. Some
of the reported MOFs** 295 have shown collapse of their structures after prolonged
exposure to moisture. This instability makes MOFs unfeasible in practical applications.
For improving the hydrolytic stability, hydrophobic functional groups (e.g., -F, -CHs, -
CF;, -OCF3, etc.) have been incorporated into MOF frameworks. In addition to the
hydrophobicity, the high valent metal ions (e.g., Zr(IV),>*2% Hf(IV),** Ce(IV),** Ti(IV),*
etc.) have been used for the synthéses of physicochemically stable MOFs. In this
dissertation, the gas adsorption and fluorescence sensing applications of water-stable
MOFs bearing functionalized organic ligands and high valent metal ions (Zr(IV), Hf(IV)
and Ce(IV)) will be presented.
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Chapter 2

2.1 Introduction

In the last two decades, research activities on high crystalline porous metal-organic
frameworks (MOFs)'- have grown exponentially. Duo to porosity nature of MOFs, they
are used in different areas such as gas storage/separation, ®'° heterogeneous catalysis,!!!?
chemical sensing,'*!? drug delivery?®*? and polymerization.”> MOFs are a new class of
highly crystalline and porous materials. They are built up of inorganic secondary building
blocks (SBUs). The interconnection of the inorganic SBUs by polytopic organic ligand
molecules results in 1D, 2D and 3D framework structures having well-defined pore
systems (channels, cages, etc.). Since an almost infinite combination of metal ions and
organic ligands are possible, a huge variety of porous and topologies of MOF structures
have been reported until today. It is possible to tune the pore dimensions (hence specific
surface area and pore volume) and pore surface characteristics of MOFs by varying the

sizes?* of the organic ligands and by grafting various functional groups®>= to the organic

ligands, respectively.

MOF materials having high surface areas, high pore sizes, thermal and chemical
stabilities are suitable for their applications in industry. Several famous MOF
compounds*'-*3 have shown low stability and therefore they are not suitable for industrial
applications, although they have displayed great potential'® **** for gas adsorption and
separation. Synthesis of MOFs with high oxidation states metal ions (such as, Ti(IV),*!
Zr(IV),* Hf(IV),® etc.) is one of the approaches for synthesizing MOF materials having
relatively higher thermal and chemical stabilities. Among numerous Zr(IV)-based MOF
materials are reported till date,*** the microporous UiO-66 compound** has attracted the
attention of researchers owing to its high thermal and chemical stability as well as
promising performances for CO2/CHa separation.*” *® The three-dimensional (3D) cubic
framework of this MOF material is constructed from [ZrsO4(OH)4]'?>* building units which
are interconnected by 1,4-benzenedicarboxylate (BDC) ligands. The use of longer 2,6-
naphthalenedicarboxylate (NDC) ligand instead of BDC resulted in the formation of
Zr(IV) and Hf(IV)-based DUT-52 (DUT = Dresden University of Technology)*
framework compounds, which possess the same framework topology as that of UiO-66.
Zr-DUT-52 material has been also termed as Zr-NDC*® and Zrs-NDC?° in other reports.
This MOF compound also exhibits high physiochemical stability and significant
microporosity like UiO-66 (UiO = University of Oslo). The presented Zr(IV) (1) and
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Ce(IV) (2) based MOF compounds consisting of 4-carboxycinnamate (CCA) ligands are
isostructural with DUT-52 and hence both of them bear UiO-66 framework topology. It is
noteworthy that, only a handful examples of Ce(IV)-based MOF compounds have been
reported till date. Very recently, the synthesis, properties and redox catalytic activities of
nine Ce(IV)-based MOF materials with UiO-66 structures containing ligands of different
sizes and functionalities have been reported by Stock et al’>' More recently, we have
employed the Ce(IV)-based azide and nitro-functionalized UiO-66 materials as turn-on
fluorescence probes for the sensing of H,S.>> Although the CCA ligand has been formerly
employed for the construction of few MOFs with divalent metal ions.>** it has never been
incorporated into MOFs having tetravalent metal ions such as Zr(IV) and Ce(IV).
Therefore, we hypothesized that the employment of the CCA ligand and tetravalent metal
ions would give rise to MOFs having high physiochemical stability. In this report, we
present the synthesis, complete characterization, thermal and chemical stability as well as

gas sorption behavior of the new Zr(IV) (1) and Ce(IV) (2) based MOF compounds
containing the CCA ligand.

2.2 Experimental
2.2.1 Materials and General Methods

The H,CCA ligand was synthesized according to a previously published procedure.’®
All other starting materials were of reagent grade and used as received from the
commercial suppliers. Fourier transform infrared (FT-IR) spectra were recorded in the
region of 440-4000 cm™! with a Perkin Elmer Spectrum Two FT-IR spectrometer. The
following indications are used to characterize absorption bands: very strong (vs), strong
(s), medium (m), weak (w), shoulder (sh), and broad (br). Elemental analyses (C, H, N)
were carried out on a Thermo Scientific Flash 2000 CHNS-O analyzer equipped with a
TCD detector. Thermogravimetric (TG) analyses were performed with a Mettler-Toledo
TGA/SDTA 851e thermogravimetric analyzer in a temperature range of 30-600 °C under
air atmosphere at a heating rate of 5 °C min~!. Ambient temperature X-ray powder
diffraction (XRPD) patterns were recorded on a Bruker D2 Phaser X-ray diffractometer
(30 kV, 10 mA) or a Bruker D8 Advance 0-26 diffractometer (40 kV, 40 mA) in
transmittance Bragg-Brentano geometry equipped with a LYNXEYE 1D detector and
Gobel mirror, using Cu-Ko. (4 = 1.5406 A) radiation. Le Bail fits of the XRPD patterns of
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as-synthesized 1 and 2 were performed by using the Jana2006 program.®® The solution 'H-
NMR spectra were recorded on a Bruker AM 300 spectrometer at 300 MHz. Before the
NMR measurements, the compounds (20 mg each) were digested in 500 uL of 1M NaOH
in D20 for 24 h. The nitrogen sorption isotherms up to 1 bar were measured using a
Quantachrome Autosorb iQ-MP gas sorption analyzer at -196 °C. The carbon dioxide
adsorption measurements were performed using a Quantachrome iSorb-HP gas sorption
analyzer at 0 °C. Prior to the sorption experiments, the samples of 1 and 2 were degassed

by heating (190 ° C, 6 h for 1; 50 °C, 4 h for 2) under dynamic vacuum.

2.2.2 Procedure for Le Bail Fitting

The lattice models 1 and 2 were constructed by transforming the crystallographic unit

cell of Ui0-66 from space group F43m into P23. The latter setting allowed us to transform
the HoBDC ligand into the less symmetric HCCA ligand while retaining a cubic crystal
system. Both lattice models were fully geometry optimized by force-field calculations
employing the UFF force field provided in the Forcite module of BIOVIA Materials Studio
V8.0 (Accelrys Software, Inc., San Diego, CA, USA) software package. Materials Studio
contains a full implementation of the Universal force field, including bond order
assignment. The Materials Studio implementation has been rigorously tested and results
are in agreement with published work on this force field.®!*** Once fully relaxed lattice
models were obtained, the lattice constants of both compounds were adjusted to the values
as given in Table 2.1 and a constrained geometry optimization was performed to yield the

final structural parameters which are given in this chapter.

2.2.3 Synthesis of [ZrsO4(OH)4(C10H604)6]:1.SDMF-17H20 (as-synthesized 1)

A mixture of ZrCls (100 mg, 0.43 mmol), H>CCA ligand (82 mg, 0.43 mmol) and acetic
acid (0.25 mL, 4.37 mmol) in 2 mL of N, N'-dimthylformamide (DMF) was heated in a
sealed glass tube at 150 °C for 24 h using an aluminum block heater. After spontaneous
cooling to room temperature, the white precipitate was collected by filtration, washed with
acetone (4 x 2 mL) and dried in air. The yield was 137 mg (0.06 mmol, 83%) based on the
Zr salt. Anal. calcd for Ces5HgasN150s05Z16: C, 34.64 H, 3.80 N, 0.93. Found: C, 34.31
H, 3.74 N, 0.76%. FT-IR (KBr, cm™): 3418 (br), 1692 (s), 1640 (s), 1588 (s), 1532 (s),
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1410 (vs), 1289 (W), 1254 (m), 1208 (w), 1180 (w), 1145 (w), 1111 (w), 1018 (w), 978
(m), 857 (m), 783 (s), 725 (sh), 662 (s), 570 (W), 472 ().

Synthesis of [CesO4(OH)4(C10H604)6]-6DMF-16H20 (as-synthesized 2)

A mixture of HoCCA ligand (40 mg, 0.21 mmol) in DMF (2 mL) and an aqueous solution
of ammonium cerium (IV) nitrate (400 pL, 0.5333 M) was sealed in a glass tube and heated
using an oil bath under magnetic stirring at 100 °C for 20 min. The yellow precipitate was
collected by centrifugation, washed with acetone (4 x 2 mL) and dried in air. The yield
was 35 mg (0.02 mmol, 78%) based on the Ce salt. Anal. calcd for C7sH114CesNsOss: C,
32.98 H, 4.04 N, 2.95. Found: C, 32.71 H, 4.27 N, 2.75%. FT-IR (KBr, cm™): 3363 (br),
1647 (vs), 1586 (s), 1536 (s), 1388 (vs), 1288 (w), 1255 (w), 1205 (w), 1183 (w), 1144
(w), 1106 (m), 1012 (sh), 984 (m), 863 (m), 786 (m), 714 (m), 681 (w), 659 (w), 582 (s),
537 (sh), 454 (w).

2.2.4 Activation of As-Synthesized 1 and 2

For activation, the as-synthesized sample of 1 was directly heated at 190 °C under
vacuum for 6 h. In order to activate 2, the as-synthesized form of the compound was stirred
in acetone at room temperature for 3 h, during which period, the solvent was discarded
and fresh acetone was added after each 1 h. In the second step, the acetone-exchanged
form of the compound was heated at 50 °C under vacuum for 4 h. The thermally activated

forms of 1 and 2 are denoted as 1’ and 2’, respectively.
2.3 Results and Discussion

2.3.1 Synthesis and Activation

Compound 1 was synthesized by using similar synthesis conditions as described recently
for several Ce(IV)-based MOF materials.®'> > For optimizing the synthesis conditions of
1, reactions were performed using mixtures of Zr(IV) salts (ZrCls, ZrO(NO3)>-xH20 or
ZrOCly-8H20) and HoCCA ligand in amide solvents like DMF, N,N’-diethylformamide
(DEF) and N,N'-dimethylaetamide (DMA). Various modulators/additives®* (benzoic acid
(BA), formic acid (FA), acetic acid (AA), trifluoroacetic acid (TFA), H>O or conc. HCI)
were added in the reaction mixtures in order to enhance the crystallinity of the compound.

All possible combinations of the reactants were employed in these reactions. 1 was
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obtained with high crystallinity by using ZrCls as the metal source and acetic acid as the
modulator in DMF. For this combination, ZrCl4/H>CCA ligand/acetic acid molar ratio of
1:1:10 was used. Reactions with all other combinations of reactants led to either
amorphous products or products having lower crystallinity than 1 with optimum
crystallinity. For investigating the effect of varying the ZrCls/acetic acid ratio on the
crystallinity and phase-purity of 1, various ZrCls/acetic acid molar ratios ranging from
1:10 to 1:100 were employed. Compound 1 was obtained with high crystallinity and phase-
purity when ZrCls/acetic acid molar ratio was 1:10 (Figure 2.1). With increase in the
ZrCly/acetic acid molar ratio, either the crystallinity of the compound decreased or

additional peaks in the XRPD patterns due to an unknown crystalline phase were observed.

100 equiv. acetic acid

i N i b e )

70 equiv. acetic acid

Intensity (cps)

50 equiv. acetic acid

30 equiv. acetic acid

10 equiv. acetic acid

5 10 15 20 25
2 Theta (°)

Figure 2.1 XRPD patterns of the samples of compound 1 prepared with different

equivalents (with respect to ZrCls) of acetic acid as a modulator.

The physisorbed DMF molecules from the external surface of the as-synthesized samples
of 1 and 2 were removed by washing the samples with acetone after filtration. After that,
1 was directly heated under vacuum in order to remove the occluded molecules
encapsulated inside the pores. For activating 2, a two-step procedure was employed. At
first, the as-synthesized form of 2 was stirred in acetone for exchanging the guest
molecules entrapped within the pores with more volatile acetone molecules. In the second

step, the acetone-exchanged form of 2 was heated under vacuum for removing the acetone
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molecules from the pores. The thermally activated compounds exhibit similar XRPD
patterns (Figures 2.2 and 2.3) as those of the as-synthesized compounds. Therefore, both

compounds retain their structural integrity after thermal activation.

—— 1' (activated)
—— 1 (as-synthesized)
simulated
[}
Q. s, o
-,
=
7
c
9
=
e st anoseinon]
2A A
10 20 30
2 Theta (°)

Figure 2.2 XRPD patterns of compound 1 in different forms: simulated (black), as-

synthesized (red) and thermally activated (pink).

—— 2'(activated)
——— 2 (as-synthesized)
simulated

Intensity (cps)

10 . 2I0 . 30
2 Theta (°)

Figure 2.3 XRPD patterns of compound 2 in different forms: simulated (black), as-

synthesized (red) and thermally activated (violet).
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2.3.2 Infrared Spectroscopy

The FT-IR spectra of the as-synthesized and thermally activated samples of 1 and 2
(Figures 2.4 and 2.5) reveal strong absorption bands at around 1590 and 1390 cm™!, which
can be attributed to the asymmetric and symmetric —CO: stretching vibrations of the
coordinated CCA ligand molecules, respectively.?>2% ¢ In the IR spectrum of the as-
synthesized and activated 1 and 2, the strong absorption bands observed at around 1640
cm! can be ascribed to the C=C stretching vibration of the coordinated CCA ligand
molecules.®® The strong absorption band at around 1690 cm™ in the IR spectrum of as-

synthesized 1 and 2 can be attributed to the C=0 stretching vibration of the occluded DMF

molecules.
S
@
Q
c
(1]
E
£
/2]
c
s
=
, , , , ; , ; , . ] . , . ,
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm”)

Figure 2.4 FT-IR spectra of the as-synthesized (black) and activated (red) samples of

compound 1.
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Figure 2.5 FT-IR spectra of the as-synthesized (black) and activated (red) samples of

compound 2.

2.3.3 Structure Description

Determination of the lattice parameters of the as-synthesized samples of 1 and 2 were
carried out from their XRPD patterns measured at ambient conditions. The lattice
parameters displayed in Table 2.1 clearly indicate that both compounds possess cubic
structures. The values of the unit cell parameters of the present compounds are close to

those of the formerly reported, structurally related DUT-52 framework material. 4% 5% 67
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Figure 2.6 Le Bail fit of the XRPD pattern of as-synthesized 1. Dotted and solid lines
denote observed and calculated patterns, respectively. The peak markers and the difference

plot are displayed at the bottom. R, = 5.51, Ryp = 7.82.

Le Bail fits of the experimental XRPD patterns of as-synthesized 1 and 2 are presented
as Figures 2.6 and 2.7, respectively. Good reliability factors were obtained from the fits,
which indicated that the experimental XRPD patterns matched well with the calculated
ones. The similarity between the theoretical and experimental XRPD patterns for both
compounds (Figures 2.2 and 2.3) confirms their phase-purity. Since the frameworks of 1
and 2 are isostructural with DUT-52,%3-4%:30-67 the framework structures (Figure 2.8) of the
hydroxylated forms of the present compounds are composed of [MsO4(OH)4]'** (M = Zr
for 1 or Ce for 2) building units. In these building units, the p3-O and p3-OH groups
alternatively cap the triangular faces of the Me octahedron. The cross-linking of the
[MsO4(OH)4]"?* building blocks by the carboxylate groups of 12 CCA ligand molecules
leads to the formation of cubic, 3D frameworks. In these network structures, both
octahedral and tetrahedral shaped microporous cages exist. Each Zr or Ce atom adopts a
square-antiprismatic geometry, coordinating with eight O atoms. Four O atoms from
carboxylate groups occupy the corners of one square face of the square antiprism, whereas
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the O atoms from the p3-O and p3-OH groups are located at the corners of the second
square face. In the network structures, every octahedral cage (free diameter ~14 A) at the
center is linked with eight tetrahedral cages (free diameter ~11 A) at the corners through

narrow trigonal windows (free diameter ~8 A).*

1.0
0 4ntszcoumsm)

0.0 4 45235 COUNTS(c)

0.8 3

0.7 3
0.6 3 L
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delta(irel) 0.0 ‘”\4\1"“’“"‘“"*‘*

0.0

Figure 2.7 Le Balil fit of the XRPD pattern of as-synthesized 2. Dotted and solid lines
denote observed and calculated patterns, respectively. The peak markers and the difference

plot are displayed at the bottom. R, = 1.33, Ryp = 1.97.
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Figure 2.8 (a) Ball-and-stick representation of the 3D cubic structures of 1 and 2 showing

arrangements of the octahedral (blue spheres) and tetrahedral (yellow spheres) cages in the

framework. (b,c) Enlarged representation of the octahedral and tetrahedral cages. Zr and

Ce atoms are shown as polyhedra (color codes: Zr/Ce, green; C, dark grey and O, red).

The hydrogen atoms and occluded molecules have been omitted for clarity.

Table 2.1 Refined lattice parameters for as-synthesized 1 and 2 having cubic unit cells.

Compounds a(A) V(A%
1 (as-synthesized) 23.809 2) 13497 (1)
2 (as-synthesized) 24.6349 (3) 14950.3 (5)
Zr-DUT-52% 23.910(3) 13669(3)
HEDUT-52% 23.74391(24) 13395.6(2)
Zr-NDC¥ 23.7853 -
Zts-NDC 23.808(1) 13495(2)
45
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2.3.4 Thermal Stability

The thermal stability of the compounds was determined by performing TG analyses with
the as-synthesized as well as activated samples of 1 and 2 in an air atmosphere. The TG
analyses (Figure 2.9) reveal that 1 and 2 are thermally stable up to 390 and 300 °C,
respectively. The high thermal stability of 1 is comparable with those of Zr-UiO-66 and
several other Zr(IV)-based MOF materials.?” 4446 65 6870 Qimjlarly, the lower thermal

stability of 2 than 1 compares well with those of Ce-UiO-66 and few other Ce(IV)-based
MOF compounds.>! 3

100
3
o B0 o
7]
=]
-l
v
=
D60
s — 1 (as-synthesized)

—1'" (activated)
——— 2 (as-synthesized) \
40 4 —— 2" (activated)
T T T J T ¥ T L] T ¥
100 200 300 400 500 600

Temperature (°C)

Figure 2.9 TG curves of the different forms of 1 and 2 measured in an air atmosphere in

the temperature range of 30-600 °C.

In the TG traces of as-synthesized 1 and 2 (Figure 2.9), the first weight loss steps of 13.5
and 10.5 wt% in the temperature range of 40-130 °C can be ascribed to the removal of 17
and 16 uncoordinated H>O molecules per formula unit (calcd.: 13.6 wt%, 1; 10.1 wt%, 2),
respectively. The second weight loss steps of 5.0 and 16.0 wt% in the temperature ranges
of 130-280 and 130-230 °C can be assigned to the removal of 1.5 and 6 occluded DMF
molecules per formula unit of 1 and 2 (calcd.: 4.9 wt%, 1; 15.4 wt%, 2), respectively.
Owing to the removal of organic linker molecules from the framework, the decomposition

of 1 and 2 occurs above 390 and 300 °C, respectively.

In the TG curves of 1’ and 2’, the first weight loss step can be ascribed to the removal of

the adsorbed water molecules. The occurrence of this weight loss step can be related to the
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exposure of the compounds to air after thermal activation, resulting in hydration of the

materials.

2.3.5 Chemical Stability

For determination of the chemical stability of the thermally activated samples (0.05 g for
each) of 1’ and 2', the samples were stirred in water, methanol, acetic acid and 1M HCI
solutions (10 mL for each) under ambient conditions for 12 h. After collecting the samples
by filtration, the crystallinity of the filtered solids were examined by XRPD measurements
(Figures 2.10 and 2.11). 1’ retained its crystallinity (and hence structural integrity) after
treatment with methanol. The crystallinity of 1’ was reduced slightly after treatment with
water and acetic acid. However, the treatment of 1’ with 1M HCI solution lead to
substantial reduction in crystallinity. In case of 1’, the crystallinity was greatly reduced
after treatment with methanol and water. The crystallinity of 2’ was completely lost when
treated with acetic acid and 1M HCI solutions. Therefore, 1’ exhibited relatively lower
chemical stability compared to several other Zr(IV)-based MOF materials.?”- 4 43:68:69 Op
the other hand, the low chemical stability of 2’ is comparable with few other recently

reported Ce(IV)-based MOF compounds.’!:>?

n (f) in 1M HCI

j WY — il penie M
J_ \ (d) in water

_(c)in methanol 5

Intensity (cps)

(b) thermally activated

(a) as-synthesized

T
5 10 15 20 25
2 Theta (%)

Figure 2.10 XRPD patterns of compound 1’ in different forms: as-synthesized (a),

thermally activated (b), treated with methanol (¢), water (d), acetic acid (e), and 1M HCl

(®.
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Figure 2.11 XRPD patterns of compound 2’ in different forms: as-synthesized (a),
thermally activated (b), treated with methanol (c), water (d), and 1M HCI (e).

2.3.6 Gas Adsorption Properties

In order to verify the permanent microporosity of the framework materials, N> sorption
measurements were performed with 1’ and 2'. As displayed in Figure 2.12, the adsorption
isotherms of the compounds followed type-I behavior. From the N; adsorption isotherms,
the specific BET surface areas and micropore volumes of the materials were calculated.
The specific BET surface areas and micropore volumes of 1’ and 2’ are summarized in
Table 2.2. The BET surface area and micropore volume of 2’ are comparable with the
structurally related Zr(IV) and Hf(IV)-based DUT-52 compounds, although these values
are much lower compared to the isostructural Zr-NDC material. On the other side, the BET
surface area and micropore volume of 1" are lower compared to 2'. This fact can be
attributed to the difficulty in activating the as-synthesized sample of 1 by the two-step
procedure which has been applied for activating the as-synthesized 1 (i.e., solvent-

exchange followed by heating under vacuum).
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Figure 2.12 N, adsorption (filled symbols) and desorption (empty symbols) isotherms of

1’ (circles) and 2’ (squares) measured at —196 °C.
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Figure 2.13 Low-pressure CO> adsorption isotherms of 1’ (circles) and 2’ (squares)

recorded at 0 °C.
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Table 2.2 Specific BET surface areas®! and micropore volumes!™® of 1’ and 2’ determined

from the N, adsorption isotherms.

Compounds BET Surface Area (m? g™") Micropore Volume (cm? g™!)
1 870 0.62
2’ 1210 0.67
Zr-DUT-52% 1399 0.60
Hf-DUT-52% 1097 0.47
Zr-NDC¥ 1720 0.67
Zre-NDC* 1287 0.54

[a] Specific BET surface areas were estimated in the p/po range of 0.05-0.1.

[b] Micropore volumes were determined at p/po= 0.99.

The accessible surface areas of 1’ and 2’ have been calculated by using the Poreblazer
software.”! The accessible surface areas of 1’ and 2’ have been estimated to be 1421 and
1242 m? g'!, respectively. On the other hand, the experimental BET surface areas of 1’ and
2" are 870 and 1210 m? g’!, respectively. Thus, the theoretical surface area of 2 is close to
the experimental value, which supports the structural model of this compound. Since 1’
and 2’ are isostructural, they are expected to show similar experimental surface areas. The
lower experimental surface area of 1’ as compared to the theoretical value suggests the

incomplete activation of the compound.

The permanent microporosity of the framework structures of 1" and 2’ was also verified
by low-pressure CO> adsorption measurements at 0 °C. The occurrence of type-I
adsorption isotherms (Figure 2.13) confirmed microporous nature of both compounds. The
CO; adsorption capacities of 1’ and 2’ at 0 °C and 1 bar reached 2.0 and 1.6 mmol g,
respectively. These CO; uptake values are comparable with that of the isostructural DUT-

52 material.’
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2.4 Conclusions

We have presented the synthesis, complete characterization, thermal and chemical
stability as well as gas sorption characteristics of new Zr(IV) and Ce(I1V)-based MOF
materials consisting of HoCCA ligand. Both compounds have been synthesized under
solvothermal conditions (150 °C, 24 h for 1; 100 °C, 20 min for 2). The phase purity of
the compounds were examined by a combination of XRPD analysis, FT-IR spectroscopy,
themogravimetric and elemental analyses. As confirmed by the XRPD measurements,
both compounds are isostructural with DUT-52 framework material. Based on the
thermogravimetric analyses, 1 and 2 are thermally stability up to 390 and 300 °C in air
atmosphere, respectively. As revealed from the XRPD experiments, both materials display
moderate stability in water and methanol, however they lose their crystallinity when
exposed to 1M HCL. N> sorption analyses indicate that 1’ and 2’ exhibit specific BET
surface areas of 870 and 1210 m? g™!, respectively. The CO, uptake values of 1’ and 2’ at

0 °C and 1 bar correspond to 2.0 and 1.6 mmol g, respectively.
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3.1 Introduction

In recent years, research activity on MOFs'® has undergone a renaissance owing to their

potential applications in a wide range of areas such as gas storage/separation,’ '

113 nolymerization'* and drug delivery.'>!” This new class of

heterogeneous catalysis,
highly crystalline and extremely porous materials are constructed from inorganic building
units which are cross-linked by polytopic aromatic ligands. Different functional groups
can be introduced into their frameworks in order to achieve the goal for a specific
application. For the functionalization of MOFs, either pre-functionalized ligands can be
used during the synthesis or a post-synthetic modification strategy'® can be applied. For
luminescent MOFs, the functional groups (such as pyridyl,' amine,® amide,?" *
functionalized dye,? etc.) attached with the organic ligands provide interaction sites for

the detection of various analytes.

Fluorescent MOF-based probes for the detection of various analytes.?* 2> 2634 Duye to
their huge porosity and highly crystalline structures bearing definite pore sizes and pore
shapes, fluorescent MOF compounds exhibit advantages over other sensor materials in
sensing applications. The tuneable nature of their porosity (pore sizes and pore volumes)
allow highly size-selective detection of analytes. Moreover, the extent of sensitivity of the
detection process is enhanced due to the confinement of the analytes within the large
cavities of the MOF materials. In addition, the analytes can interact with the pore surface
of MOF compounds through the Lewis acidic or basic as well as coordinatively
unsaturated metal sites. As a result of these interactions, the target analytes can be
selectively gathered inside the MOF pores, which increases the sensing performance.
Furthermore, the luminescence emissions of the MOF materials can be increased by the
incorporation of m-conjugated aromatic ligands into the frameworks. Most importantly, the
optical band gaps of MOF materials can be tuned in a systematic way because of the
virtually infinite combinations of metal ions and organic ligands. Consequently, numerous
fluorescent MOF materials have been investigated so far in the literature for the sensing
of various analytes such as cations, anions, biomolecules, small molecules, volatile organic

compounds and nitroaromatic explosives (NAEs).26-34

The fast, selective and sensitive sensing of NAEs is crucial for homeland security,
battlefield protection, security screening, industrial and environmental safety as well as

human health.**® Among various military and industrial NAEs, 2,4,6-trinitrophenol
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(TNP) is very powerful. This NAE, which is even stronger than its well-known counterpart
2,4, 6-trinitrotoluene (TNT), has been extensively employed in the manufacture of
fireworks, matches, rocket fuels and landmines as well as in leather, pharmaceutical and
dye industries.>* ° In addition, the mutagenic and/or carcinogenic activities of TNP can
result in several health issues like anaemia, skin irritation and abnormal liver functions.*'
In order to reduce the harmful effects of TNP on the environment, its fast, sensitive and
selective detection in presence of other NAEs is highly demanding. Expensive and
sophisticated instruments having low selectivity and poor portability are currently being
utilized as the detection methods for NAEs.** On the other hand, fluorescence-based
chemical sensors have appeared as one of the most potential candidates in recent years for

sensing of NAEs because of their simplicity, portability, low cost, rapid response time,

high sensitivity as well as dual compatibility in solid and solution media. Next to other

36-38 43, 44

fluorescent sensor materials such as conjugated polymers and nanoparticles,
MOF-based?*** luminescent probes have already shown great potential for the sensing of

a broad variety of NAEs.

Herein, we have presented a Zr-based MOF having strong luminescent behaviour. The
MOF material (3) bearing UiO-68 framework topology and incorporating the thiadiazole-
functionalized BTDB ligand. The thermally activated form of the material (termed as 3’
hereafter) is able to detect TNP in methanol suspension with high selectivity and
sensitivity. It is noteworthy that the luminescent BTDB ligand has been recently employed
to construct a Zn-based MOF, which has exhibited highly selective sensing behaviour
towards Cd*" ions.* Despite the fact that many MOF-based?** fluorescent probes have
19, 20, 22, 25, 46-

been examined until today for the sensing of NAEs, only a handful of MOFs

3! have demonstrated fast, selective and sensitive detection behaviour towards TNP.

3.2 Experimental Section
3.2.1 Materials and General Methods

The HoBTDB ligand was synthesized according to a previously reported procedure.*’
All other chemicals were commercially available and used without further purification.
FT-IR spectra were recorded in the region of 440-4000 cm™" with a Perkin Elmer Spectrum
Two FT-IR spectrometer. The following indications are used to characterize absorption
bands: very strong (vs), strong (s), medium (m), weak (w), shoulder (sh) and broad (br).

58
TH-2406_146122017



Chapter 3

TG analysis was performed with a SDT Q600 V20.9 Build 20 thermogravimetric analyzer
in a temperature range of 25-600 °C under air atmosphere at a heating rate of 10 °C min™'.
Ambient temperature XRPD patterns were recorded on a Bruker D2 Phaser X-ray
diffractometer operated at 30 kV, 10 mA using Cu-Ka (1 = 1.5406 A) radiation. The
nitrogen sorption isotherms up to 1 bar were measured using a Quantachrome Autosorb
iQ-MP gas sorption analyzer at -196 °C. The compound was degassed at 120 °C for 24 h
under dynamic vacuum prior to the sorption experiments. Fluorescence emission studies
were performed with a HORIBA JOBIN YVON Fluoromax-4 spectrofluorometer.
Fluorescence lifetimes were measured using time correlated single-photon counting
(TCSPC) method on an Edinburgh Instrument Life-Spec II instrument. The samples were
excited at 370 nm keeping the emission wavelength at 494 nm using a pulsed diode laser.
The fluorescence decays were analyzed by reconvolution method using the FAST software

provided by Edinburgh Instruments.

Safety note! TNP and TNT are potentially explosives, and caution should be exercised
when dealing with such materials. However, the small quantities used in this investigation

were not found to present a hazard.

3.2.2 Synthesis of MOF and its Activation
Synthesis of [ZrsO4(OH)4(BTDB)s]-8H20-6DMF (3)

A mixture of ZrCls (50 mg, 0.21 mmol), H.BTDB ligand (79 mg, 0.21 mmol) and
trifluoroacetic acid (TFA) (0.49 mL, 6.40 mmol) in DMF (3 mL) was sealed in a glass
tube and heated using a block heater at 150 °C for 24 h. The light-yellow precipitate was
collected by filtration and washed with acetone. The solid was first dried in air at room
temperature and then at 60 °C for 1 h in a conventional oven. The yield was 82 mg (0.02
mmol, 66%) based on the Zr salt. Anal. cald. for C3sH122N15046S6Zr6 (3508.27 g mol™):
C,47.24 H,3.50 N, 7.18%. Found: C, 46.95 H, 3.63 N, 7.34%. FT-IR (KBr, cm™): 3420
(br), 2916 (w), 2853 (w), 1650 (s), 1600 (vs), 1422 (s), 1418 (vs), 1188 (m), 1153 (w),
1096 (w), 1026 (m), 880 (sh), 845 (s), 782 (vs), 711 (sh), 663 (vs), 558 (w), 495 (s).

Activation of the MOF Material

The as-synthesized form of the material was activated in a two-step process. In the first

step, the as-synthesized material (150 mg) was stirred in methanol (25 mL) at room
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temperature for 24 h. In the next step, the methanol-exchanged form of the material was

heated at 120 °C under dynamic vacuum for 24 h.

3.2.3 Preparation of the Suspension of 3’ in Methanol

Compound 3’ (3 mg) was placed in a 5 mL glass vial and 3 mL methanol was added.
Then, the mixture was sonicated for 1 h and kept for 3 days in order to obtain a stable

suspension for fluorescence titration measurements.

3.2.4 Fluorescence Titration Experiments

100 pL of the suspension of 3’ in methanol was taken in quartz cuvette and 2900 puL
methanol was added to it. During the fluorescence titration experiments, 3 mM solution of
different nitroaromatic explosives was added in an incremental fashion (25 pL in each
step) to a 3 mL methanol suspension of 3’. The emission intensity was monitored after
each addition. For all the fluorescence titration experiments, the excitation wavelength was
370 nm and the emission spectra were recorded in the range of 380-700 nm. The estimation
of the quenching efficiency was carried out by employing (1-/p) x 100%, where [y is the
initial luminescence intensity of the suspension of 3’ in methanol and / is the luminescence

intensity after addition of the analyte.

3.3 Results and Discussion

3.3.1 Synthesis and Characterization

The synthesis of 3 was optimized by carrying out solvothermal reactions of the HBTDB
ligand with three Zr(IV) salts (ZrCls4, ZrO(NO3)2-xH20 and ZrOClz-8H20) in three amide
solvents such as DMF, DEF and DMA in presence of different additives>? and modulators
(H20, conc. HCI, benzoic acid, formic acid, acetic acid and trifluoroacetic acid).
Solvothermal reactions were performed in all possible combinations of the Zr(IV) salts,
modulators/additives and amide solvents. The combination of ZrCls as the metal source
and trifluoroacetic acid in DMF resulted in the formation of light-yellow powder of 3
having very high crystallinity. The optimum crystallinity was achieved by employing the
ZrCls/H.BTDB/TFA molar ratio of 1:1:30. No crystalline product was obtained when the

reactions were carried out in all other combination of the reactants.
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In order to remove the guest molecules entrapped within the pores of the as-synthesized
sample of 3, a two-step activation procedure was applied. At first, the occluded molecules
(H20 and DMF) were exchanged with more volatile (and thus easily removable) methanol
molecules. Then, heating of the methanol-exchanged form of the sample under vacuum

led to the thermally activated form (3') of the compound.
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Figure 3.1 Calculated (black) and experimental (red) XRPD patterns of compound 3.

The experimental XRPD pattern of the as-synthesized sample of 3 matches quite nicely
with the theoretical XRPD pattern of the UiO-68 MOF material (Figure 3.1). This result
confirms that 3 possesses UiO-68 framework structure. Lillerud’s group has previously
described the structure of the UiO-68 compound.? In brief, the material bears 3D cubic
framework structure, which is built up of [Zr¢O4(OH)s]'?" building units cross-linked by
the carboxylate groups of twelve terphenyl dicarboxylate (TPDC) linker molecules. The
microporous network comprises larger octahedral and smaller tetrahedral cages. In case of
the UiO-68 compound with TPDC-NH: ligand, the two kinds of microporous cages are
linked via triangular windows (free diameter ~10 A).%* In the presented MOF material, the
thiadiazole functional groups attached with the BTDB linker molecules point towards

interior of the cages.

The FT-IR spectra (Figure 3.2) of the as-synthesized and activated samples of 3 reveals

the presence of strong absorption bands due to the asymmetric and symmetric —CO»
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stretching vibrations of the coordinated BTDB linker molecules at 1600 and 1410 cm™,
respectively.’® °° In the IR spectrum of the as-synthesized sample of 3, the strong
absorption band owing to the carbonyl stretching vibration of the guest DMF molecules
are located at 1650 cm™'. The absence of this absorption band in the IR spectrum of the

activated sample of 3 indicates the complete activation of the material.

Transmittance (%)

T I T T | ! T ¥ T ! T T I
3500 3000 2500 2000 1500 1000 500
Wavenumber (cm'1)

Figure 3.2 FT-IR spectra of the as-synthesized (black) and activated (red) samples of

compound 3.

The permanent porosity of the framework of 3’ was verified by the N adsorption
measurements. The N adsorption isotherms (Figure 3.3) exhibited type-I behaviour,
which is a characteristic for microporous materials. The values of specific BET surface
area and micropore volume (at p/po = 0.5), which were determined from the N> adsorption
isotherms, correspond to 430 m? g!' and 0.24 cm® g!, respectively. These values are

significantly lower than the formerly reported un-functionalized UiO-68 material.?

62
TH-2406_146122017



Chapter 3

L ]
200
p —@&— adsorption
‘o ] —O— desorption iy
§ /|
)
£ 1504 Sq
[ .-./.‘
5‘ et /.."
o - 'H_....
= = '/;000600'..
_cgeeee®®
.:/":;....
100 - P Lk
i
.
1 | | T I I
0.0 0.2 0.4 0.6 0.8 1.0
P-"Pu

Figure 3.3 N> adsorption (filled circles) and desorption (empty circles) isotherms of

compound 3’ measured at —196 °C.

3.3.2 Thermal and Chemical Stability

The thermal stability of the as-synthesized and thermally activated samples of 3 was
investigated by performing thermogravimetric analyses (TGA) under air atmosphere in the
temperature range of 25-600 °C at a heating rate of 10 °C min™!. Based on the TG analyses
(Figure 3.4), the compound bears very high thermal stability up to 400 °C. In the TG trace
of as-synthesized 3, the first weight loss step of 4.4 wt% in the temperature range of 30-
140 °C can be assigned to the loss of 8 occluded water molecules per formula unit (calcd.:
4.1 wt%). The second weight loss step of 13.1 wt% in the temperature range of 140-400
°C can be ascribed to the removal of 6 guest DMF molecules per formula unit (caled.: 12.5
wt%). In the TG curve of the thermally activated sample (3'), the one weight loss step that
occurs below the decomposition temperature can be attributed to the removal of the
adsorbed water molecules. This weight loss step is observed because of the exposure of
the thermally activated sample to moisture (from air) before the TG analysis, which

resulted in hydration of the compound.
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Figure 3.4 TG curves of the as-synthesized (black) and activated (red) samples of

compound 3 recorded in an air atmosphere in the temperature range of 25-600 °C with a

heating rate of 10 °C min™.

The chemical stability of the activated sample of 3 was checked by stirring the sample

in water, methanol, acetic acid, 1 M HCI and 1 M NaOH solutions at room temperature

for 24 h. Subsequently, material was collected by filtration and the crystallinity of the

filtered compound was verified by XRPD experiments. After treatment with | M NaOH

solution, the material lost its crystallinity and became fully amorphous. Fortunately, the

compound retained its crystallinity after treating with water, methanol, acetic acid and 1

M HCI solutions (Figure 3.5), thus confirming structural integrity of the material in these

liquids.
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Figure 3.5 XRPD patterns of 3’ in different forms: as-synthesized (a); thermally activated
(b); after BET analysis (c); treated with water (d); with methanol (e); with acetic acid (f);

with 1M HCI (g); after 5 cycles of fluorescence titration experiments with TNP (h).

3.3.3 Fluorescence Behaviour

Zr(IV) ion (d°) is electronically inert as Zn(II) and Cd(II) ions (both d'°) and thus Zr(1V)-
based MOF materials containing luminescent organic ligands have been previously

56-59

reported to exhibit strong photoluminescence properties.* Excellent

photoluminescence properties of 2,1,3-benzothiadiazole-based organic dyes,® ©!

organic
polymers®> ¢ and a MOF material®> have already been demonstrated in the literature.
Moreover, highly luminescent small-molecule 2,1,3-benzothiadiazole derivatives have

been recognized as potential fluorescent probes for bioimaging applications. **

Encouraged by the above-mentioned observations, we have investigated the
fluorescence properties of 3’ in the solid state as well as in different organic solvents at
ambient conditions. The solid-state luminescence emission spectrum of HoBTDB ligand
(Figure 3.6) exhibits a broad emission band centred at 522 nm, when excited at 370 nm.
This emission band can be attributed to the n-m* transition of the organic ligand.?’ On the
contrary, 3’ (Figure 3.6) showed an emission band centred at 510 nm upon excitation at
370 nm. Since the fluorescence emission spectra of the H2 BTDB ligand and 3’ are similar,

the luminescence properties of 3’ can be ascribed to the ligand-centred electronic

65
TH-2406_146122017



Chapter 3

transition.?! Nevertheless, the emission band of the compound is slightly blue-shifted (A4
= 12 nm) and the fluorescence intensity of the emission band is enhanced by 69%, as
compared to the pristine organic ligand. The blue shift in the emission band can be
assigned to the perturbation in the n-n* transition due to the coordination of the BTDB
ligand with Zr(IV) ions, forming a 3D cubic framework structure "> ®> % The enhancement
in the luminescence intensity of 3" as compared to the free HBTDB ligand in the solid-
state can be ascribed to the strong electronic communication between adjacent coordinated
ligand molecules through Zr(IV) ions.?!s ¢ %8 Such an increment in the fluorescence
intensity has been previously reported for a Zn(Il)-based MOF incorporating BTDB
ligand.?!
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Figure 3.6 Solid-state fluorescence emission spectra of HBTDB ligand and 3’ recorded

at room temperature (Aex = 370 nm).
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Figure 3.7 Fluorescence emission spectra of compound 3’ in different organic solvents

(Aex =370 nm).

The fluorescence behaviour of 3’ (Figure 3.7) was also investigated in various organic
solvents including methanol, ethanol, acetonitrile, dichloromethane, ethyl acetate,
tetrahydrofuran, DMF and DMA. A stable suspension of the compound (3 mg) in 3 mL of
each organic solvent was employed in all the fluorescence emission measurements.
Among all the selected solvents, the methanol suspension of 3’ displayed the strongest
emission at 494 nm when excited at 370 nm at ambient conditions. Therefore, all the
luminescence measurements were performed with the well-dispersed suspension of 3’ in
methanol. Although the compound is stable is water (as corroborated by the XRPD
experiments), we were unable to prepare stable suspension of the material in water. Thus,

the fluorescence characteristics of the MOF compound in water was not examined.

3.3.4 Selective Detection of Nitroaromatic Explosive Compounds

Since 3’ is strongly luminescent both in the solid and liquid state, we have investigated
its potentiality as a fluorescent probe for the selective and sensitive detection of NAEs.
For luminescence sensing studies, the following NAEs were chosen: TNP, 24-
dinitrophenol (2,4-DNP), p-nitrophenol (PNP), 2,4-dinitrotoluene (2,4-DNT), 2,6-
dinitrotoluene (2,6-DNT), m-dinitrobenzene (m-DNB), 4-nitrotoluene (4-NT), TNT and

nitrobenzene (NB). In all the sensing experiments, 3 mM suspension of each NAE
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compound was added in an incremental manner to a well-dispersed suspension of 3’ in
methanol and the fluorescence emission intensity of 3’ was monitored at ambient
conditions. With increase in the concentration of TNP, the fluorescence intensity of 3’
decreased drastically (Figure 3.8a). Among all the NAE compounds, 3’ displayed the
highest quenching efficiency (~98%) for TNP. The emission band of 3’ is blue-shifted (A4
= 20 nm) upon incremental addition of TNP, which can be assigned to the formation of
exciplexes (which stabilize the excited state) between 3’ and TNP.%*’! The quenching
efficiencies of 3’ towards other NAE compounds (Figure 3.8b) were very low. The
descending order of the quenching efficiencies of the selected analytes is: TNP > 2 4-DNP
> PNP > 2,4-DNT > 4-NT > 2,6-DNT > m-DNB > NB > TNT. These results clearly
indicate that 1" shows high selectivity towards TNP over other potentially interfering NAE

compounds.
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Figure 3.8 (2) Quenching of the fluorescence intensity of 3’ by gradual addition of 3 mM
TNP solution to a 3 mL well-dispersed methanol suspension of 3’ (Aex = 370 nm and Amax
= 494 nm). (b) Fluorescence quenching efficiencies of various nitroaromatic explosives

towards 3’ at 3 mM concentration (dex = 370 nm and Amax = 494 nm).
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Figure 3.9 Fluorescence quenching response of 3’ upon addition of methanol solutions of

various nitroaromatic explosives followed by addition of TNP solution.
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Figure 3.10 Variation of the fluorescence quenching efficiencies upon incremental
addition of 3 mM solution of various nitroaromatic explosives to a 3 mL methanol

suspension of 3.
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For real-world applications, the selective detection of a NAE compound in presence of
other competing NAE materials is highly required. Encouraged by the fact that 3’
displayed the highest quenching efficiency for TNP among the chosen NAEs, the
selectivity of the MOF material towards TNP in the presence of other NAEs was
investigated. In a specially designed experiment, the luminescence emission spectrum of
a well-dispersed suspension of 3’ was initially collected and 3 mM of 2,4-DNP solution
(75 pL) was added to the suspension, which was followed by the addition of TNP solution
(75 pL). Negligible quenching of the fluorescence of 3’ was observed after the addition of
2,4-DNP solution. However, the addition of only 75 pL of TNP solution to the suspension
of 3’ containing the 2,4-DNP solution led to significant quenching of the fluorescence. The
same trend (i.e., reduction in fluorescence intensity) was observed in the subsequent
addition sequences (i.e., addition of 2,4-DNP solution, followed by the addition of TNP
solution). The fluorescence intensity was also decreased in an analogous, step-wise
manner upon addition of the solutions of other NAEs, followed by the addition of TNP
solution to a methanol suspension of 3'. In Figure 3.9, the results of these competitive
luminescence quenching experiments are summarized. The results shown in this figure,
which is a plot of the percentage of the fluorescence intensity versus the volume of the
NAEs added, clearly demonstrate that 3’ shows high selectivity for TNP, even in the

presence of higher concentrations of other potentially interfering NAEs.

A distinct fluorescence response towards the analyte at a specific concentration is highly
demanding for the efficient quenching of a fluorescent probe. In Figure 3.10, the
fluorescence quenching efficiencies of the selected NAEs are plotted as a function of their
concentrations. The figure reveals that the fluorescence quenching of 3’ by TNP solution
is significant even at lower concentrations and considerable increase in the quenching
efficiency occurs at higher concentrations. However, the quenching efficiencies of other
NAEs are insignificant at lower concentrations and increase only slightly at higher

concentrations.
The fluorescence quenching data were analyzed by the Stern-Volmer (S-V) equation:’
(10/1) =K [A] +1

Where, /I is the initial fluorescence intensity of 3' before the addition of analyte, / is the
fluorescence intensity of 3’ in the presence of analyte, [4] is the molar concentration of

analyte, and K, is the quenching constant (unit: M™"). The analysis by the S-V equation
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was performed for quantification of the quenching and identification of the nature of
quenching process (static versus dynamic). In Figure 3.11, the S-V plots for the chosen
NAESs for the luminescence quenching of 3' are displayed. For TNP, the S-V plots are
linear at lower concentrations, which indicates that either static or dynamic quenching is
taking place. On the other hand, significant deviation of the same S-V plot from linearity
is noticed at higher concentrations. This deviation suggests the existence of both static and
dynamic quenching processes. For all other NAEs, the S-V plots are linear in nature. The
value of K for TNP was determined from the linear part of the respective S-V plot. This
value was found to be 1.15 x 10° M, which is comparable with other MOF-based

fluorescent probes reported (Table 3.1)!% 40 46-49.5L.73.74 g4 far,

I/l

Figure 3.11 Stern-Volmer plots for the fluorescence quenching of 3’ (as a stable

suspension in methanol) upon gradual addition of various nitroaromatic explosives.
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Table 3.1 A comparison of the Stern-Volmer constant (Ksv), detection limit and medium

used for the detection of TNP by luminescent MOFs reported till date.

SI.  MOFs Kw(x10*M™)  Detection Medium  Ref.

No. Limit Used

1 [Zrs04(OH)4(BTDB)s]-8H20-  0.115 1.63 x10°M  methanol this
6DMF work

2 [CdsCle(L)(HL).]-7H20 4.05 1.87x107M  ethanol 22

3 [Cd3(TPT)2(DMF)2]-(H20)os  6.56 ethanol 48

4 Zr604(OH)a(L)s 2.9 water 56
(UiO0-67@N)

5 CA(NDC)o5(PCA) 3.5 ACN 46

6 [Zno(NDC)2(bpy)].Gx 0.422 ethanol 75

7 Bio-MOF-1 4.6 2.9 ppb water 47

8 [Tb(1,3,5-BTC)] 3.41 8.1x10%M ethanol 51

9 Zn(PAM),(1,3-PDA), 1.27x10*M  DMSO 20

10  [Euz(MFDA)(HCOO), 4.5x10"M DMF 40

(H20)6]-(H20)n

Time-resolved fluorescence quenching experiments were carried out in order to
distinguish between the two quenching processes (static versus dynamic). In these
experiments, the fluorescence decays of 3’ were monitored at different concentrations of
TNP. The lifetime decay profile of 3' is shown in Figure 3.12. The decay profile evidently
reveals that the continuing addition of TNP resulted in only slight change in the lifetime
values (Table 3.2). The average excited state lifetime <t> values were found to be 2.95
and 1.78 ns before and after the addition of 225 pulL of TNP solution, respectively. These
lifetime values strongly suggest that static rather than dynamic quenching process is

occurring in these systems.
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Counts

Figure 3.12 Fluorescence lifetime decay profile of 3’ before and after addition of 225 pL
of TNP solution (Aex = 370 nm and Amax = 494 nm).

Table 3.2 Average excited state lifetime (<t>) values of compound 3’ before and after

1000

100 -

10 -

v Reference
O Before addition of TNP
O  After addition of TNP

* WX

20
Time (ns)

addition of different volumes of 3 mM TNP solution (Aex = 370 nm, Aem = 494 nm).

Volume  of Bi B2 ai a2 71 (ns) T2 (ns) <p>*
TNP  Added (ns)
(uL)

0 0.080 0.041 0.79 0.21 1.238 9.039 2.949
45 0.093 0.061 0.81 0.19 1.057 6.888 2.165
90 0.104 0.067 0.82 0.18 0.974 6.868 2.034
135 0.066 0.066  0.88 0.12 0.967 6.864 1.674
180 0.054 0.067  0.90 0.10 0.979 6.799 1.561
225 0.096 0.072 0.85 0.15 0.900 6.743 1.776

<> = aim s am
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Figure 3.13 Change in the fluorescence intensity of 3’ in methanol suspension as a

function of TNP concentration.
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Figure 3.14 Reproducibility of quenching efficiency of the methanol suspension of 3’

towards 3 mM TNP solution.

The limit of detection (LOD) for TNP towards 3’ was obtained by monitoring the
fluorescence quenching upon gradual addition of very low concentrations of TNP solution

to the methanol suspension of 3’. When the fluorescence intensity of 3’ was plotted against
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the concentration of TNP solution, a linear curve (Figure 3.13) was obtained. The LOD
value was determined by employing the equation: LOD = 30/K, where o denotes the
standard deviation of the initial intensity of 3" without analytes and K represents the slope
of the above-mentioned linear curve. The estimated LOD value of 3’ for the detection of
TNP was 1.63 x 10° M. This value compares quite nicely with other MOF-based

fluorescent probes documented in the literature (Table 3.1)!%40:46-49.51.73. 74 {]] date.

The reusability of a sensor material is a key issue for long-term real-life applications.
The recyclability of the performance of 3’ for sensing TNP was investigated up to five
cycles. After each fluorescence titration measurement (with 3 mM TNP solution), the
material was recovered by centrifugation and then washed several times with methanol.
After five cycles of repetition, the initial fluorescence intensity of 3’ did not alter
significantly (Figure 3.14). Thus, the compound showed excellent recyclability of its
detection performance towards TNP. The XRPD experiment (Figure 3.5), verified that the
crystallinity (and thus structural integrity) of 3’ was retained after five repeated cycles of
fluorescence titration experiments. The results of the recyclability tests reveal that the
fluorescent probe is highly photostable as well as reusable. Therefore, 3’ is a potential

candidate for the long-term in-field detection of NAEs.

3.3.5 Mechanism for the Detection of Nitroaromatic Explosive Compounds

In order to understand the high selectivity of 3’ towards TNP over various other NAE:s,
the sensing mechanism was examined. We speculate that the larger pore apertures of 3’
having microporous UiO-68 structure allow the passage of the selected NAEs into cages
where the NAE molecules interact with the inner pore walls of the framework. Three
possible mechanisms for quenching the luminescence of electron-rich 3’ by electron-
deficient TNP can be proposed based on the steady-state fluorescence measurements. They
include: (1) photo-induced electron transfer (PET), (2) fluorescence resonance energy

transfer (FRET) and (3) molecular interactions (such as electrostatic interactions).
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Figure 3.15 Overlap between the emission spectrum of 3’ and the absorption spectra of

different nitroaromatic explosives.

The highly selective detection of NAEs by 3’ might be attributed to a PET mechanism. It
is noteworthy that the same mechanism has been hypothesized previously for many other
MOFs in order to account for their highly selective sensing behaviour towards NAE:s.
Usually, the lowest unoccupied MOs (LUMOs) of the electron-deficient NAEs reside
between the valence band (VB) and conduction band (CB) of the MOF materials.”®
Consequently, the transfer of electrons can easily take place from the CB of 3’ to the
LUMO of'the electron-deficient NAEs, leading to the quenching of the photoluminescence
intensity of 3’ upon excitation. We have determined the HOMO and LUMO orbital
energies of the selected analytes by using the density functional theory (DFT) at B3LYP/6-
31G* accuracy level using Gaussian 09 package of programs.”” The estimated LUMO
energy values of the NAEs increase in the sequence: TNP < TNT < m-DNB < 2,4-DNT <
2,6-DNT < DNP < NB < 4-NT < PNP. The reverse of this order is applicable when
considering the ease of electron transfer from the electron-rich 3’ to the electron-deficient
NAESs. Consequently, the highest quenching efficiency of TNP correlates well with its
lowest LUMO energy value. However, the experimental sequence of the quenching
efficiencies (i.e., TNP > 2,4-DNP > PNP > 2,4-DNT > 4-NT > 2,6-DNT > m-DNB > NB
>TNT) of other NAEs does not match completely with the trend of their calculated LUMO

energy values. These results indicate that the observed quenching properties cannot be
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explained by considering only the PET mechanism. The quenching behaviour of the NAEs
might be also governed by the FRET mechanism.

In order for the FRET mechanism from the fluorophore of the organic ligand to the non-
emissive NAEs to occur, the absorption bands of the NAEs must overlap efficiently with
the emission band of the fluorophore.”® The fluorescence quenching efficiency of the
NAEs is increased by the effective energy transfer process. It can be seen from Figure 3.15
that TNP possesses a considerable overlap with the fluorescence emission band of 3’,
whereas relatively less or almost no overlap is observed for other NAEs. The largest
spectral overlap between the absorption band of TNP and the emission band of 3’
correlates well with the highest quenching efficiency of TNP. Therefore, the efficient
spectral overlap provides evidence in favour of the energy transfer mechanism. This
mechanism can also be evidenced by the non-linearity of the S-V plot (Figure 3.11) at

higher concentrations.*®

In addition to PET and FRET mechanisms, the highest fluorescence quenching
efficiency of TNP can be attributed to the electrostatic interactions between the Lewis
basic N-donor sites of the thiadiazole ring attached with the BTDB linker and the acidic
hydroxyl group of TNP.**%¢ Notably, the Lewis basicity of the N atoms in the thiadiazole
ring has previously been demonstrated for conjugated polymers containing 2,1,3-
benzothiadiazole moieties.” The surface area of interaction of 3’ with the acidic hydroxyl
groups of TNP is enhanced by the presence of two basic N-donor sites per BTDB linker
molecule.** % Such enhancement in the surface interaction between the host MOF and
guest TNP leads to reduction in the photoluminescence intensity of the former. The
involvement of the electrostatic interactions in the fluorescence quenching process was
confirmed by comparing the quenching efficiencies of three NAEs bearing one hydroxyl
group, namely TNP, 2,4-DNP and PNP. The decreasing order of the quenching efficiencies
was: TNP > 2. 4-DNP > PNP (Figure 3.10), which correlates well with the sequence of
acidity of the three NAEs. Thus, the highly effective quenching of TNP towards 3’ can be

attributed to the presence of strong electrostatic interactions between TNP and 3’.

3.4 Conclusions

We have demonstrated the successful synthesis, thorough characterization, thermal and

chemical stability as well as fluorescence sensing properties of a new, highly luminescent
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3D Zr(IV)-based MOF material (3) having UiO-68 framework topology and containing
the thiadiazole-functionalized BTDB ligand. Highly crystalline 3 was synthesized by the
solvothermal reaction of a mixture of ZrCls, H,BTDB ligand and trifluoroacetic acid in
DMF at 150 ‘C for 24 h. As confirmed by the steady-state fluorescence titration
measurements, the activated 3’ showed selective detection behaviour towards TNP (via
fluorescence quenching mechanism), even in the presence of other potentially interfering
nitroaromatic explosive compounds. The detection limit of the material for sensing TNP
was found to be 1.63 x 10° M, which compares well with the previously reported MOF-
based fluorescent probes. As verified by the recyclability experiments, 3’ is highly
photostable and reusable, thus fulfilling the essential criteria of the MOF sensor for long-
term practical applications. Both energy and electron transfer mechanisms could be
attributed for the highest fluorescence quenching efficiency of TNP. In addition, the
electrostatic interactions between the Lewis basic N-donor sites of the BTDB ligand and
the acidic —OH group of TNP might be ascribed for the increased selectivity of 3’ towards
detection of TNP. Owing to its excellent detection performance, the strongly fluorescent

MOF probe is a promising candidate for the in-field sensing of TNP.
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Chapter 4

4.1 Introduction

In biological system, the oxidative stress components play very important roles.' 2 All
the reactive oxygen species (ROS) or nitrogen species (RNS) such as hydrogen peroxide
(H20»), peroxynitrite (ONOQO"), singlet oxygen ('O,), superoxide (O™), nitric oxide
radical (‘"NO), nitrosonium ion (NO™), nitrite (NO> ), nitrate (NO3" ), hydroxy radical
("OH), tert-butyl hydrogen peroxide (TBHP) and hypochlorous acid (HOC]I) are the major
oxidative stress components for the living organisms. They harmful to biomolecules and
result in cytotoxicity.? In living systems, generally ONOO™ is formed from the reaction
between nitric oxide ('NO) and superoxide (O2"),* which was proposed by Beckman and
co-workers in 1990.* At biological condition (pH = 7.4), ONOO™ equilibrates with
HONOO (pKa = 6.8).° Due to its high oxidizing ability power, peroxynitrite can cause
severe damage to numerous biomolecules such as nucleic acids, proteins and lipids.®’
Hence, the excessive concentration of peroxynitrite in the biological medium causes
several human diseases including diabetes,® sepsis,’ chronic inflammatory processes,
atherosclerosis,!! and neurodegenerative disorders.!? In spite of its detrimental effects, the
beneficial role of peroxynitrite (when produced in a controlled manner) includes signal
transduction which is helpful for carrying out several regular cellular functions. '* Several
analytical techniques have been reported so far for the sensing of peroxynitrite, including
liquid chromatography,'* GS-MS,'* electrochemistry'> '® and chemiluminescence.!” '*
Pretreatment of sample is a crucial requirement for these techniques. On the contrary,
fluorescence method has been found as an efficient tool for the sensing and imaging of
small biomolecules in living cells due to its non-destructive nature, great sensitivity, high
selectivity and in-situ monitoring. For the reaction-based sensing of peroxynitrite by
fluorescence method, several reaction strategies have been reported so far such as

1’19, 20

oxidative cleavage of boronate or boronic acid to pheno generation of dioxirane with

22 23

reactive ketone,?! oxidation of organotellurium?® or organoselenium?® compounds,
nitration of aromatic compounds,?* oxidation of phenol,? generation of nitrosoamine and
its hydrolysis,?® etc. Among these reaction-based approaches, the chemoselective
oxidation of aryl boronates or boronic acids to phenols has been found to be a common
strategy for the sensing and imaging of peroxynitrite in both extracellular and intracellular

media.?’
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MOFs are porous materials having high surface area, high pore sizes, high thermal and

chemical stability. They have been utilized in different fields including chemical

28-33 4

sensing, selective gas adsorption,* proton conductivity,’> photocatalysis,®

40 etc.

heterogeneous catalysis,*’ light harvesting,*® electrical conductivity,* separation,
Recently, MOF materials have been employed in several biological applications including
pH dependent drug delivery,*' small biomolecules sensing,** cellular imaging, etc. Duo to
have capability of incorporation of fluorophore ligands in framework structures make
MOFs favorable candidates for the sensing of target analytes. These functional groups can
interact with the target analytes selectively and thus change in fluorescence intensity of
the MOF probe containing fluorophore moieties is observed. By virtue of these methods,
several MOFs have been exploited so far by us and others for the extracellular and

43,44 anions,* gas molecules (i.e.,

intracellular sensing of biologically relevant metal ions,
gasotransmitters such as H2S** **% and NO*), etc. Luminescent MOF materials have
several advantages for sensing application over small organic molecule-based
fluorescence sensors. Firstly, the protocol of synthesis of MOFs is much straight-forward
than other luminescent probes.’® Furthermore, the exact structure of MOFs can be
determined by X-ray diffraction as MOF materials are crystalline in nature, which is very
much helpful for describing the possible interactions between MOFs and targeted
analytes.’! Moreover, close interactions between the MOF and analyte can occur as the
distance between the MOF and analyte decreases due to the porous nature of MOFs.>
Until today, only one surface-coated MOF anchored with molecular probe possessing
boronic acid group has been reported for the sensing of peroxynitrite. Herein, we
demonstrate the synthesis and characterization of Hf-UiO-66-B(OH)>, MOF (4’), and its
applicability for imaging both extracellular and intracellular peroxynitrite (Scheme 4.1).
Both Zr and Hf can form UiO-66 type of structure during solvothermal reaction with
H>BDC-B(OH); (2-borono-1,4-benzenedicarboxylic acid), but we have selected Hf-based
MOF over Zr-based MOF for the sensing experiment because the Hf-based UiO-66 MOFs
are expected to be more stable as compared to the Zr-based UiO-66 MOFs. These may be
due to the greater dissociation energy of the Hf-O (802 kJ mol™!) bond as compared to that
of the Zr-O (776 kJ mol™') bond.>* Hence, the hydrolytic stability will be greater for Hf-
based MOF than Zr-based MOF. In case of aqueous-phase sensing experiment, the
hydrolytic stability of the MOF material is an important factor. Furthermore, Hf is much

more oxophilic than Zr. Hence, Hf-cluster-based MOF has greater catalytic activity for
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nucleophilic ring opening than Zr-cluster-based MOF.>* We hypothesized that due to
greater oxophilicity of the Hf-O cluster in Hf-based MOF, the boron center of the ligand
can become more electrophilic and thus the nucleophilic attack of peroxynitrite at the
boron center can occur much rapidly in Hf-based MOF than Zr-based MOF. It is
noteworthy that material 4’ is the first example of a MOF probe for peroxynitrite, which

does not require any additional surface modification step during the synthesis.

OH Hﬂ426 nm
B

OH OH
ONOO™

HEPES buffer (pH = 7.4)

%o,

Ui()-SS(Hf)-B(OH)2 330 nm

Scheme 4.1 Selective sensing of peroxynitrite by using Hf-UiO-66-B(OH)> MOF (4') in
10 mM HEPES buffer at physiological pH.

4.2 Experimental Section

4.2.1 Materials and General Methods

The organic linker H.BDC-B(OH), was prepared according to the reported literature>?
and the other reagents were collected from various chemical suppliers. For the
confirmation of Hf-based Ui0-66-B(OH), MOF formation, XRPD measurements at room
temperature were performed with a Bruker D2 Phaser X-ray diffractometer (30 kV, 10
mA) utilizing Cu-Ka (A = 1.5406 A) radiation. DICVOL program®® was used to determine
the lattice parameter and refinement was performed by STOE's WinXPow software
package.”’ For exploring the thermal stability of the material, TG measurements were
performed with a SDT Q600 V20.9 Build 20 thermogravimetric instrument in the range
0f 25-600 °C under air atmosphere at a heating rate of 5 °C min~!. We conducted the EDX
experiments with a Zeiss Supra 55VP SEM-EDX (SEM = scanning electron microscope)
equipment. For collecting the mass spectrum of the digested material 4', an Agilent 6520
Q-TOF high-resolution mass spectrometer (HR-MS) was used. The mass spectrum of 4’
(15 mg) was recorded after digestion by adding 48% HF (60 pL) to methanol (1.0 mL). A
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Bruker AM 600 spectrometer was utilized for recording the '"H NMR spectrum of 4’ (20
mg) after digestion in 48% HF/DMSO-ds (50 uL/500 pL). For carrying out the N>
adsorption experiments —196 °C, a Quantachrome Autosorb iQ-MP volumetric gas
adsorption instrument was used. The sample was degassed at 110 °C under high vacuum
for 24 h before performing the gas adsorption experiments. For investigating the RNS
sensing ability of 4, all the fluorescence emission spectra data were collected by utilizing
a HORIBA JOBIN YVON Fluoromax-4 spectrofluorometer. For the fluorescence

experiments, the excitation and emission wavelengths were 330 and 426 nm, respectively.

4.2.2 Synthesis Procedure for Hf-Based UiO-66-B(OH): (4)

A mixture of HfCl4 (100 mg, 0.31 mmol) and H.BDC-B(OH), ligand (65 mg, 0.31
mmol) in 10 mL DMF/formic acid (9:1, v/v) was placed in a 25 mL Teflon-lined autoclave.
Then, the stainless steel autoclave was heated at 130 °C for 48 h. Afterwards, the autoclave
was cooled down to room temperature spontaneously. The white precipitate was filtered
off and washed repeatedly with acetone. It was first dried in air and then inside an air-oven
at 80 °C for overnight. Yield: 62 mg (0.017 mmol, 34%). Elemental analysis calculated
for CoH112BsN4O73Hfs (3193.32 g mol™): C 22.56, H 3.50, N 1.75%. Found: C 22.92, H
3.58 , N 1.88%. FT-IR (KBr, cm™): 3440 (br), 2960 (w), 2927 (w), 1658 (s), 1600 (vs),
1473 (m), 1398 (vs), 1280 (w), 1254 (w), 1100 (m), 1030 (m), 826 (m), 760 (s), 724 (W),
675 (s), 560 (m), 470 (m).

4.2.3 Activation of As-Synthesized Hf-UiO-66-B(OH):

The as-synthesized form of 4 was activated through a three-step process. Briefly, 150
mg of 4 was heated with 30 mL of DMF at 80 °C for 20 h under stirring conditions. After
filtration, the white material was stirred in 40 mL of methanol at room temperature for 24
h and again filtered off. The material obtained after filtration was heated under vacuum at

110 °C for 24 h. The guest-free form of the compound is denoted as 4'.
4.2.4 Preparation of 0.5 mM ROS/RNS Solutions

For the fluorescence sensing of ROS/RNS, 0.5 mM aqueous solutions of various

ROS/RNS (ONOO , TBHP, HO", '0,, HO", ‘BuO’", O™, NO", NO*, NO, , NO; and CIO )

were prepared according to the reported procedures. 3!
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Caution! Peroxynitrite (ONOO ) is highly reactive with a short lifetime. For every
fluorescence titration and cellular imaging experiment, fresh solution of peroxynitrite was

prepared and used.

4.2.5 Preparation of 10 mM HEPES Buffer Having pH = 7.4

This buffer solution was prepared as described by us in earlier reports.*”- 62 ¢ HEPES
(1.191 g) was placed in a 250 mL volumetric flask and 100 mL of Milli-Q water was added
to it. After that 0.25 (M) NaOH solution was added drop wise until the pH of the solution
becomes 7.4. Finally, the volume of the volumetric flask was made up to 250 mL by the

addition of require amount of Milli-Q water.

4.2.6 Preparation of the Suspension of 4’ in 10 mM HEPES Buffer (pH =7.4)

A suspension of 4’ was prepared by adding 2.0 mg of 4’ in 20 mL of 10 mM HEPES
buffer, followed by sonication for 20 min. After getting a homogeneous suspension, it was

used for the entire fluorescence titration experiments.

4.2.7 Procedure for the Fluorescence Sensing of Peroxynitrite in HEPES Buffer (pH
=174)

All the fluorescence titration and cellular imaging measurements were conducted under
conditions mimicking biological medium (pH = 7.4). The complete fluorescence titration
measurements were carried out with an excitation wavelength of 330 nm and the emission
spectra were collected in the range of 350-600 nm. In order to perform the concentration
dependent fluorescence detection studies, 0.5 mM aqueous solution of each ROS/RNS was
added (10 uL in each addition) to the suspension of 4’ in 10 mM HEPES buffer (2 mL) in
a quartz cuvette. Turn-on fluorescence behavior of 4’ was observed upon incremental
addition of peroxynitrite solution and saturation in fluorescence intensity was observed
upon the introduction of 100 pL of 0.5 mM peroxynitrite solution. For the time-dependent
fluorescence detection investigations, the peroxynitrite solution (100 pL) was added to the
HEPES suspension of 4’ in 10 mM HEPES buffer and the fluorescence intensity was
monitored until the attainment of saturation. The selectivity of peroxynitrite over other
ROS/RNS was investigated after the addition of interfering ROS/RNS solution (100 pL)
to the 10 mM HEPES suspension of 4’, followed by the addition peroxynitrite solution
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(100 pL) to the mixture. The turn-on fluorescence response of 4’ was recorded upon the

addition of peroxynitrite solution.

4.2.8 Cell Viability Assay

The toxic effect of Hf-UiO-66-B(OH); or peroxynitrite on macrophage J774A.1 cells
was tested as described previously.®* Cells were seeded at 10 000 per well in a 96-well
plate in 200 pL of complete media. Cells were treated with different concentrations (0—1
mg/mL) of Hf-UiO-66-B(OH), or peroxynitrite (0—50 pM) for 12 h in triplicate at 37 °C.
Post treatment, cells were observed for morphological change due to toxicity and images
were captured using cytell imaging system (GE healthcare). Finally, MTT assay was
performed to measure the cellular viability. The viability of the untreated cells was

considered as 100% and used to express the viability of treated cells.

4.2.9 Cell Culture and Cellular Imaging Experiments for the Sensing of Peroxynitrite

The J774A.1 macrophage cells were cultured in DMEM:F12 media comprising 10%
FBS and 1% antibiotic cocktail, which has been reported earlier.®> The cells were loaded
with probe 4 (1 mg/mL) for 10 h in the serum-containing media. These probe-loaded cells
were washed with PBS three times to remove the excess probe and then treated with the
reactive nitrogen species peroxynitrite, ONOO™ (5 uM), for 10 min at 37 °C in PBS. The
cells were observed in the bright-field and blue channels (Aex = 390 nm, Aem = 430 nm)
using Cytell cell imaging system (GE Healthcare), and images were captured from

randomly selected fields.

4.3 Results and Discussion

4.3.1 Synthesis and Characterization

Compound 4 was synthesized under solvothermal conditions. An equimolar mixture of
HfCls and H.BDC-B(OH): ligand was heated in a mixture of DMF/formic acid. The field-
emission-scanning electron microscopy (FE-SEM) analysis of 4’ revealed that nanosized
monodispersed particles were formed during the synthesis (Figure 4.1) Mostly, compound

4' exhibited quasi-spherical shaped crystals.
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The formation of UiO-66 type MOF was confirmed by comparison of the XRPD pattern
of the as-synthesized form (4) of the compound with the calculated XRPD pattern of Hf-
UiO-66 material. It can be seen from Figure 4.2 that there is noticeable similarity between
the two XRPD patterns. This result verified the formation of the highly crystalline, as-
synthesized 4 in pure phase. The unit cell parameters (Table 4.1) determined from the
XRPD pattern of as-synthesized 4 are very similar with the reported Hf-UiO-66 material %
The values of the lattice parameters clearly suggest that both compounds possess cubic
structures. Moreover, a Pawley fit of the XRPD pattern of as-synthesized 4 showed close
resemblance with the theoretical peak positions of Hf-UiO-66 MOF (Figure 4.3).

Figure 4.1 FE-SEM images of 4'.
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Figure 4.2 calculated XRPD pattern of Hf-UiO-66 and (b) experimental XRPD pattern of
as-synthesized 4.

Table 4.1 Unit cell parameters of the as-synthesized Hf-UiO-66-B(OH), MOF. The
obtained values were compared with those of the previously reported Hf-UiO-66 MOF.

Compound Name Hf-Ui0-66-B(OH), (This Work) | Hf-UiO-66
(Reported)®’
Space Group Fm3m (225) Fm3m (225)
Crystal System Cubic Cubic
a=b=c(A) 20.733 (8) 20.7006 (3)
a=p=v() 90 90
V (A3) 8912.3(58) 8870.5(4)
Radiation Cu Ka Cu Ka1
Figure of Merit (FOM) 16.7 ~
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Figure 4.3 Pawley refinement of the as-synthesized 4. Red dot and blue lines denote
observed and calculated patterns, respectively. The peak position and difference plot are

displayed at the bottom (R = 6.94, Ryp = 8.77).
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Figure 4.4 EDX spectrum of 4'.

Owing to its low polarity, the C-B bond can be readily ruptured. We have confirmed the
presence of the boronic acid group attached with the ligand molecules in the framework
of' 4’ by EDX analysis and mass spectrometry. It can be concluded from the EDX spectrum
of 4" (Figures 4.4) that B atoms are present in the framework of the compound, which can
be associated with the boronic acid functional group grafted with the coordinated ligand
molecules. The mass spectrum of 4’ digested in HF/MeOH was also recorded to verify the
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existence of pendant —B(OH). functional group. As shown in Figure 4.5, the mass
spectrum contains a peak at m/z = 209.003, which can be assigned to the [M-H] ion (M
= mass of H.BDC-B(OH); ligand). It becomes evident from these results that the boronic
acid group remains attached with the framework ligand molecules during the synthesis and

activation of the MOF compound.

Sample Name HF-UIO-66-B-OH2 Position Vial 1 Name 1 User Name
1Inj Vol -1 InjPesition SampleType Sample IRM Calibration Status Success
Data Filename  HF-UIO-66-8-OH2.d ACQ Method Comment Acquired Time 12/13/2017 4:36:00 PM

x10 3 |-ESI Scan (0.201 min) Frag=135.0V HF-UIO-66-B-OH2.d

2.2 [M-H]" (209.0030
2.1

2
1.9
1.8
1.7
1.6

1.5
1.4
31 Exact mass: 210.03
1.2
13

-
0.9
0.8
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0.6
0.5
0.4 | ‘
0.3

0.2
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Figure 4.5 Mass spectrum of 4' after digestion in HF/MeOH.

4.3.2 Infrared Spectroscopy

FT-IR analysis was carried out in order to confirm the presence of ligand molecules as
well as guest molecules in the porous framework of as-synthesized 4. As shown in Figure
4.6, the IR spectra of as-synthesized 4 consists of a strong peak at around 1658 cm™, which
can be ascribed to the carbonyl group of the occulated DMF molecules. Both 4 and 4’
showed strong absorption peaks at around 1400 and 1595 cm™ in their IR spectra, which
can be assigned to the symmetric and asymmetric stretching vibration of the carboxylate

group of the organic ligand molecules in the framework of Hf~UiO-66-B(OH), compound.
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Figure 4.6 FT-IR spectra of as-synthesized 4 (red) and activated 4' (black).

4.3.3 Thermal and Chemical Stability

The thermal stability of both 4 and 4’ was investigated by TG analysis. The TG analysis
revealed that the Hf-UiO-66-B(OH)> compound is stable up to 200 °C. In the TG curve
(Figure 4.7) of as-synthesized 4, the first weight loss of 13.9 wt% in the range 30-110 °C
can be accountable for the removal of 25 guest H>O molecules (calcd.: 13.8 wt%). The
second weight loss of 11.1 wt% in the range 110-190 °C can be ascribed to the removal of
4 occluded DMF molecules from the pores (calcd.: 10.7 wt%). The decomposition of the
BDC-B(OH): ligand start to occur after 200 °C, leading to the collapse of the structural

framework.
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Figure 4.7 TG curves of as-synthesized (blue) and activated (red) forms of 4 measured

under air atmosphere with a heating rate of 5 °C min™'.
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Figure 4.8 XRPD patterns of 4’ in different forms: as-synthesized (a); activated (b); after
BET measurement (c); after treatment with water (d); after treatment with 1(M) HCI (e);
after treatment with acetic acid (f); after treatment with methanol (g); after treatment with

NaOH at pH =9 (h).

The chemical stability of 4’ was investigated by XRPD experiments. The XRPD pattern
of 4’ (20 mg) was collected after stirring for 12 h at ambient temperature in different liquids

(acetic acid, water, 1(M) HCl, methanol and NaOH at pH = 9). It can be unambiguously

96
TH-2406_146122017



Chapter 4

inferred from the XRPD patterns (Figure 4.8) that the crystallinity (i.e. structural integrity)
of the activated material was not significantly changed upon exposure to acetic acid, water
and 1(M) HCI solutions. The treatment with 1(M) NaOH solution having a pH value of 9
led to decrease in the crystallinity of 4’. These results confirm that the Hf-UiO-66-B(OH)
compound displayed high structural robustness. The high chemical stability of the
compound is comparable with the formerly reported, functionalized Hf-UiO-66

materials.

4.3.4 Surface Area Measurement

The BET surface area of activated 4’ was determined from the N> adsorption isotherm
(Figure 4.9) collected at -196 °C. The BET surface area of activated Hf-UiO-66-B(OH)»
material is 427 m? g”!, which is lower than the un-functionalized Hf-UiO-66 compound.®’
This lowering of specific BET surface area can be attributed to the incorporation of -

B(OH): group in the BDC linker.
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Figure 4.9 N> adsorption (filled circles) and desorption (empty circles) isotherms of 4’

measured at —196 °C.

4.3.5 Detection of Peroxynitrite in HEPES Buffer
The Hf-based UiO-66 compound containing the boronic acid groups tagged with the

coordinated BDC ligands exhibits weak fluorescence intensity in HEPES buffer at pH =
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7.4. Upon treatment with peroxynitrite, the -B(OH)2 group attached with the BDC ligand
is converted to -OH group. The resulting Hf-based UiO-66 MOF incorporating BDC-OH
ligand displays stronger fluorescence intensity as compared to the parent Hf-UiO-66-
B(OH)> compound. Hence, fluorescence increment behavior is observed when
peroxynitrite solution is gradually added to the suspension of 4'. This fluorescence turn-
on property of 4’ in presence of peroxynitrite is similar to those of boronic acid or boronate
functionalized small organic molecules based fluorescent probes upon treatment with

ONOO™ and H,0,.7%7!

The ROS/RNS used in this study comprise peroxynitrite, superoxide anion (O2°*7), nitric
oxide radical ('NO), nitrosonium ion (NO"), nitrite (NO2 ), nitrate (NO3 ), hypochlorite
anion (ClO7), hydroxyl radical (HO®), tert-butoxy radical (‘BuO?®), tert-butyl
hydroperoxide (TBHP) and singlet oxygen ('O2). To verify the fluorescence turn-on
response towards peroxynitrite, 0.5 mM solution of each ROS/RNS was added in a
stepwise manner to the suspension of 4’ (2 mL) in 10 mM HEPES buffer (pH = 7.4). We
have collected the fluorescence spectrum of the suspension of4’ after each addition step.
It is obvious from Figure 4.10 that there was a dramatic increase in the fluorescence
intensity of 4’ with the gradual addition of peroxynitrite solution. The addition of 100 pL
of 0.5 mM peroxynitrite solution caused ~80% increase (5-fold) in the fluorescence
intensity of 4’. As evident from the Figure 4.11, the other competing ROS/RNS did not
result in significant increase in the fluorescence intensity of 4'. These results can be
attributed to the selective reaction of the MOF material with peroxynitrite as compared to

the other competing ROS/RNS.
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Figure 4.10 Selective turn-on response of 4’ (in 10 mM HEPES buffer at pH = 7.4) upon
incremental addition of 0.5 mM ONOO  solution (Aex = 330 nm and Aem = 426 nm).
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Figure 4.11 Comparative fluorescence enhancement behavior of 4’ in HEPES buffer (10
mM, pH = 7.4) towards different ROS/RNS (4’, 0.5 mM of 'BuO°®, NaOCl, TBHP, 0,°,
HO®, '0,, NO®, NO*, NO,~, NO3s~ and ONOO ) (Aex = 330 nm and Aem = 426 nm).
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Figure 4.12 Change in the fluorescence spectrum of 4’ in presence of 0.5 mM ONOO as
a function of time (Aex = 330 nm and Aem = 426 nm).
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Figure 4.13 Change in the fluorescence spectrum of 4’ in presence of 0.5 mM ONOO as
a function of time (Aex = 330 nm and Aem = 426 nm).

Next, we have carried out time-dependent fluorescence experiments for determining the
response time of 4’ towards peroxynitrite. For this purpose, 100 pL of 0.5 mM
peroxynitrite solution was added to a 2 mL suspension of 4’ in 10 mM HEPES buffer at
pH = 7.4. After every 1 min, the fluorescence spectrum of the Hf-UiO-66-B(OH), probe
was recorded and the time-dependent study was continued up to 10 min. It is revealed from
Figures 4.12 and 4.13, that the fluorescence intensity of the fluorescent probe reached

saturation within 1 min. This result demonstrated that material 4" has ability to detect the
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peroxynitrite with very short response time (1 min) under physiological conditions at room

temperature.

The high selectivity of 4’ for peroxynitrite over other intrusive ROS/RNS (Figure 4.11)
encouraged us to explore the selectivity of the fluorescent probe in the presence of these
competing ROS/RNS. This investigation is highly required for the practical sensing of
peroxynitrite in complex biological systems where other interfering ROS/RNS co-exist
with peroxynitrite. In this experiment, 100 uL of 0.5 mM solution of different competing
ROS/RNS was initially added to the suspension of 4’ in HEPES buffer, followed by the
addition of 100 pL of 0.5 mM solution of peroxynitrite. It can be noticed from Figure 4.14
that there was significant increase in the fluorescence intensity of 4’ after the addition of
peroxynitrite even in the presence of other interfering ROS/RNS. These results indicate
that the Hf-UiO-66-B(OH). probe exhibits high selectivity for peroxynitrite even in the
existence of other competitive ROS/RNS.
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Figure 4.14 Fluorescence responses of 4’ (suspended in 10 mM HEPES buffer, pH = 7.4)
towards ONOO solution (100 pL, 0.5 mM) in the presence of other ROS/RNS solutions
(100 pL, 0.5 mM) (Aex = 330 nm and Aem = 426 nm).
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Figure 4.15 Change in the fluorescence intensity of 4’ in 10 mM HEPES suspension (pH

= 7.4) as a function of ONOO concentration.

After obtaining short response time and extraordinary selectivity for the probe towards
peroxynitrite even in the presence of other competing ROS/RNS, we decided to estimate
its limit of detection (LOD) for peroxynitrite in HEPES buffer. The high sensitivity of a
fluorescent probe is an important criterion for the real-life sensing of peroxynitrite in
biological medium. By following our previously established procedure,*® the LOD value
was calculated (Figure 4.15). For probe 4', the estimated LOD value for peroxynitrite was
found to be 9.0 nM. Hence, the Hf-UiO-66-B(OH), material exhibited outstanding
sensitivity towards peroxynitrite in HEPES buffer at physiological pH.

We have also verified the fluorescence response behavior, selectivity and detection limit
with the free H.BBDC-B(OH): ligand towards peroxynitrite. We have observed that the
probe 4’ displayed much better response toward peroxynitrite than free ligand (Figure
4.16) Though the ligand is selective towards but the fluorescence emission enhancement
response towards peroxynitrite for 4’ is quite high than free ligand (Figure 4.17).

Moreover, the limit of detection towards peroxynitrite for 4’ is much better (9 nM) (Figure
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4.15) than free ligand (21 nM) (Figure 4.18). Hence, it becomes obvious that 4’ is a

potential candidate for selective and sensitive peroxynitrite sensing over the free ligand.
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Figure 4.16 Fluorescence response of 4’ and free ligand towards addition of 100 uL
peroxynitrite (0.5 mM) in 10 mM HEPES suspension (pH = 7.4) (Aex = 330 nm and Aem =
426 nm).
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Figure 4.17 Fluorescence response of 4’ and free ligand towards addition of 100 pL

peroxynitrite (0.5 mM) in 10 mM HEPES suspension (pH = 7.4).
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Figure 4.18 Change in the fluorescence intensity of H,BDC-B(OH); in 10 mM HEPES

suspension (pH = 7.4) as a function of ONOO concentration. (b) Recyclability test for 4’
in HEPES buffer at pH = 7.4 (Aex = 330 nm and Aem = 426 nm).
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Figure 4.19 Recyclability test for 4’ in HEPES buffer at pH = 7.4 (Aex = 330 nm and Aem
=426 nm).
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We have also performed the recyclability test for probe 4’ towards peroxynitrite sensing.
After the first cycle of sensing experiment, the boronic acid group in the ligand part was
irreversibly converted into the hydroxyl group in the presence of peroxynitrite. Hence, the
probe was turned into the fluorescence turn-on state after the first cycle and no further
fluorescence turn-on response was observed in the second cycle (Figure 4.19). Therefore,

4' is a reaction-based fluorescent probe and it is not recyclable.

4.3.6 Detection of Peroxynitrite in Live Cells

Encouraged by its high selectivity and sensitivity as well as short response time for
peroxynitrite in HEPES buffer (10 mM, pH 7.4), we decided to carry out fluorescence
microscopy experiments to explore the suitability of probe 4’ for imaging peroxynitrite in
J774A.1 macrophage cells. Before the cell imaging study, the cellular cytotoxicity of 4’ or
peroxynitrile (ONOO™) toward J774A.1 macrophage cells were performed according to
the earlier procedure.®® J774A.1 macrophage cells were treated with different
concentrations of probe (0-1 mg/mL) or peroxynitrite (0-50 pM) for 12 h in triplicate at
37 °C to verify the morphological change due to toxicity. The concentration-dependent
morphology change of the cells is shown in Figure 4.20a. The probe was nontoxic to the
macrophage cells and the cells showed ~100% viability after incubation for 12 h. In
contrast and as expected, peroxynitrite was extremely toxic to the cells and high
concentration caused 100% death of macrophages in 12 h Figure 4.20b. We treated the
J774A.1 cells with peroxynitrite for only 10 min in the cellular imaging experiment. This
short period of exposure does not affect the cellular morphology and is nontoxic to the
cells (Figures 4.20a-4.20b).
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Figure 4.20 (a) MTT assay for probe-treated macrophage J774A.1cells. (b) MTT assay
for peroxynitrite-treated macrophage J774A.1 cells. (c) Morphological analysis of control

cells, probe-treated cells and peroxynitrite-treated cells.

The unloaded macrophage cells were healthy (Figure 4.21a, bright-field panel) and did
not give any blue fluorescence (Figures 4.21b and 4.21c, fluorescence and superimposed
panels). Fluorescent probe 4’ was taken up by the macrophage cells. The bright-field image
(Figure 4.21d, bright-field panel) revealed that the mammalian cells did not undergo any
morphological change in the presence of the probe. Furthermore, the cellular viability
remained unaffected upon consumption of the probe material. It can be observed from the
blue channel images (Figures 4.21¢ and 4.21f, fluorescence and superimposed panels) that
the few macrophage cells were giving fluorescent signal. The population of activated
macrophage cells produces intracellular peroxynitrite and the fluorescence signal is
appearing from these cells.”” Next, we have incubated the probe-loaded cells with 5 uM
peroxynitrite solution for 10 min. In presence of peroxynitrite, the probe-loaded cells did
not change their morphology (Figure 4.21g, bright-field panel). It is remarkable that the
probe inside the cells responded toward the peroxynitrite solution to give intense blue
fluorescent signal (Figures 4.21h and 4.21i, fluorescence and superimposed panels). This

fluorescence microscopy study with J774A.1 macrophage cells unambiguously
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demonstrates that the Hf-UiO-66-B(OH). MOF probe is suitable to image peroxynitrite in
live cells. Also, probe 4’ is robust in sensing intracellular peroxynitrite generated in
biological system and has potential in monitoring these processes for better understanding

downstream immune responses.

Bright Field Fluorescence Superimposed

Seod

Figure 4.21 Sensing of ONOO™ in J774A.1 macrophage cells using 4'. Bright-field (a, d,

Unloaded Cells

Probe Loaded Only

ONOO- Treated Cells

g) and fluorescence channel (b, ¢, h) images as well as their superposition (c, f, i) are shown
for the unloaded cells, probe-loaded cells, and probe-loaded cells after treatment with

ONOO'".

4.3.7 Mechanism for the Detection of Peroxynitrite

Probe 4' showed excellent selectivity for peroxynitrite over other ROS/RNS (Figure
4.11). The detection of peroxynitrite via fluorescence method is dependent on the oxidative
breaking of boronic acid or boronate ester groups, leading to the production of
corresponding hydroxyl groups. The probe molecules containing hydroxyl groups show

strong fluorescence in presence of peroxynitrite. Based on this strategy, numerous
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fluorescent probes based on small organic molecules’ 7* and a surface-coated MOF
grafted with molecular probe possessing boronic acid group has been reported’ till date.
Similar to the previously reported probes for peroxynitrite, the presented probe (4')
contains the BDC-B(OH), ligand in its structural framework. Upon treatment with
peroxynitrite, the framework BDC-B(OH): ligand molecules are expectedly converted to
the BDC-OH ligand molecules, giving rise to noticeable fluorescence turn-on response.
The occurrence of such organic transformation is not possible with other ROS/RNS.
According to the mechanism reported in the literature literature,”>”> the selective
fluorescence turn-on response by material 4’ should be attributed to the chemoselective
oxidative breaking of the boronic acid group anchored with the framework ligands by
peroxynitrite. This reaction in presence of peroxynitrite under basic conditions (pH = 7.4)
is similar to Baeyer-Villiger oxidation (Scheme 4.2).7° The treatment of 4’ with
peroxynitrite during the sensing event in HEPES buffer (pH = 7.4) did not affect its
structural integrity. This fact was verified by the XRPD experiments which revealed that
the crystallinity of the material after the sensing experiment was very similar to the

untreated compound (Figure 4.22).

5o e o
/ r 60\(\) 0.0 (,,O 0. .0
OH "o (O’CI)
EJ;’ pH =74 ééOH pH=7.4 OH
0”0 o il * 0~ >0
HE H HE  Hf HE  Hf

Scheme 4.2 Proposed mechanism for the selective response of 4’ towards ONOO in 10

mM HEPES buffer at pH = 7.4.
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Figure 4.22 XRPD patterns of 4’ in different forms: activated (a); after peroxynitrite

sensing (b).

We conducted mass spectrometry and 'H NMR spectroscopic investigation in order to
confirm the anticipated mechanism involving the conversion of framework BDC-B(OH)2
ligand to BDC-OH. It is disclosed from Figure 4.23 that the mass spectrum of untreated 4’
contains an m/z peak at 181.0088. This peak corresponds to the [M-H] ion, where M
represents the mass of HoBDC-OH ligand. A comparison between the 'H NMR spectra
(measured after digestion in HF/DMSO-ds) of un-treated and peroxynitrite-treated 4’
unveiled the appearance of extra peaks at 7.41, 7.44 and 7.87 ppm in the 'H NMR spectrum
of the latter (Figure 4.24). These new peaks in the aromatic region, which appeared in
addition to the peaks of BDC-B(OH), ligand, correspond to the protons of BDC-OH
ligand.”” The BDC-OH ligand was generated from the BDC-B(OH); ligand incorporated
in the framework structure of 4’ upon reaction with peroxynitrite. From the '"H-NMR
spectroscopic investigation, we found that there was ~85% conversion of the BDC-B(OH)

ligand into BDC-OH ligand in the structural framework of 4'.
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Figure 4.23 Mass spectrum of 4’ after treatment with ONOO in 10 mM HEPES buffer
(pH=17.4).
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Figure 4.24 'H NMR spectra of (a) un-treated 4’ with ONOO™ in HF/DMSO-ds and (b)
ONOO -treated 4’ after digestion in HF/DMSO-ds.
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4.4 Conclusions

The boronic acid functionalized Hf-based UiO-66 material was prepared under
solvothermal conditions and characterized thoroughly. After removal of guest molecules
from the pores, the activated Hf-UiO-66-B(OH), material (4') was utilized to detect both
extra- and intracellular peroxynitrite. When employed as a fluorescent turn-on probe in
HEPES buffer at pH = 7.4, high selectivity with short response time was observed toward
peroxynitrite over other potentially interfering ROS/RNS. In addition to its fast response
and great selectivity, probe 4' featured outstanding sensitivity toward peroxynitrite. The
estimated detection limit for peroxynitrite falls in the nanomolar level (detection limit =
9.0 nM). The fluorescent turn-on response of the probe toward peroxynitrite can be
ascribed to the oxidative cleavage of the boronic acid groups attached with the framework
ligands into the corresponding hydroxyl groups. The proposed mechanism for the
fluorescent turn-on response of 4’ in the presence of peroxynitrite has been confirmed by
mass spectrometry and "HNMR spectroscopy. Because of its low cytotoxicity, short
response time, and excellent selectivity and sensitivity for peroxynitrite in simulated
physiological medium (10 mM HEPES buffer at pH =7.4), the probe was applied for the

imaging of peroxynitrite inside living cells (J774A.1 macrophage cells).

4.5 References

1. D. Gius and D. R. Spitz, Antioxid. Redox Signal., 2006, 8, 1249-1252.

2. B. Halliwell, Plant Physiol., 2006, 141, 312-322.

3. V. M. Darley-Usmar, N. Hogg, V. J. O’Leary, M. T. Wilson and S. Moncada, Free
Radical Res. Commun., 1992, 17, 9-20.

4, J. S. Beckman, T. W. Beckman, J. Chen, P. A. Marshall and B. A. Freeman, Proc.

Natl. Acad. Sci. U.S.A., 1990, 87, 1620—-1624.

G. Ferrer-Sueta and R. Radi, ACS Chem. Biol., 2009, 4, 161-177.

G. L. Squadrito and W. A. Pryor, Free Radical Biol. Med., 1998, 25, 392-403.

R. T. Dean, S. Fu, R. Stocker and M. J. Davies, Biochem J., 1997, 324, 1-18.

J. S. Richman and J. R. Moorman, 4m. J. Physiol.: Heart Circ. Physiol.,2000, 278,

H2039-H2049.

9. G. Supinski, D. Stofan, L. A. Callahan, D. Nethery, T. M. Nosek and A. DiMarco,
J. Appl. Physiol. , 1999, 87, 783-791.

S

111
TH-2406_146122017



Chapter 4

10.

11.

12.

13.

14.

15.

16.

17.
18.

19.

20.

21.

22.
23.

24.

25.

26.

27.
28.

H. Wiseman and B. Halliwell, Biochem. J., 1996, 313, 17-29.

C.R. White, T. A. Brock, L. Y. Chang, J. Crapo, P. Briscoe, D. Ku, W. A. Bradley,
S. H. Gianturco, J. Gore and B. A. Freeman, Proc. Natl. Acad. Sci. U.S.A., 1994,
91, 1044-1048.

J. S. Beckman, M. Carson, C. D. Smith and W. H. Koppenol, Nature, 1993, 364,
584-585.

B. C. Dickinson and C. J. Chang, Nat. Chem. Biol., 2011, 7, 504-511.

D. Tsikas, Analyst, 2011, 136, 979-987.

W.C. A.Koh, J.1. Son, E. S. Choe and Y.-B. Shim, Anal. Chem., 2010, 82, 10075-
10082.

J. Xue, X. Ying, J. Chen, Y. Xian, L. Jin and J. Jin, Anal. Chem., 2000, 72, 5313—
5321.

S. L. Chen, 1. Jian and H. Q. Lang, Luminescence, 203, 18, 249-253.

A. Daiber, M. Oelze, M. August, M. Wendt, K. Sydow, H. Wieboldt, A. L.
Kleschyov and T. Munzel, Free Radic. Res., 2004, 38, 259-269.

A. Sikora, J. Zielonka, M. Lopez, J. Joseph and B. Kalyanaraman, Free Radic.
Biol. Med., 2009, 47, 1401-1407.

J. Zielonka, A. Sikora, M. Hardy, J. Joseph, B. P. Dranka and B. Kalyanaraman,
Chem. Res. Toxicol., 2012, 25, 1793—1799.

D. Yang, H.-L. Wang, Z.-N. Sun, N.-W. Chung and J.-G. Shen, J. Am. Chem. Soc.,
2006, 128, 6004-6005.

F. Yu, P. Li, B. Wang and K. Han, J. Am. Chem. Soc., 2013, 135, 7674-7680.

F. Yu, P. Li, G. Li, G. Zhao, T. Chu and K. Han, J. Am. Chem. Soc., 2011, 113,
11030-11033.

T. Ueno, Y. Urano, H. Kojima and T. Nagano, J. Am. Chem. Soc., 2006, 128,
10640-10641.

Q. Zhang, Z. Zhu, Y. Zheng, J. Cheng, N. Zhang, Y.-T. Long, J. Zheng, X. Qian
and Y. Yang, J. Am. Chem. Soc., 2012, 134, 18479-18482.

K.-K. Lin, S.-C. Wu, K.-M. Hsu, C.-H. Hung, W.-F. Liaw and Y.-M. Wang, Org.
Lett., 2013, 15, 4242-4245.

Y. L. Pak, K. M. K. Swamy and J. Yoon, Senssor, 2015, 15, 24374-24396.

Z.Hu, B. J. Deibert and J. Li, Chem. Soc. Rev., 2014, 43, 5815-5840.

112

TH-2406_146122017



Chapter 4

29.

30.

31.

32.

33.

34.
35.

36.
37.
38.

39.

40.
41.

4.
43.
44.
45.
46.

47.

48.

TH-2406_146122017

S. Cai, H. Shi, D. Tian, H. Ma, Z. Cheng, Q. Wu, W. Gu, L. Huang, Z. An, Q. Peng
and W. Huang, Adv. Funct. Mater. , 2018, 28, 1705045-1705052.

H. LI, W. Shi, K. Zhao, Z. Niu, H. Li and P. Cheng, Chem. Eur. J., 2013, 19, 3358
—3365.

Y. Lin, X. Zhang, W. Chen, W. Shi and P. Cheng, Inorg. Chem.,2017,56, 11768—
11778.

S.-Y. Zhang, W. Shi, P. Cheng and M. J. Zaworotko, J. Am. Chem. Soc., 2015,
137, 12203—12206.

J. Zhou, H. Li, H. Zhang, H. Li, W. Shi and P. Cheng, Adv. Mater., 2015, 27, 7072—
7077.

J.-R. Li, R. J. Kuppler and H.-C. Zhou, Chem. Soc. Rev., 2009, 38, 1477-1504.

P. Ramaswamy, N. E. Wong and G. K. H. Shimizu, Chem. Soc. Rev., 2014, 43,
5913-5932.

Y. Chen, D. Wang, X. Deng and Z. Li, Catal. Sci. Technol., 2017, 7, 4893-4904.
L. Zhu, X.-Q. Liu, H.-L. Jiang and L.-B. Sun, Chem. Rev., 2017, 117, 8129-8176.
M. C. So, G. P. Wiederrecht, J. E. Mondloch, J. T. Hupp and O. K. Farha, Chem.
Commun., 2015, 15, 3501-3510.

L. Sun, S. S. Park, D. Sheberla and M. Dinca, J. Am. Chem. Soc.,2016, 138, 14772-
14782.

J.-R. Li, J. Sculley and H.-C. Zhou, Chem. Rev., 2012, 112, 869-932.

Z.Zou, S. Li, D. He, X. He, K. Wang, L. Li, X. Yang and H. Li, J. Mater. Chem.
B,2017,5,2126-2132.

S. Nandi, H. Reinsch, S. Banesh, N. Stock, V. Trivedi and S. Biswas, Dalton
Trans.,2017, 46, 12856-12864.

R. Dalapati, U. Koekcam-Demir, C. Janiak and S. Biswas, Dalton Trans., 2018,
47, 1159-1170.

A. Das and S. Biswas, Sens. Actuators, B., 2017, 250, 121-131.

R. Dalapati and S. Biswas, Sens. Actuators, B., 2017, 239, 759-767.

S. S. Nagarkar, A. V. Desai and S. K. Ghosh, Chem. Eur.J., 2015, 21, 9994-9997.
R. Dalapati, S. N. Balaji, V. Trivedi, L. Khamari and S. Biswas, Sens. Actuators,
B.,2017, 245, 1039-1049.

A. Das, S. Banesh, V. Trivedi and S. Biswas, Dalton Trans., 2018, 47, 2690-2700.

113



Chapter 4

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.
61.

62.

63.
64.

65.
66.

A. V. Desai, P. Samanta, B. Manna and S. K. Ghosh, Chem. Commun., 2015, 51,
6111-6114.

Y. Cui, Y. Yue, G. Qian and B. Chen, Chem. Rev., 2012, 112, 1126-1162.

Y. Cui, F. Zhu, B. Chen and G. Qian, Chem. Commun., 2015, 51, 7420-7431.
Z.Hu, K. Tan, W. P. Lustig, H. Wang, Y. Zhao, C. Zheng, D. Banerjee, T. J. Emge,
Y. J. Chabal and J. Li, Chem. Sci., 2014, 5, 4873-4877.

Z. Hu, A. Nalaparaju, Y. Peng, J. Jiang and D. Zhao, Inorg. Chem., 2016, 55,
1134-1141.

M. H. Beyzavi, R. C. Klet, S. Tussupbayev, J. Borycz, N. A. Vermeulen, C. J.
Cramer, J. F. Stoddart, J. T. Hupp and O. K. Farha, J. Am. Chem. Soc., 2014, 136,
15861-15864.

V. Benin, S. Durganalab and A. B. Morgan, J. Mater. Chem.,2012,22,1180-1190.
A. Boultif and D. J. Louer, J. Appl. Crystallogr., 1991, 24, 987-993.

A. Karmakar, B. Joarder, A. Mallick, P. Samanta, A. V. Desai, S. Basu and S. K.
Ghosh, Chem. Commun., 2017, 53, 1253-1256.

D. Srikun, E. W. Miller, D. W. Domaille and C. J. Chang, J. Am. Chem. Soc., 2008,
130, 4596-4597.

M. Kim, S.-K. Ko, H. Kim, I. Shin and J. Tae, Chem. Commun., 2013, 49, 7959-
7961.

L. Yuan, W. Lin and J. Song, Chem. Commun., 2010, 46, 7930-7932.

A. Beltran, M. 1. Burguete, D. R. Abanades, D. Pérez-Sala, S. V. Luis and F.
Galindo, Chem. Commun., 2014, 50, 3579-3581.

S. Nandi, H. Reinsch, S. Banesh, N. Stock, V. Trivedi and S. Biswas, Dalton
Trans., 2017, 46, 12856-12864

A. Buragohain and S. Biswas, CrystEngComm, 2016, 18, 4374-4381

S. J. Deka, A. Roy, V. Ramakrishnan, D. Manna and V. Trivedi, Chem. Biol. Drug
Des., 2017, 89, 953-963.

R. Deshmukh and V. Trivedi, Toxicol. In Vitro, 2013, 27, 16-23.

S. Jakobsen, D. Gianolio, D. S. Wragg, M. H. Nilsen, H. Emerich, S. Bordiga, C.
Lamberti, U. Olsbye, M. Tilset and K. P. Lillerud, Phys. Rev. B 2012, 86, 125429-
125440.

114

TH-2406_146122017



Chapter 4

67.

68.

69.
70.

71.

72.
73.

74.
75.

76.
77.

TH-2406_146122017

S. Jakobsen, D. Gianolio, D. S. Wragg, M. H. Nilsen, H. Emerich, B. Silvia, C.
Lamberti, U. Olsbye, M. Tilset and K. P. Lillerud, Phys. Rev. B, 2012, 86, 125429-
125429.

Z. Hu, A. Nalaparaju, Y. Peng, J. Jiang and D. Zhao, Inorg. Chem. , 2016, 55,
1134-1141.

H. Xu, B. Zhai, C.-S. Cao and B. Zhao, Inorg. Chem., 2016, 55, 9671-9676.

H. Zhang, J. Liu, Y.-Q. Sun, Y. Huo, Y. Li, W. Liu, X. Wu, N. Zhu, Y. Shi and W.
Guo, Chem. Commun., 2015, 51, 2721-2724.

K.-K. Lin, S.-C. Wu, K.-M. Hsu, C.-H. Hung, W.-F. Liaw and Y.-M. Wang, Org.
Lett., 2013, 15, 4242-4245.

C. Prolo, M. N. Alvarez and R. Rafael, Biofactors, 2014, 40, 215- 225.

X. Sun, Q. Xu, G. Kim, S. E. Flower, J. P. Lowe, J. Yoon, J. S. Fossey, X. Qian,
S. D. Bull and T. D. James, Chem. Sci., 2014, 5, 3368-3373.

J. Zhang, Y. Li and W. Guo, 4Anal. Methods, 2015, 7, 4885-4888.

Z.Ding, J. Tan, G. Feng, Z. Yuan, C. Wu and X. Zhang, Chem. Sci., 2017, 8, 5101-
5106.

J. Zhang, Y. Li, J. Zhao and W. Guo, Sens. Actuators, B, 2016, 237, 67-74.

S. Biswas, D. E. P. Vanpoucke, T. Verstraelen, M. Vandichel, S. Couck, K. Leus,
Y.-Y. Liu, M. Waroquier, V. V. Speybroeck, J. F. M. Denayer and P. V. D. Voort,
J. Phys. Chem. C,2013, 117, 22784-22796.

115



Chapter 4

116
TH-2406_146122017



Chapter 5

5.1 Introduction

The reactive oxygen species (ROS) paly important role in living organisms for causing
aging and various diseases is well-known.! The ROS family such as hydroperoxy radical
(HO:®), superoxide anion (O°*7), hydroxyl radical (HO®), peroxy radical (RO:°®), singlet
oxygen ('02), hydrogen peroxide (H20.), alkoxy radical (RO®), nitric oxide (NO), tert-
butyl hydroperoxide (TBHP), fert-butoxy radical (‘BuO®) and hypochlorite ion (C1O").
Generally, most of ROS in biological systems are generated from molecular oxygen in
living cell.? The high levels of ROS can result in oxidative damage to proteins, lipids or
nucleic acids in cells, thereby resulting several abnormalities such as aging,® cancer,’
diabetes,’ cardiovascular disorder,® Alzheimer’s and related neurodegenerative diseases,’

etc.

Among various ROS, H>05 is a major part for oxidative stress in biological system.® *

The adequate levels of H2O; in the live cells contribute to several cellular processes such
as differentiation, migration, growth, proliferation and phagocytosis. On the other hand,
excessive levels of H2O; in the live cells results in pathological defects that contribute to
aging,> cancer,” '° Alzheimer's disease,'"" !> diabetes,'* '* nucleic acid damage,'

® and genetic instability.!” For studying the complex nature of action and

mutation’
behaviour of H>O; in live cells, various analytical methods have been developed so far,
which include mass spectrometry, electrochemistry, positron emission tomography,
chemiluminescence, absorption spectroscopy, MRI, etc.'® On the other hand, the
utilization of fluorescence spectroscopy for the sensing of H>O» with the help of small
organic molecules has attracted growing research interests in recent years.'? In these cases,
fluorescence and in-vivo bioluminescence methods have been demonstrated to provide
high selectivity and sensitivity for the sensing of H>0O, in animals and living cells. In
addition, the fluorescence technique is non-destructive in nature and can be applied for the
real-time monitoring of H2O>. For the detection of H>O; by fluorescence technique, several
approaches have been reported, which consist of hydrolysis of sulfonate group, Baeyer-
Villiger type of reaction, oxidation of triphenylphosphine, oxidative breaking of
arylboronate to phenol, etc.”” Among them, the chemoselective reaction of arylboronates
to phenols have been vastly exploited for the fluorometric detection of H>O; in living

biological media." *
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MOFs are potential candidates in both materials and biological science.”> 2* The

functionalization of the organic ligands make them potential candidates for selective gas

5 7

adsorption,?® separation,”® magnetic application,?’ proton conductivity, electrical
conductivity,?® heterogeneous catalysis,? photo-catalysis,*® medicinal drug delivery,’! etc.
Furthermore, the aromatic ligands of MOFs can be functionalized with desired substituents
for the detection of the target analyte. These functional groups can interact (or react) with
the target analytes, leading to measurable changes in fluorescence intensity. By virtue of

these benefits, several MOFs have been reported so far for the selective sensing of metal

32,33 34, 35

ions, explosive compounds, small organic molecules,*® 37 biological signalling
molecules,*® ROS,* etc. Among various ROS, the fluorescence method has been used for
the sensing of only NO by the Zr-UiO-66-NH, MOF.** Recently, a boronic acid
functionalized Eu-MOF has been reported*® for the detection of F ion. Although the
detection of H>O has been accomplished by various MOFs employing different

42 and absorption

techniques such as electrochemistry,*!  chemiluminescence
spectroscopy.* The fluorometric sensing of H>O, using MOFs and its application in live-

cell imaging have remained completely unexplored so far.

_ ZrOCl,-8H,0, HCOOH
i A

DMA, 150°C, 24 h

sensing of H,0, buffer at pH= 7.4

/ 328 nm

OH

group responsible for luzoz in 10 mM HEPES

426 nm

Scheme 5.1 Preparation scheme for the Zr-UiO-66-B(OH)> compound (5). Selective
fluorescence sensing of H>Oz by activated 5’ via turn-on mechanism in HEPES (pH = 7.4,

10 mM) buffer.
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In this work, we have synthesized a boronic acid functionalized Zr(IV) MOF with UiO-
66 structure (Scheme 5.1). The solvothermal reaction of ZrOCL-8H,O with H,BDC-
B(OH); in DMA in presence of formic acid led to the formation of Zr-UiO-66-B(OH)»
MOF (5). The activated material (5') has been used to detect H>O> selectively in 10 mM
HEPES at pH = 7.4 (simulated biological medium) through fluorescence turn-on

mechanism. Moreover, the probe has been utilized for the imaging of H>O: in living cells.

5.2 Experimental Section
5.2.1 Materials and General Methods

All other reagents were received from the commercial suppliers. The FT-IR spectra in
the range of 4404000 cm ' were measured with a Perkin Elmer Spectrum Two FT-IR
instrument. The absorption bands were characterized with the following indications: weak
(W), medium (m), strong (s), very strong (vs), broad (br) and shoulder. TG measurements
were conducted with a SDT Q600 V20.9 Build 20 thermogravimetric instrument in the
range of 25-650 °C under air atmosphere at a heating rate of 5 °C min~'. The PXRD
measurements at room temperature were performed with a Bruker D2 Phaser X-ray
diffractometer (30 kV, 10 mA) utilizing Cu-Ko (A = 1.5406 A) radiation. To carry out the
EDX experiments, a Zeiss Supra 55VP SEM-EDX (SEM = scanning electron microscope)
equipment was utilized. For collecting the mass spectrum, an Agilent 6520 Q-TOF high-
resolution mass spectrometer (HR-MS) was used. The mass spectrum of H,O»-treated 5’
(10 mg) was recorded after digestion by adding of 48% HF (60 pL) to methanol (1.0 mL).
The '"H NMR spectra of untreated and H>O»-treated 5' (30 mg) were collected after
digestion by 48% HF (50 puL) in DMSO-ds (500 pL). For recording the NMR spectrum, a
Bruker AM 600 spectrometer was employed. A Quantachrome Autosorb iQ-MP
volumetric gas sorption equipment was utilized for carrying out the N2 sorption
experiments at —196 °C. Before conducting the gas adsorption measurement, we degassed
the sample under high vacuum for 24 h at 120 °C. For collecting the fluorescence emission
spectra, a HORIBA JOBIN YVON Fluoromax-4 spectrofluorometer was used. For the
fluorescence emission experiments, the excitation and emission wavelengths were 328 and

426 nm, respectively.
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5.2.2 Synthesis and Activation of the MOF Material
Synthesis of [ZrsO4(OH)4(BDC-B(OH)2)6]*13.0H20-3.5DMA (Zr-UiO-66-B(OH):, 5)

For the synthesis of Zr-UiO-66-B(OH),, we have followed a similar procedure as
reported by Biswas et al. for the preparation of various functionalized Zr-UiO-66-X (X =
-F, Cl, -Br, -CH3, -NO3, -NH,, -OH, -CO,H, -SOsH, etc.) compounds.** The heating of a
mixture consisting of ZrOCl2:8H20 (50 mg, 0.15 mmol), H2BDC-B(OH); ligand (33 mg,
0.15 mmol), formic acid (0.6 mL, 3.18 mmol) and DMA (3 mL) was carried out inside a
sealed Pyrex tube (10 mL). The heating was conducted by a dry block heater at 150 °C for
24 h. After that the tube was cooled down to room temperature. The resulting precipitate
was filtered off by vacuum filtration technique. It was washed several times with acetone
and then dried in an air oven at 80 °C for 6 h. Yield: 26 mg (0.01 mmol, 41%). Elemental
analysis calculated for CexHo1sB6ZreN3sOc05 (2458.40 g mol™'): C 30.24, H 3.74, N
2.00%. Found: C 22.92, H 3.18, N 1.98%. FT-IR (KBr, cm™): 3414 (br), 1701 (sh), 1583
(vs), 1472 (m), 1388 (vs), 1282 (w), 1259 (w), 1163 (w), 1029 (m), 917 (w), 867 (w), 823
(m), 760 (s), 721 (W), 666 (s), 548 (m), 492 (m).

Activation of the MOF Material

To get the guest-free material, the as-synthesized material (150 mg) was first stirred in
methanol (25 mL) for 24 h at ambient temperature. The methanol molecules were removed

from the pores by heating the filtered material under high vacuum at 120 °C for 16 h.

5.2.3 Fluorescence Sensing Experiments

The excitation wavelength for all the fluorescence titration experiments was 328 nm. We
have collected the fluorescence emission spectra in range of 350-600 nm. Initially, the
concentration-dependent fluorescence sensing investigations were accomplished by the
stepwise addition (30 pL in each step) of 10 mM aqueous solutions of different ROS to
the suspension of 5’ (2 mL) in 10 mM HEPES buffer inside a quartz cuvette. It was found
that the fluorescence intensity of 7" increased upon the gradual addition of H>O> solution
and became saturated after the addition of 240 pL of H2O» solution. Afterwards, time-
dependent fluorescence sensing studies were carried out after the addition of 240 pL of

H>0; solution to the HEPES suspension of 5" until the saturation in the fluorescence
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intensity was obtained. For evaluating the selectivity of 5’ in presence of other ROS,
initially 240 pL of the competing ROS solution was added to the suspension of 5’ in
HEPES buffer and then 240 pL of H>O; solution was added to this mixture. The

fluorescence spectrum of the resulting mixture was recorded subsequently .

5.2.4 Preparation of 10 mM ROS Solutions

The aqueous solutions (concentration: 10 mM) of various ROS (CIO~, 02*~, ‘BuO*®,

HO®, TBHP, '0> and H>05) were prepared by following the earlier reported methods.?> **

46

Safety note! All ROS are highly oxidizing and they should be handled cautiously.

5.2.5 Preparation of 10 mM HEPES Buffer (pH = 7.4)

In a volumetric flask, HEPES (1.191 g) was placed and 50 mL Milli-Q water was added.
After that 0.5 (M) NaOH solution was added drop wise until the pH of the solution
becomes 7.4. Finally, the required amount of Milli-Q water was added so that the total

volume of the solution turns out to be 250 mL.

5.2.6 Preparation of the Suspension of 5’ in 10 mM HEPES Buffer (pH = 7.4)

Initially, 12.5 mg of 5’ was kept in a 100 mL volumetric flask. Then, 50 mL of 10 mM
HEPES buffer having a pH of 7.4 was added. After that the mixture was sonicated for 30
min. In this way, a homogenous suspension was obtained, which was used for the

fluorescence sensing measurements.

5.2.7 Cell Viability Assay

The effect of probe 5’ on cell viability was performed using the method reported earlier.*’
Cells were seeded at 20,000 per well in a 96 well plate in 200 uL complete media. Cells
were treated with different concentrations (0-100 pM) of probe for 48 h in triplicate at 37
°C. Post treatment, cells were observed for morphological changes due to toxicity and
images were captured using Cytell imaging system (GE healthcare). Finally, MTT assay
was performed to measure the cellular viability. The viability of the untreated cells was

considered as 100% and used to express the viability of treated cells.
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5.2.8 Cell Culture and Imaging Experiments

The MDAMB-231 cells were cultured in DMEM F12 media containing 10% FBS and
1% antibiotic cocktail as described formerly.*” The cells were seeded at a density of
25000/well in 96-well plates. The cells were loaded with probe 5’ (5 uM) for 12 h in serum-
containing media. The cells were washed with phosphate-buffered saline (PBS) three times
to remove the excess probe and then treated with H>O2 (1 uM) for 5 min to develop
oxidative stress induced ROS generation inside cells in PBS medium. The cells were
observed in bright field and in blue channel (Aex = 381 nm, Aem = 435 nm) using Cytell cell
imaging system (GE Healthcare) and images were captured from randomly selected five

fields.

5.3 Results and Discussion

5.3.1 Structure Description

The compound 5 was synthesized by the solvothermal reaction between ZrOCl,-8H>O
and BDC-B(OH): ligand in DMA. The field-emission scanning electron microscopy (FE-
SEM) images of as-synthesized S show the formation of homogeneous crystalline nano-

sized particles (Figure 5.1).

Figure 5.1 FE-SEM images of 5'.
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Figure 5.2 Comparison between the experimental XRPD pattern of 5§ and calculated

XRPD pattern of Zr-UiO-66.

In order to verify the crystal structure of the presented MOF compound, XRPD
measurements were conducted. It can be seen from Figure 5.2 that there exists remarkable
similarity between the calculated XRPD pattern of Zr-UiO-66 and the observed XRPD
pattern of as-synthesized Zr-UiO-66-B(OH): (5). Hence, we can conclude that compound
5 has the similar cubic 3D framework structure as the pristine Zr-UiO-66 compound. Like
Zr-Ui0-66, the title compound possesses smaller tetrahedral and larger octahedral cavities.
Unlike un-functionalized UiO-66, the boronic acid functional groups ligands are located
in the backbone of the framework structure of compound 5. Being directed towards the

cavities, these functional groups are accessible to externally added analytes in liquid phase.
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Figure 5.3 ESI-MS spectrum of 5’ after digestion in methanol/HF.
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Spectrum 2

Figure 5.4 EDX spectrum of 5'.

The C-B bond has low polarity and it can be easily cleaved because of its low bond
dissociation energy. To verify the fact that the -B(OH)2 groups remain attached with the
BDC-B(OH): ligand during the synthesis and activation processes, mass spectrometry was
performed with material 5'. In the mass spectrum of 5' (Figure 5.3) after digestion in
HF/MeOH, the signal at m/z = 209.0092 corresponds to the [M—H]™ (M = mass of
H>BDC-B(OH); ligand) ion. Furthermore, the EDX spectrum of 5’ (Figure 5.4) disclosed

that the material contains B atom, which can be assigned to the B atom of the boronic acid

TH-2406_146122017
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group. These results suggest that the boronic acid group remains intact with the BDC-

B(OH); ligand during the preparation and activation of the MOF material.

5.3.2 FT-IR Spectroscopy

As revealed from (Figure 5.5), the FT-IR spectra of both 5 and 5’ consist of very strong
absorption peaks at 1590 and 1395 cm™!. These peaks arises from the asymmetric and
symmetric carboxylate stretching vibrations of the framework BDC-B(OH), ligands,
respectively.®® ¥-30 A strong absorption peak at ca. 1655 cm™! is observed in the IR
spectrum of as-synthesized 5. This peak occurs because of the carbonyl stretching
vibration of the occluded DMA molecules. Since this peak is absent in the IR spectrum of
activated 5, it can be concluded that the guest DMA molecules have been completely
removed from the cavities of 5. The FT-IR spectra result of both 5 and 5’ was similar to

the reported literature.’! We could guess that 5’ was in complete activation form.

5'(activated)

5 (as-syntheszed)

Transmittance (%)

L I L LI ¥ 1 ¥ 1 L I ¥ I L2 T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm'1)

Figure 5.5 FT-IR spectra of as-synthesized 5 (red) and activated 5’ (black).

5.3.3 Thermal and Chemical Stability

As revealed from the thermogravimetric (TG) analysis (Figure 5.6), the compound is
stable up to 270 °C under air atmosphere. The TG curve of as-synthesized 5 shows the
first weight loss of 9.0 wt% in the range of 30-140 °C, which corresponds to the

elimination of 13 H>O molecules per formula unit (calcd: 9.4 wt%). In the range of 140-
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220 °C, the second weight loss of 12.3 wt% occurs, which can be assigned to the removal
of 3.5 DMA molecules per formula unit (calcd: 11.9%). The third, steep weight loss step
can be accounted for the elimination of BDC-B(OH); ligand molecules from the structural

framework. Thus, at 270 °C, the structural decomposition of the material starts to occur.
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Figure 5.6 TG curve of as-synthesized (red) and activated (black) of 5’ measured under

air atmosphere with a heating rate of 5 °C min™".
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Figure 5.7 XRPD patterns of 5’ in different forms: calculated (a); as-synthesized (b);

activated (c); after BET measurement (d); after treatment with water (e); after H.O»

sensing experiment (in 10 mm HEPES buffer at pH = 7.4) (f); after treatment with 1(M)

HCI (g); after treatment with acetic acid (h); after treatment with NaOH at pH = 10 (i).
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The activated compound was stirred in different liquids (acetic acid, water, 10 mM
HEPES bufter at pH = 7.4, NaOH at pH = 10 and 1(M) HCI) for 12 h to verify its chemical
stability. After stirring, the XRPD patterns of the filtered materials were recorded. It can
be concluded from the XRPD patterns (Figure 5.7) that the exposure of the activated
compound in all the above-mentioned liquids does not considerably affect its structural
integrity. Hence, the Zr-UiO-66-B(OH), material exhibits high structural robustness,

which is in agreement with other functionalized Zr-UiO-66-X compounds.** 3% 33

5.3.4 Surface Area Analysis

The specific BET surface area of the thermally activated compound was determined by
performing N> sorption experiments at -196 °C. The N> adsorption isotherm (Figure 5.8)
revealed that the BET surface area of 5’ is 751 ng'l. As expected, the BET surface area
of 5" is lower than the pristine®* Zr-UiO-66 compound, but it is comparable with other
existing functionalized** 35 Zr-Ui0-66-X (X = -F, -Cl, -Br, -CH3, -NOa, -NH,, -OH, -
CO:H, -SOsH, etc.) compounds.
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Figure 5.8 N> adsorption (filled circles) and desorption (empty circles) isotherms of 5’

measured at —196 °C.

5.3.5 Selective Sensing of H202 in HEPES Buffer

The Zr-UiO-66-B(OH)> compound containing boronic acid groups in its framework

structure is weakly fluorescent. After the chemoselective reaction of UiO-66-B(OH), with
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H>03, the -B(OH): group attached with the BDC-B(OH); ligand is converted to the -OH
group. In this way, the Zr-UiO-66-OH compound is produced, which shows strong
fluorescence. Thus, the Zr-UiO-66-B(OH), material is expected to show fluorescence turn-

on phenomenon in presence of H>O> solution. '8¢

—0puL
30 pL

1.05E+06

7.00E+05 -

3.50E+05

Fluorescence Intensity (cps)

0.00E+00{
350 400 450 500 550 600
Wavelength (nm)

Figure 5.9 Fluorescence turn-on response of 5’ (suspended in 10 mM HEPES buffer, pH
= 7.4) upon the stepwise addition of 10 mM H»O; solution at room temperature. The

spectra were collected after 3 min of each addition (Aex = 328 nm and Aem = 426 nm).

Before the H202 sensing studies, a suspension of 5’ in 10 mM HEPES buffer solution as
well as 10 mM aqueous solutions of various ROS and other biologically interfering species
(e.g., F", glucose, fructose, galactose, xylose and mannose) were prepared. The following
ROS were chosen: hypochlorite anion (CIO™), superoxide anion (0O»°7), tert-butoxy
radical (‘BuQ®), hydroxyl radical (HO®), fert-butyl hydroperoxide (TBHP), singlet oxygen
('02) and hydrogen peroxide (H20>). To the suspension of 5’ in HEPES buffer, solutions
of different ROS and other biologically interfering species were incrementally added.
After the addition of various solutions of competing analytes, the fluorescence spectra
were collected. It can be seen from Figures 5.9 and 5.10 that the gradual addition of H2O»
solution caused dramatic increase in the fluorescence intensity of the MOF compound.
There was ~89% increment (4-fold) in the fluorescence intensity of 5’ upon the addition
of 240 pL of 10 mM H20; solution. The subsequent addition of H>Ox solution resulted in
saturation in the fluorescence intensity of 5’. The enhancement in the fluorescence

intensity of the compound in presence of the other competing analytes (Figure 5.10) was
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very low. From these results, it becomes evident that the MOF material is highly selective

for the fluorescence sensing of H>O; over other competing analytes.
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Figure 5.10 Fluorescence responses of 5’ (suspended in 10 mM HEPES buffer, pH = 7.4)
upon the addition of solutions of various ROS (10 mM of C1IO~, O>*~, 'BuO®, HO®, TBHP,
'0, and H,0») and other biologically relevant species (10 mM of F, glucose, fructose,
galactose, xylose and mannose) at room temperature. The bars denote fluorescence
intensity after the addition of blank, 60, 120, 180 and 240 uL of each ROS. The spectra

were collected after 6 min of each addition (Aex = 328 nm and Aem =426 nm).

In order to determine the response time for the sensing of H2O by 5’, a time-dependent
fluorescence study was conducted. In this experiment, 240 pL of 10 mM H»O, was added
to the suspension of the Zr-UiO-66-B(OH), compound in HEPES buffer medium.
Subsequently, the fluorescence intensity of the probe was monitored at a regular time
interval of 1 min. It was found that the fluorescence intensity of the material reached a
fixed value (saturation point) after 25 min of the addition of 240 uL of 10 mM H»0»
solution (Figures 5.11 and 5.12). Thus, the fluorescent probe exhibited a response time of

25 min for H>O> sensing under the presented experimental conditions.
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Figure 5.11 Change in the fluorescence spectrum of §" in presence of 10 mM H20O; as a

function of time (Aex = 328 nm and Aem = 426 nm).
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Figure 7.12 Change in the fluorescence intensity of 5’ in presence of 10 mM H>0: as a

function of time (Acx = 328 nm and Acm = 426 nm).
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Figure 5.13 Fluorescence responses of 5’ (suspended in 10 mM HEPES buffer, pH = 7.4)
upon the addition of H2O> solution (240 pL, 10 mM) in the presence of interfering ROS
(240 pL, 10 mM) and other biologically relevant species (240 pL, 10 mM) at room
temperature. The spectra were collected after 30 min of each analyte addition. The final
concentration of each analyte in the solution was 9.67 x 10* M (Aex = 328 nm and Aem =

426 nm).

For the practical sensing of H20O2 in complicated biological systems, it is highly required
that the probe retains its selectivity in the existence of interfering ROS and other
biologically relevant species (e.g. F~, glucose, fructose, galactose, xylose and mannose).
Hence, the selectivity of the Zr-UiO-66-B(OH), probe was assessed towards H>O2 even in
the presence of interfering ROS and other biologically relevant species. In order to realize
this purpose, initially a solution (240 pL, 10 mM) of the competing analyte was added to
the suspension of the compound in HEPES buffer medium and then the solution of H>O»
(240 pL, 10 mM) was added to it. As displayed in Figure 5.13, there was drastic
enhancement in the fluorescence intensity of the Zr-UiO-66-B(OH), probe after the
addition of H»O: solution, even in the presence of other interfering analytes. Therefore,

the material can selectively detect H2O» in the co-existence of other intrusive analytes.
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Figure 5.14 (a) Fluorescence turn-on response of 5’ (suspended in 10 mM HEPES buffer,
pH = 7.4) upon the stepwise addition of 0.1 mM H»O> solution at room temperature (Aex =
328 nm and Aem = 426 nm). (b) Fluorescence turn-on response of 5’ (suspended in 10 mM
HEPES buffer, pH = 7.4) upon the stepwise addition of 0.1 mM ONOO" solution at room
temperature (Aex = 328 nm and Aem = 426 nm). (¢) Fluorescence response of 5’ towards 0.1
mM H>O: in presence of 0.1 mM ONOO™ (Aex = 328 nm and Aem = 426 nm). (d) Bar
representation of fluorescence response of 5’ towards 0.1 mM H2O; in presence of 0.1 mM
ONOO™ (Aex =328 nm and Aem = 426 nm).

It should be noted that probe 5’ also showed selective sensing properties for
peroxynitrite (ONOO™) at 10 mM concentration. However, ONOO™ ion belongs to the
RNS (RNS = reactive nitrogen species) family. The present paper focuses on the sensing

behavior of 5’ for only the ROS family.

We also investigated the selectivity of H,O» over peroxynitrite at very low concentration
(0.1 mM; Figures 5.14a-5.14b). At this lower concentration (0.1 mM, Figures 5.14c-
5.14d), good selectivity for H2O2 over peroxynitrite was achieved in comparison to the

poor selectivity obtained at relatively higher concentration (10 mM, Figure 5.15).
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Figure 5.15 Fluorescence response of §' towards 10 mM H>O: in presence of 10 mM

ONOO™ (Aex = 328 nm and Aem = 426 nm).

In addition to its high selectivity, the Zr-UiO-66-B(OH), probe featured excellent
sensitivity for H>O. The limit for detection (LOD) was calculated by using the given
formula and carried out similar experiments as described by us in several reports for
fluorescence-based sensing of various species by different MOF probes.’% %% %7 It has been
found that the LOD value for the detection of H-O> by compound 5’ corresponds to 0.015
uM. This LOD value is significantly lower than those of other MOF materials which have
been reported so far for the detection of H2O. by utilizing various other detection

procedures (Table 5.1).
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Table 5.1 Comparison of the limit of detection (LOD) values for the H20O: sensing by the
MOF materials reported till date using different analytical methods.

SI.  Compounds Limit of Detection Analytical Methods References
No. (LOD) (uM)

1. hemin@HKUST-1 2.0 chemiluminescence 58

2. AP-Ni-MOF 0.9 electrochemistry 59

3. Co/DOBDC 0.5 electrochemistry 60

4. Cu-MOF 1.0 electrochemistry 61

5. Co-MOF 3.76 electrochemistry 62

6. Fe-MIL-53 0.075 electrochemistry 63

7. Fe-MIL-88 0.562 colorimetry 64

8. Zr-Ui0-66-B(OH)» 0.015 fluorescence this work

5.3.6 Sensing of H20: in Living Cells

The high selectivity and sensitivity of the Zr-UiO-66-B(OH), probe for H>O> in 10 mM
HEPES buffer medium at pH = 7.4 inspired us to evaluated its ability to detect H2O> in
MDAMB-231 cells with the help of fluorescence microscopy. Before imaging of H20» in
living cells, cellular cytotoxicity of 5' towards MDAMB-231 cells was evaluated. The
cells were treated with different concentrations (0-100 uM) of probe at 37 °C for 48 h.
After treatment for 48 h, the cells were observed under microscope to examine if any
morphological change occurred due to the presence of the probe (Figure 5.16a). The cells
exhibited ~70% viability in presence of probe 5' after 48 h of incubation (Figure 5.16b).
The results of the cell viability assay suggested that probe 5' is applicable for the imaging

of H20 in living cells.
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Figure 5.16 (a) Morphological analysis of untreated cells and the cells treated with various

concentrations of 5'. (b) Cell viability assay for 5'-treated MDAMB-231 cells.

As evident from bright field imaging (Figures 5.17a, 5.17d, 5.17g; Phase Panel), the
fluorescent probe 5' (5 uM) did not affect the cellular viability. Moreover, it did not cause
any morphological change to the mammalian cells. These cells did not exhibit any
background fluorescence signal in the blue channel (Figures 5.17b, 5.17¢; Fluorescence
Panel). The probe-loaded cells were treated with 1 uM H>0O; (in PBS buffer) for 5 min to
induce intracellular ROS. Interestingly, the probe responded to the change in the ROS level
and gave intense blue fluorescence (Figure 5.17h, Fluorescence Panel). A superposition of
the cellular images in bright field and fluorescence channel (Figures 5.17¢, 5.17f, 5.171;
Overlay Panel) indicates that the fluorescence signal is more intense on the periphery of
the cells and it can be ascribed to the oxidative damage to the membrane proteins.
However, the fluorescence is indeed associated with the cells and coming from probe

present inside the cells.
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Fluorescence Overlay with phase

Unlabeled Cells

Probe Loaded Cells

H202 Treated Cells

Figure 5.17 Detection of H>O; inside the MDAMB-231 cells loaded with probe 5'. The
panel (a-c) is the unlabeled cells, (d-f) denotes probe-loaded cells and (g-i) represents
probe-loaded cells treated with H2O,. The cells either remained unloaded (a-c) or probe (5
uM) loaded cells either remained untreated (d-f) or treated (g-1) with H>O» (1 uM) for 5
min at 37 °C. The H20»-treated cells showed bright blue fluorescence as compared to the
probe-loaded cells. An overlay of bright field and fluorescence images indicates that the

fluorescence is arising from the cell.

5.3.7 Mechanism for the Sensing of H20:

Material 5’ showed remarkable increase in fluorescence intensity in presence of H>O»,
whereas the addition of other ROS resulted in negligible enhancement in the fluorescence
intensity of the compound (Figure 5.9). For the fluorescence-based sensing of H.O» by
small organic molecules, it has been proposed in the literature that the oxidative cleavage
of attached boronic acid or boronate ester groups results in the formation of the
corresponding hydroxyl-functional molecules showing strong fluorescence.!® Hence, for

our probe, it can be hypothesized that the chemoselective oxidative cleavage in presence
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of H20> leads to the formation of hydroxyl-functionalized ligand (BDC-OH) from the
boronic acid functionalized ligand [BDC-B(OH):] in the structural framework of 5’ and

65,66 in the presence

this transformation is similar as the Baeyer-Villiger oxidation reaction
of H202 under basic conditions (Scheme 5.2). In case of other ROS, such chemoselective
oxidative cleavage of the —-B(OH)2 group does not occur. It is worthy to mention that the
structural robustness of material 5' is preserved during the H>O> sensing experiment in
HEPES buffer medium. This fact has been verified by the XRPD measurements (Figure
5.7), in which the XRPD pattern of the material recovered after the H>O, sensing

experiment showed close similarity with the un-treated compound.

00 b
'..‘9:
H
LOH ——m—
B pH=7.4
9/ QOH
Zr Zr

i
Zr  Zr

Scheme 5.2 Proposed mechanism for the fluorescence turn-on behaviour of 5’ in presence

of H>O7 in 10 mM HEPES buffer at pH = 7.4.
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Figure 5.18 ESI-MS spectrum of H,O»—treated 5’ after digestion in HF/MeOH. The
spectrum shows m/z peak at 181.0463, which corresponds to the [M-H] ion (M = mass
of H,BDC-OH ligand).

The proposed mechanism for H>O: sensing by 5’ was verified by 'H NMR analysis and
mass spectrometry. In the mass spectrum (Figure 5.18) of H>O»-treated 5', there was a
peak at m/z = 181.0463, which can be associated with the [M-H] ion (M = mass of the
H>BDC-OH ligand). As compared to the un-treated 5’, the H2O»-treated sample of §'
showed additional peaks at 7.42, 7.45 and 7.88 ppm in its '"H NMR spectrum (Figure 5.19).
These new peaks have emerged in addition to the aromatic signals of the HBDC-B(OH)2
ligand. These additional signals can be assigned to the aromatic protons of the H,BDC-
OH ligand. From the integration of the "H NMR peaks, the conversion percentage of the
BDC-B(OH): ligand into BDC-OH ligand was found to be 73%. To further verify the
sensing mechanism, we have performed EDX elemental mapping analysis with both un-
treated and H>O»-treated 5'. It can be observed from Figures 5.20a and 5.20b that the

percentage of B atom in H>O»-treated 5' is lower (Figure 5.20b) as compared to untreated

5' (Figure 5.20a). This result is in accordance with the NMR analysis.
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Figure 5.19 '"H NMR spectra of (a) un-treated 5’ and (b) H.O>—treated 5" after digestion
in HF/DMSO-ds. In the spectrum of HyOz—treated 5’, new peaks appear at 7.42, 7.45 and
7.88 ppm, which can be assigned to the aromatic protons of the H,BDC-OH ligand.
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Figure 5.20 (a) EDX elemental mapping of untreated 5'. (b) EDX elemental mapping of

H,O;-treated 5'.
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5.4 Conclusions

A new boronic acid functionalized Zr(IV) MOF namely Zr-UiO-66-B(OH), (5) was
synthesized under solvothermal conditions. Its activated form (5') was utilized for the
fluorometric detection of H2O: in simulated physiological medium. The MOF material
displayed high selectivity towards the detection of H2O2 over potentially intrusive ROS
and other biologically relevant species in 10 mM HEPES buffer having a pH of 7.4. The
probe exhibited outstanding sensitivity for H>O> with a detection limit of 0.015 uM. This
detection limit value is lower as compared to other MOF based H20: sensors employing
other analytical techniques than fluorescence spectroscopy. The fluorescence increment
properties of 5 can be ascribed to the oxidative breaking of the -B(OH). functional group
into —OH functionality in presence of H>O;. In addition to its extraordinary selectivity and

sensitivity, probe 5’ was effectively utilized for the bioimaging of H>O> inside living cells.
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Conclusions

The work presented in this thesis demonstrates the synthesis of MOFs with various
functionalized organic ligands which show a variety of framework structures. The MOF
materials can be utilized for gas storage, gas separation and chemical sensing. Due to the
lability of metal-ligand bonds, most of the reported MOFs are unstable in water. A water-
stable MOF must be strong enough to defend the intrusion of water molecules in the
framework. With careful understanding towards the stability MOF materials in aqueous
system, here the MOF materials have been synthesized with high valent metal ions (such
as Zr*', Hf*" and Ce*") and polycarboxylate based organic ligands. High valent metal ions
have been utilized for the construction of MOF materials for making the water-stable
framework structures. The water-stable MOF materials have been applied here for the
applications in selective gas storage, gas separation, chemical sensing and cell imaging.
The functionalized organic ligands have been used here for the construction of
functionalized MOF materials for the above-mentioned applications. The attached
functional groups of ligands in the MOF frameworks can act as an active site for specific
gas molecules (during gas adsorption) or analytes (during fluorescence sensing). Thus, the
resulting MOFs enhance their selectivity towards the target gas molecule or analyte.
Therefore, the functionalized MOFs can be applied for the selective separation of gas
molecules from the gas mixtures. Furthermore, they can be utilized for the fluorogenic

detection of targeted analyte in the presence of interfering analytes.

In Chapter 2, the facile synthesis, characterization and gas adsorption properties of two
new Zr(IV) and Ce(IV) based MOF materials are presented. The Zr(IV) and Ce(IV)-based
MOF materials were successfully synthesized under solvothermal conditions by using
H>CCA ligand in DMF (150 °C, 24 h for Zr(IV); 100 °C, 20 min for Ce(IV)). The
crystallinity and phase purity of both materials were confirmed by the XRPD analysis. The
XRPD experiments disclosed that both materials are structurally analogous to the DUT-
52 framework material. TG analysis revealed that the Zr(IV) and Ce(IV)-based MOF
materials are stable up to 390 and 300 °C in air atmosphere, respectively. The chemical
stability of both materials was checked by the XRPD experiments. Both materials are
moderately stable in water and methanol. However, they lose their crystallinities when
exposed to 1M HCIL. The N: sorption analysis with the Zr(IV) and Ce(IV)-based MOFs
revealed that the specific BET surface areas are 870 and 1210 m? g!, respectively. The
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CO; uptake values of the Zr(IV) and Ce(IV)-based MOFs at 0 °C at 1 bar are 2.0 and 1.6

mmol g”!, respectively.

The successful synthesis, complete characterization, thermal and chemical stability as
well as fluorescence sensing properties of a new, highly luminescent, thiadiazole-
functionalized Zr(IV)-based MOF material having UiO-68 framework topology is
presented in Chapter 3. The material was synthesized by using a mixture of ZrCls,
H>BTDB ligand and trifluoroacetic acid in DMF under solvothermal conditions. As
confirmed by the steady-state fluorescence titration experiments, the activated MOF
material showed high selectivity towards 2,4,6-trinitrophenol (TNP). The selectivity
towards TNP was also observed in the presence of other potentially interfering
nitroaromatic explosives. The limit of detection of the activated material for TNP sensing
was found to be 1.63 x 10°® M, which is comparable with the previously reported MOF-
based probes for TNP sensing. The recyclability experiments revealed that the MOF
compound is highly photo-stable and reusable. Thus, it can be used for long-term in-field
detection of nitroaromatic explosive compounds. Both energy and electron transfer
mechanisms could be the cause for the highest fluorescence quenching efficiency of TNP.
Moreover, the strong electrostatic interactions between the Lewis basic N-donor sites of
the anchored BTDB ligand of the framework and the acidic —OH group of TNP might be
ascribed for the high selectivity of TNP. Due to high sensitivity and selectivity towards
TNP, the fluorescent MOF-based probe is a potential candidate for the real time detection
of TNP.

The first boronic acid functionalized Hf-based UiO-66 MOF having the ability to detect
both extracellular and intracellular peroxynitrite is presented in Chapter 4. The MOF
material was synthesized under solvothermal conditions by using an equimolar mixture of
HfClsy and H>BDC-B(OH); ligand in DMF in presence of formic acid. The XRPD
experiments revealed that the MOF compound is isostructural with the Hf-UiO-66
framework. The activated compound was utilized as a fluorescent turn-on probe for the
rapid sensing of extracellular peroxynitrite (ONOO™) under simulated biological
conditions (10 mM HEPES buffer, pH = 7.4). Moreover, it selectively senses the
peroxynitrite even in the presence of other reactive oxygen/nitrogen species (ROS/RNS).
The oxidative cleavage of attached boronic acid groups forming corresponding hydroxy-

functionalized ligands can be accounted for the fluorescent increment phenomenon in the
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presence of ONOO™. The probe showed extraordinary sensitivity (detection limit = 9.0
nM) toward ONOOQO™ in 10 mM HEPES buffer at pH = 7.4. The probe-loaded cells did not
display cytotoxicity and morphological deformities. It is remarkable that the probe inside
the cells responded toward the peroxynitrite solution to give an intense blue fluorescent
signal. The fluorescence microscopy investigation with J774A.1 macrophage cells clearly

demonstrated that the MOF probe is suitable to image peroxynitrite in living cells.

In Chapter 5, a new boronic acid functionalized Zr(IV) MOF having the capability of
sensing H2O7 in live cells is presented. The Zr-MOF bears UiO-66 structure. It was
synthesized under solvothermal conditions by using a mixture of ZrCls, H. BDC-B(OH)>
ligand and formic acid in DMA. The activated MOF material was employed for the
fluorometric detection of H2O: in 10 mM HEPES buffer at pH = 7.4. It showed high
selectivity towards H>O> even in the presence of interfering ROS and other biologically
relevant analytes. The fluorescent probe was found to display extraordinary sensitivity for
H>0> (detection limit = 0.015 pM) in HEPES buffer, which represents a lower value in
comparison to those of the MOF probes documented so far for sensing H20O» using other
analytical methods than fluorescence spectroscopy. The fluorescence increment properties
of the probe can be ascribed to the oxidative cleavage of the -B(OH): functional group into
an -OH functionality in the presence of H>O,. Taking advantage of its high selectivity and
sensitivity for HO, in HEPES buffer, the MOF probe was successfully applied for the
imaging of intracellular H2O. Imaging studies with MDAMB-231 cells disclosed the
emergence of bright blue fluorescence after loading with the MOF probe and subsequent

treatment with H,O> solution.
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Type of use: The.sls;mssermtion

TERMS AND CONDITIONS
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None
Other Terms and Conditions:

STANDARD TERMS AND CONDITIONS

1, Description of Service; Defined Terms, This Republication License enables the User to obtain licenses for republication
of one or more copyrighted works as described in detail on the relevant Order Confirmation (the "Work(s)"). Copyright
Clearance Center, Inc, ("CCC") grants licenses through the Service on behalf of the rightsholder identified on the Order
Confirmation (the “Rightsholder”). "Republication”, as used herein, generally means the inclusion of a Work, in whole or in
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entity making such republication.

2. The terms set forth in the relevant Order Confirmation, and any terms set by the Rightsholder with respect to a
particular Work, govern the terms of use of Works in connection with the Service. By using the Service, the person
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fashion.

3. Scope of License; Limitations and Obligations.

3.1 All Works and all rights therein, including copyright rights, remain the sole and exclusive property of the Rightsholder.
The license created by the exchange of an Order Confirmation (and/or any invoice) and payment by User of the full
amount set forth on that document includes only those rights expressly set forth in the Order Confirmation and in these
terms and conditions, and conveys no other rights in the Work(s) to User. All rights not expressly granted are hereby
reserved.

3.2 General Payment Terms: You may pay by credit card or through an account with us payable at the end of the month.
If you and we agree that you may establish a standing account with CCC, then the following terms apply: Remit Payment
to: Copyright Clearance Center, 29118 Network Place, Chicago, IL 60673-1291. Payments Due: Invoices are payable upon
their dellvery to you (or upon our notice to you that they are avallable to you for downloading). After 30 days,
outstanding amounts will be subject to a service charge of 1-1/2% per month or, if less, the maximum rate allowed by
applicable law. Unless otherwise specifically set forth in the Order Confirmation or in a separate written agreement signed
by CCC, invoices are due and payable on "net 30" terms. While User may exercise the rights licensed immediately upon
issuance of the Order Canfirmation, the license is automatically revoked and is null and void, as if it had never been
issued, if complete payment for the license is not received on a timely basis either from User directly or through a
payment agent, such as a credit card company.

3.3 Unless otherwise provided in the Order Confirmation, any grant of rights to User (i) is “one-time" {including the
editions and product family specified in the license), (ii) is non-exclusive and non-trar ble and (jii) is subject to any
and all limitations and restrictions (such as, but not limited to, limitations on duration of use or circulation) included in the
Order Confirmation or invoice and/or in these terms and conditions. Upon completion of the licensed use, User shall either
secure a new permission for further use of the Work({s) or immediately cease any new use of the Work(s) and shall render
inaccessible (such as by deleting or by removing or severing links or other locators) any further copies of the Work
(except for copies printed on paper in accordance with this license and still in User's stock at the end of such period).

3.4 In the event that the material for which a republication license is sought includes third party materials (such as

photographs, illustrations, graphs, Inserts and similar materials) which are identified in such material as having been used
by per User Is resy ible for identifying, and seeking separate licenses (under this Service or otherwise) for, any
of such third party materials; without a separate license, such third party materials may not be used.

3.5 Use of proper copyright notice for a Work is required as a condition of any license granted under the Service. Unless
otherwise provided in the Order Confirmation, a proper copyright notice will read substantlally as follows: “Republished
with permission of [Rightsholder’s name], from [Work's title, author, volume, edition number and year of copyright];
permission conveyed through Copyright Clearance Center, Inc. ” Such notice must be provided in a reasonably legible font
size and must be placed either immediately adjacent to the Work as used (for example, as part of a by-line or footnote
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but not as a separate electronic link) or in the place where substantially all other credits or notices for the new work
containing the republished Work are |ocated. Failure to include the required notice results in loss to the Rightsholder and
CCC, and the User shall be liable to pay liquidated damages for each such failure equal to twice the use fee spacified in
the Order Confirmation, in addition to the use fee itself and any other fees and charges specified.

3.6 User may only make alterations to the Work if and as expressly set forth in the Order Confirmation, No Work may be
used in any way that is defamatory, violates the rights of third parties (including such third parties’ rights of copyright,
privacy, publicity, or other tangible or intangible property), or is otherwise illegal, sexually explicit or obscene, In
addition, User may not conjoin a Work with any other material that may result in damage to the reputation of the
Rightsholder. User agrees to inform CCC if it becomes aware of any infringement of any rights in a Work and to cooperate
with any reasonable request of CCC or the Rightsholder in connection therewith.

4, Indemnity. User hereby indemnifies and agrees to defend the Rightsholder and CCC, and their respective employees
and directors, against all claims, liability, d ges, costs and exp , Including legal fees and expenses, arising out of
any use of a Work beyond the scope of the rights granted herein, or any use of a Work which has been altered in any
unauthorized way by User, Inciuding claims of defamation or infringement of rights of copyright, publicity, privacy or other
tangibie or intangible property.

5. Limitation of Liability, UNDER NO CIRCUMSTANCES WILL CCC OR THE RIGHTSHOLDER BE LIABLE FOR ANY DIRECT,
INDIRECT, CONSEQUENTIAL OR INCIDENTAL DAMAGES (INCLUDING WITHOUT LIMITATION DAMAGES FOR LOSS OF
BUSINESS PROFITS OR INFORMATION, OR FOR BUSINESS INTERRUPTION]) ARISING OUT OF THE USE OR INABILITY TO
USE A WORK, EVEN IF ONE OF THEM HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH DAMAGES. In any event, the
total liability of the Rightsholder and CCC (including their respective employees and directors) shall not exceed the total
amount actually paid by User for this license. User assumes full liabllity for the actions and omissions of its principals,
employees, agents, affiliates, successors and assigns.

6. Limited Warranties. THE WORK(S) AND RIGHT(S) ARE PROVIDED “AS 1S". CCC HAS THE RIGHT TO GRANT TO USER
THE RIGHTS GRANTED IN THE ORDER CONFIRMATION DOCUMENT. CCC AND THE RIGHTSHOLDER DISCLAIM ALL OTHER
WARRANTIES RELATING TO THE WORK(S) AND RIGHT(S), EITHER EXPRESS OR IMPLIED, INCLUDING WITHOUT
LIMITATION IMPLIED WARRANTIES OF MERCHANTABILITY OR FITNESS FOR A PARTICULAR PURPOSE. ADDITIONAL
RIGHTS MAY BE REQUIRED TO USE ILLUSTRATIONS, GRAPHS, PHOTOGRAPHS, ABSTRACTS, INSERTS OR OTHER
PORTIONS OF THE WORK (AS OPPOSED TO THE ENTIRE WORK) IN A MANNER CONTEMPLATED BY USER; USER
UNDERSTANDS AND AGREES THAT NEITHER CCC NOR THE RIGHTSHOLDER MAY HAVE SUCH ADDITIONAL RIGHTS TO
GRANT.

7. Effect of Breach. Any failure by User to pay any amount when due, or any use by User of a Work beyond the scope of
the license set forth in the Order Confirmation and/or these terms and conditions, shall be a material breach of the
license created by the Order Confirmation and these terms and conditions. Any breach not cured within 30 days of written
notice thereof shall result in immediate termination of such license without further notice. Any unauthorized (but
licensable) use of a Work that is terminated Immediately upon notice thereof may be liquidated by payment of the
Rightsholder's ordinary license price therefor; any unauthorized (and unlicensable) use that is not terminated
immediately for any reason (Including, for example, because materials containing the Work cannot reasonably be
recalled} will be subject to all remedies available at law or in equity, but in no event to a payment of less than three times
the Rightsholder’s ordinary license price for the most closely analogous licensable use plus Rightshelder’s and/or CCC's
costs and expenses incurred in collecting such payment.

8, Miscellaneous.

8.1 User acknowledges that CCC may, from time to time, make changes or additions to the Service or to these terms and
conditions, and CCC reserves the right to send notice to the User by electronic mail or otherwise for the purposes of
notifying User of such changes or additions; provided that any such changes or additions shall not apply to permissions
already secured and paid for.

8.2 Use of User-related information collected through the Service is governed by CCC's privacy policy, avallable online
here: http://www.copyright.com/content/cc3/en/tools/footer/privacypolicy.html.

8.3 The licensing transaction described in the Order Confirmation is personal to User. Therefore, User may not assign or
transfer to any other person (whether a natural person or an organization of any kind) the license created by the Order
Confirmation and these terms and conditions or any rights granted hereunder; provided, however, that User may assign
such license in its entirety on written notice to CCC in the event of a transfer of all or substantially all of User's rights in
the new material which includes the Work(s) licensed under this Service.

8.4 No amendment or waiver of any terms is binding unless set forth in writing and signed by the parties. The
Rightsholder and CCC hereby object to any terms contained in any writing prepared by the User or its principals,
employees, agents or affiliates and purporting to govern or otherwise relate to the licensing transaction described in the
Order Confirmation, which terms are in any way inconsistent with any terms set forth in the Order Confirmation and/or in
these terms and conditions or CCC's standard operating procedures, whether such writing is prepared prior to,

simul ly with or subseq) to the Order Confirmation, and whether such writing appears on a copy of the Order
Confir or in a sep Instrument.

8.5 The licensing transaction described in the Order Confirmation docurment shall be governed by and construed under
the law of the State of New York, USA, without regard to the principles thereof of conflicts of law. Any case, controversy,
suit, action, or proceading arising out of, in connection with, or related to such licensing transaction shall be brought, at
CCC's sole discretion, in any federal or state court located in the County of New York, State of New York, USA, or in any
federal or state court whose geographical jurisdiction covers the location of the Rightsholder set forth in the Order
Confirmation. The parties expressly submit to the personal jurisdiction and venue of each such federal or state court,If
you have any comments or questions about the Service or Copyright Clearance Center, please contact us at 978-750-
B400 or send an e-mail to info@copyright.com,
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Per type: Rep or display content
Type of use: Thesis/Dissertation

TERMS AND CONDITIONS
The following terms are individual to this publist

None

Other Terms and Conditions:

STANDARD TERMS AND CONDITIONS

1, Description of Service; Defined Terms. This Republication License enables the User to obtain licenses for republication
of one or more copyrighted works as described in detail on the relevant Order Confirmation (the "Work(s)"). Copyright
Clearance Center, Inc. ("CCC") grants licenses through the Service on behalf of the rightsholder identified on the Order
Confir ion (the “Rightsholder”). "Republication”, as used herein, generally means the inclusion of a Work, in whole or in
part, in a new work or works, also as describad on the Order Confirmation. "User®, as used herein, means the person or
entity making such republication.

2. The terms set forth in the relevant Order Confirmation, and any terms set by the Rightsholder with respect to a
particular Work, govern the terms of use of Works in connection with the Service. By using the Service, the person
transacting for a republication license on behalf of the User represents and warrants that he/she/it (a) has been duly
authorized by the User to accept, and hereby does accept, all such terms and conditions on behalf of User, and (b) shall
inform User of all such terms and conditions. In the event such person is a "freelancer” or other third party independent
of User and CCC, such party shall be deemed jointly a "User” for purposes of these terms and conditions. In any event,
User shall be deemed to have accepted and agreed to all such terms and conditions if User republishes the Work in any
fashion.

3. Scope of License; Limitations and Obligations.

3.1 All Works and all rights therein, including copyright rights, remain the sole and exclusive property of the Rightsholder.
The license created by the exchange of an Order Confirmation (and/or any invoice) and payment by User of the full
amount set forth on that document includes only those rights expressly set forth in the Order Confirmation and in these
terms and conditions, and conveys no other rights in the Work(s) to User. All rights not expressly granted are hereby
reserved,

3.2 General Payment Terms: You may pay by credit card or through an account with us payable at the end of the month.
If you and we agree that you may establish a standing account with CCC, then the following terms apply: Remit Payment
to: Copyright Clearance Center, 29118 Network Place, Chicago, IL 60673-1291. Payments Due: Invoices are payable upon
their delivery to you (or upon our notice to you that they are ilable to you for d loading). After 30 days,
outstanding amounts will be subject to a service charge of 1-1/2% per month or, if less, the maximum rate allowed by
applicable law. Unless otherwise specifically set forth in the Order Confirmation or in a separate written agreement signed
by CCC, invoices are due and payable on "net 30" terms. While User may exercise the rights licensed immediately upon
issuance of the Order Confirmation, the license is automatically revoked and is null and void, as if it had never been
issued, if complete payment for the license is not received on a timely basis either from User directly or through a
payment agent, such as a credit card company,

3.3 Unless otherwise provided in the Order Confirmation, any grant of rights to User (i) is "one-time” (including the
editions and product family specified in the license), (ii) is non-exclusive and non-transferable and (iii) is subject to any
and all limitations and restrictions (such as, but not limited to, limitations on duration of use or circulation) included in the
Order Confirmation or invoice and/or in these terms and conditions. Upon completion of the licensed use, User shall either
secure a new permission for further use of the Work(s) or immediately cease any new use of the Work(s) and shall render
inaccessible (such as by deleting or by removing or severing links or other locators) any further copies of the Work
(except for copies printed on paper in accordance with this license and still in User's stock at the end of such period).

3.4 In the event that the material for which a republication license is sought includes third party materials (such as
photographs, lllustrations, graphs, inserts and similar materials) which are identified In such material as having been used
by permi , User is resp le for identifying, and seeking separate licenses (under this Service or otherwise) for, any
of such third party materials; without a separate license, such third party materials may not be used.

3.5 Use of proper copyright notice for a Work is required as a condition of any license granted under the Service. Unless
otherwise provided in the Order Confirmation, a proper copyright notice will read substantially as follows: “"Republished
with permission of [Rightsholder’s name], from [Work's title, author, volume, edition number and year of copyright];
permission conveyed through Copyright Clearance Center, Inc. * Such notice must be provided in a reasonably legible font
size and must be placed either immediately adjacent to the Work as used (for example, as part of a by-line or footnote
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but not as a separate electronic link) or in the place where substantially all other credits or notices for the new work
containing the republished Work are located. Failure to include the required notice results in loss to the Rightsholder and
CCC, and the User shall be liable to pay liquidated damages for each such failure equal to twice the use fee specified in
the Order Confirmation, in addition to the use fee itself and any other fees and charges specified.

3.6 User may only make alterations to the Work if and as expressly set forth in the Order Confirmation. Mo Work may be
used in any way that is defamatory, violates the rights of third parties (including such third parties' rights of copyright,
privacy, publicity, or other tangible or intangible property), or is otherwise illegal, sexually explicit or obscene, In
addition, User may not conjoin 8 Work with any other material that may result in damage to the reputation of the
Rightsholder, User agrees to inform CCC if it becomes aware of any infringement of any rights in a Work and to cooperate
with any reasonable request of CCC or the Rightsholder in connection therewith.

4. Indemnity. User hereby indemnifies and agrees to defend the Rightsholder and CCC, and their respective employees
and directors, against all claims, liability, damages, costs and expenses, including legal fees and expenses, arising out of
any use of a Work beyond the scope of the rights granted herein, or any use of a Work which has been altered in any
unauthorized way by User, including claims of defamation or infringement of rights of copyright, publicity, privacy or other
tangible or intangible property.

5. Limitation of Liability. UNDER NO CIRCUMSTANCES WILL CCC OR THE RIGHTSHOLDER BE LIABLE FOR ANY DIRECT,
INDIRECT, CONSEQUENTIAL OR INCIDENTAL DAMAGES (INCLUDING WITHOUT LIMITATION DAMAGES FOR LOSS OF
BUSINESS PROFITS OR INFORMATION, OR FOR BUSINESS INTERRUPTION) ARISING OUT OF THE USE OR INABILITY TO
USE A WORK, EVEN IF ONE OF THEM HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH DAMAGES. In any event, the
total liability of the Rightsholder and CCC (including their respective employees and directors) shall not exceed the total
amount actuzlly paid by User for this license, User assumes full liability for the actions and omissions of its principals,
employees, agents, affiliates, successors and assigns.

6. Limited Warranties. THE WORK(S) AND RIGHT(S) ARE PROVIDED "AS IS". CCC HAS THE RIGHT TO GRANT TO USER
THE RIGHTS GRANTED IN THE ORDER CONFIRMATION DOCUMENT. CCC AND THE RIGHTSHOLDER DISCLAIM ALL OTHER
WARRANTIES RELATING TO THE WORK(S) AND RIGHT(S), EITHER EXPRESS OR IMPLIED, INCLUDING WITHOUT
LIMITATION IMPLIED WARRANTIES OF MERCHANTABILITY OR FITNESS FOR A PARTICULAR PURPOSE. ADDITIONAL
RIGHTS MAY BE REQUIRED TO USE ILLUSTRATIONS, GRAPHS, PHOTOGRAPHS, ABSTRACTS, INSERTS OR OTHER
PORTIONS OF THE WORK (AS OPPOSED TO THE ENTIRE WORK) IN A MANNER CONTEMPLATED BY USER; USER
UNDERSTANDS AND AGREES THAT NEITHER CCC NOR THE RIGHTSHOLDER MAY HAVE SUCH ADDITIONAL RIGHTS TO

7. Effect of Breach, Any failure by User to pay any amount when due, or any use by User of a Work beyond the scope of
the license set forth in the Order Confirmation and/or these terms and conditions, shall be a material breach of the
license created by the Order Confirmation and these terms and conditions, Any breach not cured within 30 days of written
notice thereof shall result in immediate termination of such license without further notice. Any unauthorized (but
licensable) use of a Work that is terminated immediately upon notice thereof may be liquidated by payment of the
Rightsholder's ordinary license price therefor; any unauthorized (and unlicensable) use that is not terminated
immediately for any reason (including, for example, because materials containing the Work cannot reasonably be
recalled) will be subject to all remedies available at law or in equity, but in no event to a payment of less than three times
the Rightsholder's ordinary license price for the most closely analogous licensable use plus Rightsholder's and/or CCC's
costs and expenses incurred in collecting such payment.

8, Miscellaneous.

8.1 User acknowledges that CCC may, from time to time, make changes or additions to the Service or to these terms and
conditions, and CCC reserves the right to send notice to the User by electronic mail or otherwise for the purposes of
notifying User of such changes or additions; provided that any such changes or additions shall not apply to permissions
already secured and paid for.

8,2 Use of User-related information collected through the Service is governed by CCC's privacy policy, available online
here: http://www.copyright.com/content/cc3/en/tools/footer/privacypolicy.html.

8.3 The licensing transaction described in the Order Confirmation is personal to User. Therefore, User may not assign or
transfer to any other person (whether a natural person or an organization of any kind) the license created by the Order
Confirmation and these terms and conditions or any rights granted hereunder; provided, however, that User may assign
such license in its entirety on written notice to CCC in the event of a transfer of all or substantially all of User's rights in
the new material which includes the Work(s) licensed under this Service.

8.4 No amendment or waiver of any terms is binding unless set forth in writing and signed by the parties. The
Rightsholder and CCC hereby object to any terms contained in any writing prepared by the User or its principals,
employees, agents or affiliates and purporting to govern or otherwise relate to the licensing transaction described in the
Order Confirmation, which terms are in any way inconsistent with any terms set forth in the Order Confirmation and/or in
these terms and conditions or CCC's standard operating procedures, whether such writing is prepared prior to,
simultaneously with or subsequent to the Order Confirmation, and whether such writing appears on a copy of the Order
Confirmation or in a separate instrument.

8.5 The licensing transaction described in the Order Confirmation document shall be governed by and construed under
the law of the State of New York, USA, without regard to the principles thereof of conflicts of law, Any case, controversy,
suit, action, or proceeding arising out of, in connection with, or related to such licensing transaction shall be brought, at
CCC's sole discretion, in any federal or state court located in the County of New York, State of New York, USA, or in any
federal or state court whose geographical jurisdiction covers the location of the Rightsholder set forth in the Order
Confirmation, The parties expressly submit to the personal jurisdiction and venue of each such federal or state court.If
you have any comments or questions about the Service or Copyright Clearance Center, please contact us at 978-750-
8400 or send an e-mail to info@copyright.com.
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Terms and Conditions

INTRODUCTION

1. The publisher for this copyrighted material is Elsevier. By clicking "accept" in connection
with completing this licensing transaction, you agree that the following terms and conditions
apply to this transaction (along with the Billing and Payment terms and conditions
established by Copyright Clearance Center, Inc. ("CCC"), at the time that you opened your
Rightslink account and that are available at any time at http://myaccount.copyright.com).

GENERAL TERMS
2. Elsevier hereby grants you permission to reproduce the aforementioned material subject to
the terms and conditions indicated.
3. Acknowledgement: If any part of the material to be used (for example, figures) has
appeared in our publication with credit or acknowledgement to another source, permission
must also be sought from that source. If such permission is not obtained then that material
may not be included in your publication/copies. Suitable acknowledgement to the source
must be made, cither as a footnote or in a reference list at the end of your publication, as
follows:
"Reprinted from Publication title, Vol /edition number, Author(s), Title of article / title of
chapter, Pages No., Copyright (Year), with permission from Elsevier [OR APPLICABLE
SOCIETY COPYRIGHT OWNER]." Also Lancet special credit - "Reprinted from The
Lancet, Vol. number, Author(s), Title of article, Pages No., Copyright (Year), with
permission from Elsevier."
4. Reproduction of this material is confined to the purpose and/or media for which
permission is hereby given.
5. Altering/Modifying Material: Not Permitted. However figures and illustrations may be
altered/adapted minimally to serve your work. Any other abbreviations, additions, deletions
and/or any other alterations shall be made only with prior written authorization of Elsevier
Ltd. (Please contact Elsevier at permissions@elsevier.com). No modifications can be made
to any Lancet figures/tables and they must be reproduced in full.
6. If the permission fee for the requested use of our material is waived in this instance,
please be advised that your future requests for Elsevier materials may attract a fee.
7. Reservation of Rights: Publisher reserves all rights not specifically granted in the
combination of (i) the license details provided by you and accepted in the course of this
licensing transaction, (ii) these terms and conditions and (iii) CCC's Billing and Payment
terms and conditions.
8. License Contingent Upon Payment: While you may exercise the rights licensed
immediately upon issuance of the license at the end of the licensing process for the
transaction, provided that you have disclosed complete and accurate details of your proposed
use, no license is finally effective unless and until full payment is received from you (either
by publisher or by CCC) as provided in CCC's Billing and Payment terms and conditions. If
full payment is not received on a timely basis, then any license preliminarily granted shall be
deemed automatically revoked and shall be void as if never granted. Further, in the event
that you breach any of these terms and conditions or any of CCC's Billing and Payment
terms and conditions, the license is automatically revoked and shall be void as if never
granted. Use of materials as described in a revoked license, as well as any use of the
materials beyond the scope of an unrevoked license, may constitute copyright infringement
and publisher reserves the right to take any and all action to protect its copyright in the
materials.
9. Warranties: Publisher makes no representations or warranties with respect to the licensed
material.
10. Indemnity: You hereby indemnify and agree to hold harmless publisher and CCC, and
their respective officers, directors, employees and agents, from and against any and all
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claims arising out of your use of the licensed material other than as specifically authorized
pursuant to this license.
11, No Transfer of License: This license is personal to you and may not be sublicensed,
assigned, or transferred by you to any other person without publisher's written permission.
12. No Amendment Except in Writing: This license may not be amended except in a writing
signed by both parties (or, in the case of publisher, by CCC on publisher's behalf).
13. Objection to Contrary Terms: Publisher hereby objects to any terms contained in any
purchase order, acknowledgment, check endorsement or other writing prepared by you,
which terms are inconsistent with these terms and conditions or CCC's Billing and Payment
terms and conditions. These terms and conditions, together with CCC's Billing and Payment
terms and conditions (which are incorporated herein), comprise the entire agreement
between you and publisher (and CCC) concerning this licensing transaction. In the event of
any conflict between your obligations established by these terms and conditions and those
established by CCC's Billing and Payment terms and conditions, these terms and conditions
shall control.
14, Revocation: Elsevier or Copyright Clearance Center may deny the permissions described
in this License at their sole discretion, for any reason or no reason, with a full refund payable
to you. Notice of such denial will be made using the contact information provided by you.
Failure to receive such notice will not alter or invalidate the denial. In no event will Elsevier
or Copyright Clearance Center be responsible or liable for any costs, expenses or damage
incurred by you as a result of a denial of your permission request, other than a refund of the
amount(s) paid by you to Elsevier and/or Copyright Clearance Center for denied
permissions.
LIMITED LICENSE

The following terms and conditions apply only to specific license types:
15. Translation: This permission is granted for non-exclusive world English rights only
unless your license was granted for translation rights. If you licensed translation rights you
may only translate this content into the languages you requested. A professional translator
must perform all translations and reproduce the content word for word preserving the
integrity of the article.
16. Posting licensed content on any Website: The following terms and conditions apply as
follows: Licensing material from an Elsevier journal: All content posted to the web site must
maintain the copyright information line on the bottom of each image; A hyper-text must be
included to the Homepage of the journal from which you are licensing at
hmibmmmmmm{ssm oumal/xxxxx or the Elsevier homepage for books at

; Central Storage: This license does not include permission for a
scanned version of the material to be stored in a central repository such as that provided by
Heron/XanEdu.
Licensing material from an Elsevier book: A hyper-text link must be included to the Elsevier
homepage at htip://www.elsevier.com . All content posted to the web site must maintain the
copyright information line on the bottom of each image.

Posting licensed content on Electronic reserve: In addition to the above the following
clauses are applicable: The web site must be password-protected and made available only to
bona fide students registered on a relevant course. This permission is granted for 1 year only.
You may obtain a new license for future website posting.

17. For journal authors: the following clauses are applicable in addition to the above:
Preprints:

A preprint is an author's own write-up of research results and analysis, it has not been peer-
reviewed, nor has it had any other value added to it by a publisher (such as formatting,
copyright, technical enhancement etc.).

Authors can share their preprints anywhere at any time. Preprints should not be added to or
enhanced in any way in order to appear more like, or to substitute for, the final versions of
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articles however authors can update their preprints on arXiv or RePEc with their Accepted
Author Manuscript (see below).

If accepted for publication, we encourage authors to link from the preprint to their formal
publication via its DOI. Millions of researchers have access to the formal publications on
ScienceDirect, and so links will help users to find, access, cite and use the best available
version. Please note that Cell Press, The Lancet and some society-owned have different
preprint policies. Information on these policies is available on the journal homepage.
Accepted Author Manuscripts: An accepted author manuseript is the manuscript of an
article that has been accepted for publication and which typically includes author-
incorporated changes suggested during submission, peer review and editor-author
communications.

Authors can share their accepted author manuscript:

« immediately
o via their non-commercial person homepage or blog
o by updating a preprint in arXiv or RePEc with the accepted manuscript
o via their research institute or institutional repository for internal institutional
uses or as part of an invitation-only research collaboration work-group
o directly by providing copies to their students or to research collaborators for
their personal use
o for private scholarly sharing as part of an invitation-only work group on
commercial sites with which Elsevier has an agreement
« After the embargo period
o via non-commercial hosting platforms such as their institutional repository
o via commercial sites with which Elsevier has an agreement

In all cases accepted manuscripts should:

« link to the formal publication via its DOI

* bear a CC-BY-NC-ND license - this is easy to do

« if appregated with other manuscripts, for example in a repository or other site, be
shared in alignment with our hosting policy not be added to or enhanced in any way to
appear more like, or to substitute for, the published journal article.

Published journal article (JPA): A published journal article (PJA) is the definitive final
record of published research that appears or will appear in the journal and embodies all
value-adding publishing activities including peer review co-ordination, copy-editing,
formatting, (if relevant) pagination and online enrichment.
Policies for sharing publishing journal articles differ for subscription and gold open access
articles:
Subscription Articles: If you are an author, please share a link to your article rather than the
full-text. Millions of researchers have access to the formal publications on ScienceDirect,
and so links will help your users to find, access, cite, and use the best available version.
Theses and dissertations which contain embedded PJAs as part of the formal submission can
be posted publicly by the awarding institution with DOI links back to the formal
publications on ScienceDirect.
If you are affiliated with a library that subscribes to ScienceDirect you have additional
private sharing rights for others' research accessed under that agreement. This includes use
for classroom teaching and internal training at the institution (including use in course packs
and courseware programs), and inclusion of the article for grant funding purposes.

icles: May be shared according to the author-selected end-user
license and should contain a CrossMark logo, the end user license, and a DOI link to the
formal publication on ScienceDirect.
Please refer to Elsevier's posting policy for further information.
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18. For book authors the following clauses are applicable in addition to the above:
Authors are permitted to place a brief summary of their work online only. You are not
allowed to download and post the published electronic version of your chapter, nor may you
scan the printed edition to create an electronic version. Posting to a repository: Authors are
permitted to post a summary of their chapter only in their institution's repository.

19. Thesis/Dissertation: If your license is for use in a thesis/dissertation your thesis may be
submitted to your institution in either print or electronic form. Should your thesis be
published commercially, please reapply for permission. These requirements include
permission for the Library and Archives of Canada to supply single copies, on demand, of
the complete thesis and include permission for Proquest/UMI to supply single copies, on
demand, of the complete thesis. Should your thesis be published commercially, please
reapply for permission. Theses and dissertations which contain embedded PJAs as part of
the formal submission can be posted publicly by the awarding institution with DOI links
back to the formal publications on ScienceDirect.

Elsevier Open Access Terms and Conditions

You can publish open access with Elsevier in hundreds of open access journals or in nearly
2000 established subscription journals that support open access publishing. Permitted third
party re-use of these open access articles is defined by the author's choice of Creative
Commons user license. See our open access license policy for more information.

Terms & Conditions applicable to all Open Access articles published with Elsevier:
Any reuse of the article must not represent the author as endorsing the adaptation of the
article nor should the article be modified in such a way as to damage the author's honour or
reputation. If any changes have been made, such changes must be clearly indicated.

The author(s) must be appropriately credited and we ask that you include the end user
license and a DOI link to the formal publication on ScienceDirect.

If any part of the material to be used (for example, figures) has appeared in our publication
with credit or acknowledgement to another source it is the responsibility of the user to
ensure their reuse complies with the terms and conditions determined by the rights holder.
Additional Terms & Conditions applicable to each Creative Commons user license:
CC BY: The CC-BY license allows users to copy, to create extracts, abstracts and new
works from the Article, to alter and revise the Article and to make commercial use of the
Article (including reuse and/or resale of the Article by commercial entities), provided the
user gives appropriate credit (with a link to the formal publication through the relevant
DOI), provides a link to the license, indicates if changes were made and the licensor is not
represented as endorsing the use made of the work. The full details of the license are
available at http://creativecommons.org/licenses/by/4.0.

CC BY NC SA: The CC BY-NC-SA license allows users to copy, to create extracts,
abstracts and new works from the Article, to alter and revise the Article, provided tlus is not
done for commercial purposes, and that the user gives appropriate credit (with a link to the
formal publication through the relevant DOI), provides a link to the license, indicates if
changes were made and the licensor is not represented as endorsing the use made of the
work. Further, any new works must be made available on the same conditions. The full
details of the license are available at hitp://creativecommons.org/licenses/by-nc-sa/4.0.

CC BY NC ND: The CC BY-NC-ND license allows users to copy and distribute the Article,
provided this is not done for commercial purposes and further does not permit distribution of
the Article if it is changed or edited in any way, and provided the user gives appropriate
credit (with a link to the formal publication through the relevant DOI), provides a link to the
license, and that the licensor is not represented as endorsing the use made of the work. The
full details of the license are available at http://creativecommons.org/licenses/by-

Any commercial reuse of Open Access articles published with a CC BY NC SA or CC BY
NC ND license requires permission from Elsevier and will be subject to a fee.

Commercial reuse includes:
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= Associating advertising with the full text of the Article
¢ Charging fees for document delivery or access

= Article aggregation

» Systematic distribution via e-mail lists or share buttons

Posting or linking by commercial companies for use by customers of those companies,
20. Other Conditions:

v1.9

Questions? customercare@copyright.com or +1-855-239-3415 (toll free in the US) or
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INTRODUCTION

1. The publisher for this copyrighted material is Elsevier. By clicking "accept" in connection
with completing this licensing transaction, you agree that the following terms and conditions
apply to this transaction (along with the Billing and Payment terms and conditions
established by Copyright Clearance Center, Inc. ("CCC"), at the time that you opened your
Rightslink account and that are available at any time at http://myaccount.copyright.com).

GENERAL TERMS
2. Elsevier hereby grants you permission to reproduce the aforementioned material subject to
the terms and conditions indicated.
3. Acknowledgement: If any part of the material to be used (for example, figures) has
appeared in our publication with credit or acknowledgement to another source, permission
must also be sought from that source. If such permission is not obtained then that material
may not be included in your publication/copies. Suitable acknowledgement to the source
must be made, cither as a footnote or in a reference list at the end of your publication, as
follows:
"Reprinted from Publication title, Vol /edition number, Author(s), Title of article / title of
chapter, Pages No., Copyright (Year), with permission from Elsevier [OR APPLICABLE
SOCIETY COPYRIGHT OWNER]." Also Lancet special credit - "Reprinted from The
Lancet, Vol. number, Author(s), Title of article, Pages No., Copyright (Year), with
permission from Elsevier."
4. Reproduction of this material is confined to the purpose and/or media for which
permission is hereby given.
5. Altering/Modifying Material: Not Permitted. However figures and illustrations may be
altered/adapted minimally to serve your work. Any other abbreviations, additions, deletions
and/or any other alterations shall be made only with prior written authorization of Elsevier
Ltd. (Please contact Elsevier at permissions@elsevier.com). No modifications can be made
to any Lancet figures/tables and they must be reproduced in full.
6. If the permission fee for the requested use of our material is waived in this instance,
please be advised that your future requests for Elsevier materials may attract a fee.
7. Reservation of Rights: Publisher reserves all rights not specifically granted in the
combination of (i) the license details provided by you and accepted in the course of this
licensing transaction, (ii) these terms and conditions and (iii) CCC's Billing and Payment
terms and conditions.
8. License Contingent Upon Payment: While you may exercise the rights licensed
immediately upon issuance of the license at the end of the licensing process for the
transaction, provided that you have disclosed complete and accurate details of your proposed
use, no license is finally effective unless and until full payment is received from you (either
by publisher or by CCC) as provided in CCC's Billing and Payment terms and conditions. If
full payment is not received on a timely basis, then any license preliminarily granted shall be
deemed automatically revoked and shall be void as if never granted. Further, in the event
that you breach any of these terms and conditions or any of CCC's Billing and Payment
terms and conditions, the license is automatically revoked and shall be void as if never
granted. Use of materials as described in a revoked license, as well as any use of the
materials beyond the scope of an unrevoked license, may constitute copyright infringement
and publisher reserves the right to take any and all action to protect its copyright in the
materials,
9. Warranties: Publisher makes no representations or warranties with respect to the licensed
material.
10. Indemnity: You hereby indemnify and agree to hold harmless publisher and CCC, and
their respective officers, directors, employees and agents, from and against any and all
claims arising out of your use of the licensed material other than as specifically authorized
pursuant to this license.
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11, No Transfer of License: This license is personal to you and may not be sublicensed,
assigned, or transferred by you to any other person without publisher's written permission.
12, No Amendment Except in Writing: This license may not be amended except in a writing
signed by both parties (or, in the case of publisher, by CCC on publisher's behalf).
13. Objection to Contrary Terms: Publisher hereby objects to any terms contained in any
purchase order, acknowledgment, check endorsement or other writing prepared by you,
which terms are inconsistent with these terms and conditions or CCC's Billing and Payment
terms and conditions. These terms and conditions, together with CCC's Billing and Payment
terms and conditions (which are incorporated herein), comprise the entire agreement
between you and publisher (and CCC) concerning this licensing transaction, In the event of
any conflict between your obligations established by these terms and conditions and those
established by CCC's Billing and Payment terms and conditions, these terms and conditions
shall control.
14. Revocation: Elsevier or Copyright Clearance Center may deny the permissions described
in this License at their sole discretion, for any reason or no reason, with a full refund payable
to you. Notice of such denial will be made using the contact information provided by you.
Failure to receive such notice will not alter or invalidate the denial. In no event will Elsevier
or Copyright Clearance Center be responsible or liable for any costs, expenses or damage
incurred by you as a result of a denial of your permission request, other than a refund of the
amount(s) paid by you to Elsevier and/or Copyright Clearance Center for denied
permissions.
LIMITED LICENSE

The following terms and conditions apply only to specific license types:
15. Translation: This permission is granted for non-exclusive world English rights only
unless your license was granted for translation rights. If you licensed translation rights you
may only translate this content into the languages you requested. A professional translator
must perform all translations and reproduce the content word for word preserving the
integrity of the article.
16. Posting licensed content on any Website: The following terms and conditions apply as
follows: Licensing material from an Elsevier journal: All content posted to the web site must
maintain the copyright information line on the bottom of each image; A hyper-text must be
mcluded to Ihe Homepagc of the Jou.mal from which you are licensing at

journal/xxxxx or the Elsevier homepage for books at

Ccntral Storage: This license does not include permission for a

scanned version of the matenal to be stored in a central repository such as that provided by
Heron/XanEdu.
Licensing material from an Elsevier book: A hyper-text link must be included to the Elsevier
homepage at htip://www.clsevier.com . All content posted to the web site must maintain the
copyright information line on the bottom of each image.

Posting licensed content on Electronic reserve: In addition to the above the following
clauses are applicable: The web site must be password-protected and made available only to
bona fide students registered on a relevant course. This permission is granted for 1 year only.
You may obtain a new license for future website posting.

17. For journal authors: the following clauses are applicable in addition to the above:
Preprints:

A preprint is an author's own write-up of research results and analysis, it has not been peer-
reviewed, nor has it had any other value added to it by a publisher (such as formatting,
copyright, technical enhancement etc.).

Authors can share their preprints anywhere at any time. Preprints should not be added to or
enhanced in any way in order to appear more like, or to substitute for, the final versions of
articles however authors can update their preprints on arXiv or RePEc with their Accepted
Author Manuscript (see below).
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If accepted for publication, we encourage authors to link from the preprint to their formal
publication via its DOL Millions of researchers have access to the formal publications on
ScienceDirect, and so links will help users to find, access, cite and use the best available
version. Please note that Cell Press, The Lancet and some society-owned have different
preprint policies. Information on these policies is available on the journal homepage.
Accepted Author Manuscripts: An accepted author manuscript is the manuscript of an
article that has been accepted for publication and which typically includes author-
incorporated changes suggested during submission, peer review and editor-author
communications.

Authors can share their accepted author manuscript:

« immediately
o via their non-commercial person homepage or blog
o by updating a preprint in arXiv or RePEc with the accepted manuscript
o via their research institute or institutional repository for internal institutional
uses or as part of an invitation-only research collaboration work-group
o directly by providing copies to their students or to research collaborators for
their personal use
o for private scholarly sharing as part of an invitation-only work group on
commercial sites with which Elsevier has an agreement
« After the embargo period
o via non-commercial hosting platforms such as their institutional repository
o via commercial sites with which Elsevier has an agreement

In all cases accepted manuscripts should:

 link to the formal publication via its DOIL

* bear a CC-BY-NC-ND license - this is easy to do

« if aggregated with other manuscripts, for example in a repository or other site, be
shared in alignment with our hosting policy not be added to or enhanced in any way to
appear more like, or to substitute for, the published journal article.

Published journal article (JPA): A published journal article (PJA) is the definitive final
record of published research that appears or will appear in the journal and embodies all
value-adding publishing activities including peer review co-ordination, copy-editing,
formatting, (if relevant) pagination and online enrichment.
Policies for sharing publishing journal articles differ for subscription and gold open access
articles:
Subscription Articles: If you are an author, please share a link to your article rather than the
full-text. Millions of researchers have access to the formal publications on ScienceDirect,
and so links will help your users to find, access, cite, and use the best available version.
Theses and dissertations which contain embedded PJAs as part of the formal submission can
be posted publicly by the awarding institution with DOI links back to the formal
publications on ScienceDirect.
If you are affiliated with a library that subscribes to ScienceDirect you have additional
private sharing rights for others' research accessed under that agreement. This includes use
for classroom teaching and internal training at the institution (including use in course packs
and courseware programs), and inclusion of the article for grant funding purposes.

icles: May be shared according to the author-selected end-user
license and should contain a CrossMark logo, the end user license, and a DOI link to the
formal publication on ScienceDirect.
Please refer to Elsevier's posting policy for further information.
18. For book authors the following clauses are applicable in addition to the above:
Authors are permitted to place a briel summary of their work online only. You are not
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Organic Framework: Applicability to Cell Imaging” Inorg. Chem. 2018, 57,
10128-10136.

6) Mostakim SK, Sooram Banesh, Vishal Trivedi and Shyam Biswas,* “Selective
and Sensitive Sensing of Hydrogen Peroxide by a Boronic Acid Functionalized
Metal-Organic Framework and its Application in Live-Cell Imaging” Inorg.

Chem. 2018, 57, 14574-14581.

173
TH-2406_146122017



Publications and Conference attended

7) Aniruddha Das, Nagaraj Anbu, Mostakim SK, Amarajothi Dhakshinamoorthy*
and Shyam Biswas,* “A Highly Active Urea Functionalized Zr(IV)-UiO-67 Metal-

Organic Framework as Hydrogen Bonding Heterogeneous Catalyst for Friedel-

Crafts Alkylationg” Inorg. Chem. 2019, 58, 5163-5172.

8) Mostakim SK, Mohammed Rafi Uz Zama Khan, Aniruddha Das, Soutick Nandi,
Vishal Trivedi and Shyam Biswas* “A phthalimide functionalized UiO-66 metal-

organic framework for the fluorogenic detection of hydrazine in live-cells” Dalton

Trans., 2019, 48, 12615-12621

9) Mostakim SK, Soumitra Barman, Shounik Paul, Ratnadip De, Sreejith S. S.,
Helge Reinsch, Maciej Grzywa, Norbert Stock, Dirk Volkmer, Shyam Biswas*
and Soumyajit Roy* “An Anthracene-Based Metal-Organic Framework for
Selective Photo-Reduction of Carbon Dioxide to Formic Acid Coupled with Water
Oxidation” ACS Catalysis. (Resubmitted, 2019).

10) Aniruddha Das, Nagaraj Anbu, Moestakim SK, Amarajothi Dhakshinamoorthy*
and Shyam Biswas,* “A Functionalized UiO-66 MOF for Turn-On Fluorescent

Sensing of Superoxide in Water and Efficient Catalysis of Knoevenagel

Condensation” Dalton Trans., 2019 (Submitted, 2019)

174
TH-2406_146122017



Publications and Conference attended

List of Conferences and Symposia Attended

1) Poster entitled “Gas sorption and transition-metal cation separation with a
thienothiophene presented based zirconium metal-organic framework” was
presented in the symposium Chemconvene, 2015, arranged at Indian Institute of

Technology Guwabhati.

2) Poster entitled “Selective Turn-On Sensing of Gaseous SO: by the Redox
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Guwabhati.
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University.

4) Poster entitled “Selective Sensing of Peroxynitrite by Hf-Based UiO-66-B(OH):
Metal- Organic Framework: Applicability to Cell Imaging” was presented in
the International Conference on Frontiers in Chemical Sciences, 2018, arranged

at Department of Chemistry, Indian Institute of Technology Guwahati.
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