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Chapter 1: Introduction 

Metal-organic frameworks (MOFs) represent a class of porous materials which are formed by 

strong bonds between metal ions and organic linkers. They have some outstanding properties like 

very high surface area, high porosities, high thermal and chemical stability, various pore size and 

shape etc.  Because of their excellent chemical and physical properties, this remarkable class of 

porous materials has a wide range of application like catalysis, gas storage, separation, 

polymerization, sensing, proton conductivity, drug delivery, bioimaging etc. MOFs have a high 

degree of customizability because they can be tailored by selecting different linkers and metal ions. 

Because of the tunable nature, MOFs can be tailored with precisely controlled pore size, shape and 

functionality for the specific application. In many areas, MOFs have shown excellent advantages 

over traditional materials and potential values for commercialization. Generally, MOFs are made 

up of secondary building units (SBUs). These are of two general types: (a) metal-containing units 

which may have single metal atom to infinite groups (rods and layers) and (b) polytopic organic 

linkers that may incorporate metal atoms (as in a porphyrin). Once the synthesis of the SBU is 

established, it could be used to direct the assembly of an ordered framework with rigid organic 

linkers. During the synthesis of MOFs, we should be more concerned about the stability of the 

framework. The unsatisfactory chemical stability of most of the MOFs hinders some of the 

fundamental studies and also hinders the implementation of MOFs for practical applications. One 

of the most well-studied MOFs, MOF-5 is not stable even in water vapor. The instability in water 

has considerably restricted further application of these MOFs under moisture-rich conditions. 

Water stability is a crucial property for any kind of material to be applicable in the real world. 

Hence, water-stable MOFs have been in great demand among the scientific community. In the last 

few decades, a great deal of effort has been devoted to explore the feasibility of luminescent MOFs 

(LMOFs) for sensing applications. MOF-based sensors have been directly used for the detection 

of gases, vapors, small molecules, metal ions, nitroaromatics, nerve agents and pesticides. In 

catalysis, MOFs are promising heterogeneous catalysts due to the presence of unsaturated 

coordinated metal sites and/or special functional groups of linkers. The unsaturated coordinated 

metal sites can be prepared by some special treatment like heating at high temperature and linker-

exchange which in turn activate the metal nodes by removing weak-coordinated linkers from the 

nodes.  The activated catalytic sites can also be made by introducing specific modification of linker 

such as bipyridine, porphyrin etc.  
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In view of the above context, the current thesis explores the synthesis strategy of water-stable 

MOFs and uses the luminescence property of MOFs for selective and sensitive detection of toxic 

ions like Fe3+, Cr2O7
2-, CN- and nitroaromatic explosives. The thesis also explores the use of the 

hydrophobic cavity of a MOF for the catalysis reaction.  

Chapter 2: A new 3D luminescent Zn(II)-organic framework containing quinoline-2,6-

dicarboxylate linker for the highly selective sensing of Fe(III) ions. 

Chapter 2 describes the synthesis of a new 3D zinc-organic framework 

[Zn(QDA)]∙0.7DMF∙0.5H2O (1, H2QDA = quinoline-2,6-dicarboxylic acid, DMF = N,N-

dimethylformamide) under solvothermal conditions. The single-crystal X-ray diffraction analysis 

reveals that 1 crystallizes in a tetragonal crystal system and exhibits I41/a space group (a = b = 

19.9088(3) Å, c = 12.1905(3) Å). The asymmetric unit contains one unit of QDA linker with full 

occupancy and one unit of Zn2+ ion with half occupancy (Figure 1a). Within the crystal lattice, the 

central Zn2+ ion attains a distorted square pyramidal geometry with ZnO4N configuration (Figure 

1b). The overall framework has PtS topology (Figure 1d), where Zn2+ center acts as a 5-connected 

node and QDA linker as a spacer. The phase purity of the bulk sample was characterized by X-ray 

powder diffraction (XRPD), thermogravimetric analysis (TGA) and Fourier transform infrared 

(FT-IR) spectroscopy. The as-synthesized sample (1) was activated by stirring with acetone for 24 

h, followed by heating under vacuum for 24 h at 120 °C. The TGA experiment indicated that both 

1 and its activated form (1') are stable up to 440 °C. The crystalline structure of the compound was 

retained after immersion in water, 1(M) HCl, acetic acid and NaOH (at pH = 10) solutions. 

Compound 1' exhibited a very quick fluorescence quenching response after the addition of Fe3+ 

solution. It was clearly observed that after the addition of 400 µL of 10 mM Fe3+ solution to the 

methanolic suspension of 1', almost 97% fluorescence quenching occurred (Figure 2). For all the 

other competitive cations, the fluorescence quenching efficiencies were lower as compared to the 

Fe3+ ion (Figure 3). The selectivity for Fe3+ sensing was also examined in the presence of other 

metal cations. The experimental resulted showed that the quenching efficiency was not affected 

by the presence of competitive metal cations (Figure 4). A very low detection limit of 9.2 ppb was 

observed for Fe3+ ion, which is among the lowest values documented in the literature for MOF 

based fluorescence probes. Both fluorescence resonance energy transfer (FRET), as well as 

photo-induced electron transfer (PET), processes play major roles in the selective detection of Fe3+ 
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ions. The recyclability experiment suggested that 1' can be used for the long-term detection of Fe3+ 

ion. 

 

Figure 1. Illustrations for the crystal structure of 1: (a) asymmetric unit, (b) coordination 

environment around Zn2+ ion, (c) side view of the overall 3D framework, and (d) PtS topology of 

the overall 3D framework. Color codes: Zn, green; C, grey; O, red; N, navy blue; H, sky blue. 

 

 

Figure 2. Quenching of the fluorescence intensity of the methanolic dispersion of 1' after 

incremental addition of 10 mM Fe3+ solution. 
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Figure 3. The effect of the other metal cations on the quenching efficiency of Fe3+. 

 

 
Figure 4. The effect of other metal cations on the quenching efficiency of Fe3+. 

 

Chapter 3: A pyrazine core-based luminescent Zr(IV)-organic framework for specific 

sensing of picric acid and Cr2O7
2- 

Chapter 3 describes the synthesis of a MOF containing Zr(IV) ion and 2,3,5,6-tetrakis(4-

carboxyphenyl)pyrazine (H4L) linker by solvothermal method. ZrOCl2∙8H2O was employed as the 

metal source along with H4L linker and benzoic acid (modulator) in N,N-dimethylformamide 

(DMF) to synthesize the compound. The as-synthesized compound has the formula [Zr6(µ3-

O)4(µ3-OH)4(OH)4(H2O)4(L)2]∙3H2O∙2DMF (2). We indexed the XRPD pattern of 2 in an 

orthorhombic crystal system with space group Cmmm with a = 19.375(12) Å, b = 33.376(21) Å, c 
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= 12.712(12) Å. The results of Pawley refinement confirmed that the simulated and experimental 

XRPD data are in good agreement with each other for 2. The refinement data also point out that 2 

is isostructural with the Zr-CAU-24 MOF, which has been reported previously. The activation of 

2 was carried out by using methanol-exchange and subsequent heating under a high vacuum at 130 

°C. Both 2 and its activated form (2') were characterized by XRPD, FT-IR and TGA. They 

displayed high chemical stability and thermal stability. Both 2 and 2' are stable up to 440 °C. 

Compound 2' has a very high BET surface area (1419 m²/g) and CO2 adsorption capacity (4.4 

mmol/g at 1.4 bar and 0 °C). Being highly water-stable, luminescent 2' can selectively recognize 

dichromate (Cr2O7
2-) (Figure 5) in water and picric acid (PA) (Figure 6) in dimethyl sulfoxide 

(DMSO), by fluorescence quenching mechanism. The detection limits were found to be 13.08 and 

8.58 ppb for PA and Cr2O7
2-, respectively. These data are among the lowest limit of detection 

values exhibited by previously reported MOFs for the detection of PA and Cr2O7
2-. Moreover, the 

mechanisms behind this selective detection of analytes were also investigated. In both these cases, 

the compound showed reusability up to five cycles without any loss of sensing efficacy. These 

experimental data vividly depict that 2' can be considered as a promising sensing material for PA 

and Cr2O7
2-. 

 

Figure 5. Fluorescence reduction for 2' dispersed in water upon gradual addition of 3 mM PA 

solution prepared in DMSO. 
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Figure 6. Fluorescence reduction for 2' dispersed in water upon gradual addition of 3 mM Cr2O7
2- 

solution prepared in water. 

 

Chapter 4: Specific fluorescence sensing of hydrogen sulphide by an azide functionalized 

Zr(IV) MOF with DUT-52 structure. 

Chapter 4 describes the synthesis and characterization of an azide functional group containing 

Zr(IV) based MOF with DUT-52 (DUT = Dresden University of Technology) structure via a 

solvothermal process. Acetic acid was used as a modulator to increase the crystallinity. The 

similarity between the XRPD pattern of the azide functionalized DUT-52 (DUT-52-N3, 3) material 

with the un-functionalized DUT-52 compound revealed that 3 has a similar structure as the parent 

DUT-52 MOF. The simulated cubic three-dimensional structural framework of 3 is shown in 

Figure 7. The cubic framework of 3 has hexanuclear [Zr6O4(OH)4]
12+ building units. The three-

dimensional cubic framework is formed by interconnecting these building units through the 

carboxylate groups of twelve NDC-N3 linkers. The as-synthesized compound (3) was activated by 

exchanging occluded molecules with methanol and heating at 80 °C for 5 h. Both 3 and 3' are 

thermally stable up to 320 °C and chemically stable in solvents like methanol, 1 (M) HCl and 

water. The BET surface area of 3' was found to be 505 m2 g-1. The CO2 adsorption experiments 

revealed that the CO2 uptakes of 3' were 2.65 and 1.62 mmol/g at 0 and 25 °C, respectively.  The 

data from fluorescence experiments suggested that 3' exhibits sensitive and selective detection of 

H2S in an aqueous medium (Figure 8). The response time of 3' is very short (2 min) towards H2S 
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(Figure 9). As shown in Figure 10, the other selected competitive analytes have negligible effects 

on the emission intensity of 3' as compared to Na2S. The fluorescence intensity increased by only 

1-3 folds after the addition of other interfering analytes. In contrast, a remarkable luminescence 

increment up to 33 folds was observed for 3' after the addition of Na2S. The limit of detection 

(LOD) value was found to 0.50 µM. This value lies in the lowest range of H2S detection by known 

MOFs. Moreover, the possible mechanism behind the enhancement of fluorescence intensity after 

the addition of Na2S in 3' was also examined. By using mass spectrometry, FT-IR and 1H NMR 

spectroscopy, the mechanism for the reduction of azide into an amine group was established. 

 

 

Figure 7. Perspective view of the simulated three-dimensional cubic framework of 3. Color codes: 

Zr, orange polyhedra; C, grey; O, red; N, navy blue. 
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Figure 8. Fluorescence rise of 3' in water with increasing concentration of Na2S. Inset: 

fluorescence intensity is plotted against the concentration of Na2S. 

 

 

Figure 9. Fluorescence variation of 3' after gradual addition of Na2S (3 equiv. per azide group) 

with a time interval of 1 min up to 15 min. Insert: plot of fluorescence intensity versus time. 
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Figure 10. Fluorescence enhancement properties of 3' in water upon the addition of different 

analytes (black) and further addition of H2S into the same mixture (red). 

 

Chapter 5: A Zr-based metal-organic framework with DUT-52 structure containing a 

trifluoroacetamido functionalized linker for aqueous-phase fluorescence sensing of cyanide 

ion and aerobic oxidation of cyclohexane. 

Chapter 5 describes the synthesis and systematic characterization of a zirconium (Zr) metal-

organic framework having DUT-52 structure with face-centred cubic (fcu) topology and bearing 

the rigid 1-(2,2,2-trifluoroacetamido) naphthalene-3,7-dicarboxylic acid (H2NDC-NHCOCF3) 

linker. In order to get the solvent-free compound (4'), 4 was stirred with methanol for overnight 

and subsequently heated at 100 °C for overnight under vacuum. As-synthesized (4) and activated 

(4') compounds are thermally stable up to 300 °C. The BET surface area of 4' was found to be 

1105 m2 g-1. The emission band of compound 4' upon excitation at 350 nm was found at 427 nm. 

Fluorescence titration experiments showed that after the addition of cyanide solution to 4', the 

emission intensity increased as well as a significant bathochromic shift of 63 nm was observed 

(Figure 11). This emission band at 490 nm indicated that the nucleophilic addition at 

trifluoroacetamide group took place by cyanide anion. Moreover, a very short response time (2 

min) was shown by 4' for CN- detection (Figure 12). As shown in Figure 13, the increase in 

fluorescence intensity was negligible (0.7-0.9 fold) for all other competitive anions. The LOD was 
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found to be 0.23 µM. Compound 4' can also be effectively used for CN- detection in real water 

samples. The mechanism for the selective detection of CN- was investigated systematically. 

Furthermore, the aerobic oxidation catalysis was performed with 4' under mild reaction conditions, 

observing higher activity than analogous DUT-52 solid under identical conditions. These 

experimental results clearly indicate the benefits of the hydrophobic cavities of 4' in achieving 

higher conversion and selectivity. The catalytic data of cyclohexane conversion and the selectivity 

of cyclohexanol and cyclohexanone are presented in Table 1. Catalyst stability is often checked 

by reusing the recovered solid in repeated cycles under the optimized reaction conditions. In this 

context, the stability of 4' was tested by reusing the solid in subsequent runs and the observed 

results are shown in Table 1. These catalytic results clearly indicate that the catalyst retains its 

activity mostly and the minor decrease in its activity may be due to the loss in the recovery step. 

 

 

Figure 11. Fluorescence emission spectra of 4' (in water) after incremental addition of aqueous 

CN- solution (10 mM). Insert: digital images of cuvettes containing 4' dispersion with and without 

CN- solution under a UV lamp.  
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Figure 12. Fluorescence turn-on response of 4' dispersion towards different anions (200 μL of 10 

mM in water). 

 

 

Figure 13. Comparison of fluorescence turn-on response of 4' dispersion towards CN- (200 μL of 

10 mM solution in water) in presence of other potentially competitive anions (200 μL of 10 mM 

solutions in water). 
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Table 1. Aerobic oxidation of cyclohexane using 4' and analogous catalysts.a 

 

Entry Catalyst TBHP 

(µL) 

Conversionb 

(%) 

Selectivityb 

(%) 

ol one 

1 4' 0 1 - - 

2 4' 8 21, 19,c 17d 29, 32,c 33d 55,51,c 47d 

3 4' 20 42 33 48 

4e 4' 8 - - - 

5 DUT-52 8 6 32 48 

6f ZrOCl2·8H2O 8 5 34 49 

7g H2NDC-NHCOCF3 8 3.5 36 46 

8h 4' 8 11 36 47 

9i 4' 8 15 25 51 

10j 4' 8 11 28 47 

 

a Reaction conditions: cyclohexane (1 mmol), catalyst (20 mg), CH3CN (2.5 mL), AgBF4 (26 mg), 

O2 Purging, 60 °C, 24 h. 
b Conversion and selectivity were determined by GC. Selectivity corresponds to the mixture of 

cyclohexanol and cyclohexanone. Other products are 2-hydroxycyclohexanone and adipic acid. 
c First reuse. 
d Second reuse. 
e Pyridine (50 µL). 
f 14 mg of ZrOCl2·8H2O. 
g 15 mg of H2NDC-NHCOCF3. 
h Without AgBF4. 
i Cycloheptane as a substrate. 
j Cyclooctane as a substrate. 
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Summary 

The present thesis disseminates some of the strategies to synthesis water-stable MOFs and applies 

them for fluorescence sensing and catalytic application. The strategy behind the synthesis of MOFs 

for different applications is growing area of research within the MOF community. The inclusion 

of different functional sites within a single system expands the utility of MOF materials. The 

presence of hydrophobic cavity and also missing linker defects in metal clusters helps the 

researchers to explore the catalytic property of MOFs. The unique properties like high density of 

catalytically active sites contained within the confined nanospace allow MOFs to act as 

heterogeneous catalysts for many catalytic organic reactions with high efficiency and selectivity. 

The investigations in the present thesis disclose various aspects of research work on MOFs, which 

could be extended for future study. It is believed that our study will help the upcoming researchers 

to develop new MOF-related sensor compounds and also help to design new MOFs for catalytic 

study.  
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           Chapter 1 
Metal-organic frameworks (MOFs): synthesis, properties and 

applications  

In the late 1990s, the discovery of a new type of highly crystalline porous 

materials has appealed great attention due to the potential of these materials in 

different applications such as catalysis, gas storage, drug delivery, luminescence, 

carbon dioxide capture, etc. These materials, termed metal-organic frameworks 

(MOFs), result from the combination of organic linker and metal ions/cluster, 

which form open frameworks. The major benefit of MOF instead of using other 

porous materials such as zeolites is that MOFs can be designed according to our 

purpose by selectively choosing the metal ion and organic linker. In this chapter, 

we mainly discuss brief history of MOFs along with different synthesis 

procedures and different applications of MOFs.  
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1.1 Introduction 

Extensive research is carried out now-a-days on coordination polymers (CPs), which are a 

class of rapidly emerging crystalline porous materials.1-3 In the past decade, there has been 

rapid growth for the development of organic polymer materials. CPs are highly crystalline than 

organic polymers. The term CP is used to define a compound, which has metal-organic units 

linked together at least in one dimension to form an infinite array through extended covalent 

or coordinate interactions or any other weak chemical interactions.4-5 The metal ions and 

organic bridging linkers are mainly diversified in coordination behavior and geometry. It was 

first defined by J. C. Bailar in 1964.6 The CPs have different forms like one-dimensional (1D) 

extended chains, two-dimensional (2D) sheets or three-dimensional (3D) frameworks. The 

different forms of CPs are recognized as two sub-classes: one is “coordination networks”, 

which includes 1D, 2D, 3D or crosslinked CPs and another is “metal-organic framework” 

(MOFs) or “metal-organic coordination networks” (MOCNs) or “porous coordination 

polymers” (PCPs), which have coordination networks that contain potential voids.1 So, we can 

say that MOFs are a subclass of CPs. As compare to CPs, MOFs usually exhibit higher thermal 

stability, permanent porosity and structural robustness.7-8 Wikipedia defines MOF as a 

crystalline compound consisting of metal ions or clusters coordinated to often rigid organic 

molecules to form one-, two-, or three-dimensional structures that can be porous.9 Yaghi et al. 

defined MOF as a porous structure constructed from the coordinative bonding between metal 

ions and organic linkers or bridging ligands (Figure 1.1).10 During the past few decades, 

research on the synthesis and application of MOFs has experienced significant growth. The 

flexibility with which the constituent’s geometry, size and functionality can be varied has led 

to thousands of compounds being prepared, characterized and studied each year. MOFs are 

renowned for their ability to impart functionality using a selective selection of linkers and metal 

nodes. There are many synthetic strategies by which we can tune the stability, particle size, 

surface area, hydrophobicity and flexibility of the frameworks.11-12 The ability to tune such 

properties is a defining strength of MOFs as it provides strategic control over host-guest 

chemistry. Researchers performed further functionalization of MOFs using a number of 

strategies such as post-synthetic modification (PSM) of organic linkers or inorganic clusters, 

constructing frameworks using different pre-functionalized organic linkers etc. Due to unique 

chemical and physical properties like very large surface areas, ultrahigh porosity, various pore 

sizes and shapes and high thermal and mechanical stabilities, MOFs have many potential 
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applications like gas storage and separation,13-15 catalysis,16-19 bioimaging,20-22 drug delivery,23-

26 chemical sensing27-29 and so on.30-35  

 

Figure 1.1 Structure of MOF. 

Detecting environmental contaminants through simple and effective methods has been 

a long-term goal for researchers. Environmental contaminants are any physical, chemical, 

biological or radiological substance that has an adverse effect on air, water, soil or any living 

organism.36-37 So, finding a chemical sensor to detect the contaminants selectively is uttermost 

important. Exploring the performances of MOFs as a chemical sensor is attracting intense 

interest among researchers, especially in the field of chemistry. Many investigators have begun 

exploring the potential of MOFs as chemical sensors. The ideal sensor materials are those 

which can show some characteristic properties like fast response time, highly sensitive and 

selective sensing towards particular contaminants, reusability, high stability in different 

conditions and most importantly low in cost. MOFs offer a unique platform to act as an ideal 

sensor as they have a degree of structural predictability as they contain both organic and 

inorganic components, coupled with high surface areas, high catalytic ability and structural 

flexibility.38  

Solid materials with accurately controllable nanometer-scale porosity act as smart 

materials to be used in heterogeneous catalysis over their liquid analogs.39 In this context, 

MOFs are often used as they has become one of the most attractive classes of solid supports 

currently in this field.40 Because of their abundant unsaturated metal sites, high porosity and 

unprecedented degree of tunability, MOFs are considered ideal candidates for the 

heterogeneous catalysis.41 Being highly crystalline materials, MOFs allow us to investigate the 

distribution of active sites within the framework and evaluate the influence of the framework 

on catalytic activity. The metal nodes and the functional organic linkers of the MOFs can be 
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fine-tuned either by utilizing different functional groups like -NH2, -NO2, -N3 etc, or by the 

post-synthetic modification of parent MOFs. The modification of the linker by a suitable 

functional group can help significantly on activity, stability and catalytic properties of the 

MOFs.42-45 

1.2 Overview of history  

Traditionally, some of the highly porous solids have been produced by discovery-based 

synthetic chemistry. The robust porous materials can be constructed like “molecular scaffolds” 

by connecting rod like organic linkers with inflexible metal clusters which act as joints.8 The 

applications of these materials highly depend on the functionality of the linker moieties. This 

strategy was used to develop coordination network between the organic linker and inorganic 

clusters. The term coordination polymer is undoubtedly the most nebulous, as it signifies the 

extended network between the metal and linker through coordination bonds. During the 90’s, 

such network structures were still uncommon, even though the first use of the term coordination 

polymer can be traced back to 1916.46 However, remarkable progress in this field has been 

made mainly from the 1990s when Robson and co-workers developed a framework of infinite 

molecules consisting of three-dimensionally linked rod-like segments.47 The detailed study 

about the structures was carried out by Kitagawa and co-workers and Yaghi and co-workers. 

In 1995, Yaghi and co-workers coined the term metal-organic framework (MOF) and also 

demonstrated for the first time that it was possible to adapt the similar approach forwarded by 

Robson to make extensive families of compounds with specific structural topologies. In 1999, 

Yaghi and co-workers synthesized highly porous new materials namely MOF-5 (Zn4O(BDC)3, 

BDC = 1,4-benzendicarboxylate) using zinc(II) nitrate and 1,4-benzendicarboxylic acid in N, 

N’-dimethylformamide (DMF)/chlorobenzene mixture. In the same year, Williams and his 

group successfully synthesized a copper-containing MOF, namely HKUST-1 (Cu3(BTC)2, 

BTC = 1,3,5-benzenetricarboxylate). These two findings made a huge impact on the MOF 

chemistry. After that many scientists namely Ferey et al., Kitagawa et al., Stock et al., and 

many more started their research to find more about MOF chemistry. In the early stag,e due to 

the lack of a generally accepted definition, several research groups used a different name for 

this new type of hybrid materials. Among them, porous coordination polymer (PCP)1, porous 

coordination network (PCN)48, microporous coordination polymer (MCP),49 bio-MOF,50 

zeolite-like metal-organic framework (ZMOF)51 and zeolitic imidazolate framework (ZIF)52 

are most common. The scientists have published some literatures to elucidate the definitions 

of the terms.4, 53 In 2012, the International Union of Pure and Applied Chemistry (IUPAC) has 
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revealed a provisional definition of MOF as “Metal-Organic Framework (MOF) is a 

Coordination Polymer (or alternatively Coordination Network) with an open framework 

containing potential voids.”9 

Among porous solid materials, inorganic and carbon-based materials are mainly known 

and used until the mid-1990. In 1990, Robson and co-workers synthesized three-dimensional 

porous coordination polymers which displayed ion-exchange properties.47 The first robust and 

highly porous material, MOF-5 by Yaghi and co-workers made revolution in the field of porous 

solid materials (Figure 1.2).  

 

Figure 1.2 The MOF-5 structure shown as ZnO4 tetrahedra (blue polyhedral) joined by 

benzene dicarboxylate linkers (O, red and C, black) to give an extended 3D cubic framework 

with interconnected pores of 8 Å aperture width and 12 Å pore (yellow sphere) diameter. 

Reproduced with permission from ref. 76. Copyright 2003 Nature. 

The name MOF-5 has been coined in reminiscence of the popular zeolite ZSM-5.54 This 

revolutionary compound is more porous than zeolite and activated carbon.55-56 It is composed 

of BDC linkers and Zn4O units which have been applied in various fields, particularly in gas 

storage, separation and catalytic conversion of CO2. Interestingly, this compound is highly 

stable up to 300 °C. So, MOF-5 is the first example of MOF material with permanent porosity 

and high thermal stability. Since then, MOFs have become one of the hottest research areas in 

materials chemistry. In the last 20 years, the Cambridge Crystallographic Database Centre 

(CCDC) has recorded more than 90,000 MOF structures. As more researchers worked on it, 

MOF-5 can be adapted as a modular structure from which several other isorecticular 
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frameworks can be synthesized by merely changing the functionality and length of its organic 

linker.56 After the discovery of MOF-5, many highly porous MOF materials wee reported in 

the literature. In 1997, a three-dimensional MOF was reported by Kondo et al. that exhibited 

gas sorption properties at room temperature.57 Ferey et al. reported non-flexible as well as 

flexible MOFs namely MIL-4758 and MIL-5359, respectively in 2002. Since then, tremendous 

effort has been devoted to develope microporous MOFs such as MOF-177,60 MIL-101 

(Cr/Fe/Al),61-63 ZIF-7,64 UiO-66 (Zr/Hf/Ce),65-66 MIL-53 (Al/Fe/Cr),67-69 MIL-100 

(Fe/Cr/Al),70-71 PCN-224,72 PCN-14,73 DUT-52,74 HKUST-175, etc. 

1.3 Basic design and synthesis strategies of MOFs 

The design of MOF material is one of the most important as well as a critical stage. 

Very well-prepared strategies for proper choice of metal centers and linker connectivity are 

required for the generation of a particular crystal structure or framework topology.11, 76 

Generally speaking, MOFs are self-assembled from organic linkers and metal ions through 

coordination bonds. The final three-dimensional structures of MOFs are formed by strong 

bonds between metal ions and organic secondary building units (SBU).77 As far as the porous 

character is concerned, organic linkers with multiple bonds must be preferred to ensure rigid 

topologies with an open framework. The name MOF itself says that there are two types of 

components: inorganic connectors and organic linkers. The inorganic connectors are either 

isolated metal centers or clusters. This metal centers act as “nodes” of the framework, which 

are characterized by the number and direction of their connecting positions.76 Transition metal 

ions are commonly used because of the fact that transition metal ions are well-known to prefer 

different coordination numbers and geometries such as linear, tetrahedral, square planar, 

square-pyramidal, trigonal-bipyramidal and octahedral geometries. On the other hand, organic 

linkers act as the “spacer” of the framework. The linkers are also characterized by their 

connectivity. The longer the organic linker is used in the synthesis process, the greater number 

of adsorption sites within the prepared materials are provided. Due to the infinite numbers of  

combinations of the metal cluster with linkers, there is an infinite number of possible network 

structures. Even the number of possible net topologies is infinite due to many topologically 

different vertices and the infinite ways of linkage of the vertices.78 In Figure 1.3, for example, 

each metal center gives a different metal cluster according to the availability of their 

connectivity with terephthalic acid linker (linear rod-like connector). 
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Figure 1.3 The node and connector approach to prepare MOFs. The adequate selection of the 

organic linker (linear in the case of terephthalic acid) and connection geometry of the metal 

cluster leads to the desired topology. Each framework topology has its characteristic pore size 

and available surface area. Reproduced with permission from ref. 76. Copyright 2019 MDPI. 

When considering the structures of MOFs, it is important to recognize the SBUs, which 

dictate the final topology of a framework. The metal-cluster based SBUs are most commonly 

finite units with points of extension which form well-defined geometrical shape.77 These shapes 

are joined by polytopic linkers into periodic frameworks. In the metal SBU, the group of metal 

atoms joined to one or more other metal atoms in the same SBU either by M-X-M links (X = 

N or O or any non-metal) or through a common point of extension such as M-O-C-O-M 

carboxylate. Figures 1.4a and 1.4b show SBU with a trigonal and a square planar arrangement 

of the metal atoms, respectively. Figure 1.4c shows a tetrahedron of metal atoms surrounding 

a central oxo anion and a dimetal paddlewheel SBU is shown in Figure 1.4d. In each case, the 

edges between two metal ions are bridged by the coordinating atoms of the linker and result in 

control of the orientation of the linker.79 The geometry of the SBU, not only depends upon 

linker and metal but also metal to linker ratio, solvents and the source of anions to balance the 

charge of the metal ion.80  
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Figure 1.4 Structural representations of some SBUs, including (a) trigonal planar, (b) square 

planar, (c) tetrahedral, and (d) tetragonal paddlewheel. Reproduced with permission from ref. 

79. Copyright 2009 Elsevier.  

Once the synthesis of the SBU is established, it can be used to direct the assembly of 

ordered frameworks with rigid organic linkers; thus, it is easy to predict the chemistry of the 

resulting crystalline materials. Yaghi and his co-workers named this approach as “reticular 

synthesis”.81 They defined these terms as the process of assembling judiciously designed rigid 

molecular building blocks into predetermined ordered structures (networks), which are held 

together by strong bonding.81 Overall, it is the combination of both SBUs (as connectors) and 

organic ligands (as linkers) that determines the final framework topology (Figures 1.5).82 

Reticular synthesis has been successfully applied to many MOF systems, including pillared 

paddlewheel MOFs, UiO-n, HKUST-1 and others.83 As shown in Figure 1.5, a diamondoid net 

can be constructed from 4-connected tetrahedral clusters and ditopic linkers. On the other hand, 

a cubic net can be formed from 6-connected octahedral clusters and ditopic linear linkers. 
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Figure 1.5 Graphical illustration of the construction of some representative coordination 

polymers/MOFs from SBUs and rigid linkers. Reproduced with permission from ref. 82. 

Copyright 2014 Royal Society of Chemistry. 

1.4 Stability and rigidity of MOFs 

At the early stage, MOFs made from divalent metals (Zn2+ or Cu2+) exhibited 

exceptional porosity as well as showed a wide variety of applications but ultimately proved 

unsuitable for use under harsh conditions because of stability issues.84 For the practical 

applications, the frameworks of MOFs should maintain their structural integrity. The lack of 

stability of the framework was mainly attributed to its large cavity and/or the solvent-
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framework intermolecular forces. Metal-linker (M-L) coordination bond strength plays a key 

role in determining the stability of the MOF framework. Usually, metal carboxylate 

frameworks consist of high-valance metal ions with high charge density that could form a 

strong coordination bond towards the linkers. A high valence metal cluster with a higher 

coordination number leads to rigidity in the framework. The concept of the hard/soft acid-base 

principle is used for the basic design of MOFs. High-valance metal ions, such as Fe3+, Cr3+, 

Zr4+ have been exploited to synthesis stable carboxylate MOFs. For example, MIL-n, UiO-n, 

and PCN-n series of MOFs are highly stable in acidic and alkaline media.85 The soft acidic 

metal cations such as Zn2+, Co2+, Ni2+ can also be used to coordinate with soft basic N-donor 

linkers, which form much stronger metal-N bonds. Soft basic linkers such as imidazolates, 

pyrazolates, triazolates are generally used to synthesize MOFs with soft divalent metal ions. 

Colombo et al. reported some microporous pyrazolate-based MOFs, M3(BTP)2 (M = Ni, Cu, 

Zn, Co) which exhibited great hydrothermal stability.86 Another strategy to prepare stable 

MOFs is to use at least two different metal ions as nodes in the same framework. The 

incorporation of second or more metal ions i.e. mixed-metal organic frameworks (M-MOFs) 

provides structural/compositional diversity, multifunctionality as well as stability to the 

framework.87 M-MOFs can be thermodynamically/kinetically controlled based on the nature 

and ratio of their different metal precursors and synthesis parameters.88  Particularly in the field 

of heterogeneous catalysis, M-MOFs offer the possibility to have two centres of different 

catalytic activity in close spatial proximity. Sometimes, more than one linker (mixed linkers) 

is used to synthesize MOFs, which provide greater flexibility in terms of surface area and 

modifiable pore size.89 Usually, one anionic linker and one neutral linker are used to synthesize 

a mixed-linker framework.  

Water or moisture is usually present in most industrial processes. Unless a particular 

MOF is stable in water or moisture, it cannot be utilized. Hence, the structural stability of MOFs 

in aqueous media is one of the most important aspects to be considered for practical application. 

Water stability is also a crucial factor for the use of MOFs as a heterogeneous catalyst in an 

aqueous medium. In the case of luminescent sensing in biological media, the stability of MOFs 

in aqueous medium is crucial. It was observed that metal clusters present in MOFs are 

susceptible to the attack by nucleophilic water molecules, which in turn leads to linker 

displacement, phase change and even partial collapse of the framework. Hence, reducing the 

contact between a water molecule and host MOF framework was believed to be an effective 

strategy to enhance a MOF’s stability. Introduction of the hydrophobic functionalized linker or 
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blocked metal ions can prevent water molecules to come close to the metal cluster.90 It was 

observed that functional groups such as fluoro, alkoxy, alkyl, or aryl group can help the MOF 

structure to stabilize in the aqueous medium.91 Moreover, polymers such as 

polydimethysiloxane (PDMS) can be used to cover the surface of MOF particles which in turn 

can help effectively to enhance the water resistance.92 Power X-ray diffraction (XRPD) pattern 

of MOFs between post-exposure samples and pristine samples can provide an idea about the 

crystallinity of the MOF after treatment with water.93 Gas sorption experiment, prior to and 

after exposure to water is another technique to determining the stability of the framework.94 

Over the last five years, significant research work has been conducted by researchers to 

improve the stability of the MOFs in an aqueous environment.93, 95-97   

1.4.1 Linker design 

MOFs can be designed with target specificity by the judicious selection of organic 

linkers. Different linkers have different binding abilities with the metal centers to give a 

hierarchy of MOF structures. The length, size and functional groups of linkers play an 

important role in determining the dimensionality, interpenetration and porosity of the 

frameworks. The organic linkers are carboxylates or other organic anions, such as phosphate, 

sulfonate and heterocyclic compounds (Figures 1.6-1.7). The most commonly reported linkers 

used to construct MOFs are carboxylic acids and heterocyclic compounds containing nitrogen 

donor atoms.98 The main advantage to use a carboxylic acid linker is that it can adopt versatile 

coordination modes with a metal ion to produce a coordination network that displays high 

thermal stability.99 Highly conjugated carboxylate linker can exhibit π-π stacking and hydrogen 

bonding interactions. Apart from aromatic carboxylic linkers, the heterocyclic carboxylic acid 

linkers are also used for the preparation of MOFs with various functionalities. Herein, the 

multiple sites such as proton donor and acceptor by nitrogen atom and carboxylate oxygen 

coordinated with metal ions form exact network structures with specific topologies.100 The 

strength of nitrogen-transition metal bonds is greater than that of oxygen-transition metal 

bonds. N-heterocyclic linkers such as pyrazine, imidazole, have been extensively studied 

aiming to achieve more stable MOFs via nitrogen-metal coordination. All heterocyclic linkers 

contain several Lewis basic nitrogen atoms which act as both coordinating and guest-

interactive sites.  
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Figure 1.6 Examples of linkers based on carboxylic acid groups. 
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Figure 1.7 Examples of some phosphonic acid and N-heterocyclic linkers. 

1.4.2 Functionalization of linker 

One of the main reasons for the introduction of linker into MOF structure is to enrich 

the host-guest chemistry between MOFs as a host and other small molecules as a guest. With 

a selective functional group, MOF structure can be tuned which in turn shows improving 

property towards specific applications. The different functional groups of the linkers affect the 

structural properties of MOFs differently. Some properties such as crystallinity, porosity, 

flexibility and stability MOFs always depend on the type of functional group in the linkers.101 

Therefore, it is possible to synthesize functional MOFs with desired functionality, stability and 

porosity for specific application through pre-designing by functionalization using a chemically 

ideal organic functional group. The functional group can play different roles such as 

coordinating sites and guest-interactive sites. Some examples of functionalized linkers are 

shown in Figure 1.8. 
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Figure 1.8 Examples of some pre-functionalized linkers based on carboxylic acid groups. 

1.5 Synthetic protocols 

Several types of methods were followed for the preparation of MOFs (Figure 1.9). It 

was observed that different synthesis methods can lead to different particle sizes, size 

distributions and morphologies which in turn leads to different applications. 

 

Figure 1.9 Common synthesis methods of MOFs. 

TH-2526_166122011



Chapter 1 
 

14 
 

1.5.1 Slow evaporation synthesis 

This method of synthesis is most easy as no external energy supply is required. It is the 

commonly used conventional method to synthesize MOFs which requires more time compared 

with other well-known conventional methods. Here, the reactants i.e., metal salts and organic 

linkers are first mixed in the liquid phase with or without the aid of additional auxiliary 

molecules.102 The resultant solution is concentrated by slow evaporation of the solvent at room 

temperature or any fixed temperature. Sometimes the process involves a mixture of solvents, 

which can increase the solubility of the reagents and can make the process faster by quicker 

evaporation of low-boiling solvents. Sometimes along with solvent (miscible the reactants), an 

immiscible solvent is used for layering. At the interface, crystal growth occurs due to the 

gradual diffusion of the two solvents. This method of synthesis is also known as the diffusion 

method. 

1.5.2 Solvothermal/hydrothermal synthesis 

In this liquid-phase synthesis method, organic linkers and metal salt are mixed together 

in high boiling solvent systems. These reactions are carried out in closed vessels under constant 

pressure (Figure 1.10).103 The source of energy is mainly thermal energy between 353K-453K 

and reaction time is in between 48 to 96 h.104 Usually Teflon-lined autoclaves or sealed Pyrex 

tubes are used in which reactants in high boiling organic, polar solvents such as dimethyl 

formamide (DMF), diethyl formamide (DEF), DMSO, water, acetonitrile, ethanol and 

methanol are taken.1 When water is used as a solvent, then the synthesis method is called 

hydrothermal. The superheated solvents reduced the viscosity and enhance the diffusion of 

chemical species. The major advantage of this reaction is that it offers high solubility of the 

precursors and the formation of good quality MOF crystals suitable for structural 

characterization. This method usually requires long reaction times depending upon the factors 

such as solvent, temperature, reagent concentrations, pH etc. The schematic diagram for MOF 

synthesis by hydrothermal/solvothermal method is shown in Figure 1.10. Some examples of 

MOFs synthesized by this method are UiO-66,65 DUT-52,74 BUT-30,105 NH2-MIL-125,106 etc. 
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Figure 1.10 Schematic diagram for MOF synthesis by the hydrothermal method or the solvent 

heating method. Reproduced with permission from ref. 103. Copyright 2018 MDPI. 

1.5.3 Microwave assisted synthesis 

This synthesis method provides a very rapid method for the synthesis of MOFs. Here, 

microwave irradiation is used along with polar solvents like DMF, DEF, DMA, etc (Figure 

1.11).107 Beside rapid crystallization, this synthesis method also give very high phase 

selectivity and narrow particle size distribution. During this synthesis method, dipoles of the 

precursors in the reaction vessel rotate themselves and align with the electromagnetic energy. 

Consequently, the heat is generated due to the collision between reactant molecules. This 

synthesis method is also termed as “microwave-assisted solvothermal synthesis” as the quality 

of the crystals obtained here are generally the same as those produced by regular solvothermal 

processes, but the main advantage is that products are formed within a maximum of 1 h. 

Another advantage of microwave synthesis is that energy is generated directly throughout the 

bulk of the material instead of by conduction from the external surface. Cr-MIL-100 MOF,108 

Fe-MIL-53,109 MOF-205,110 and MOF-74 (Ni)111 are some example of MOFs, which were 

synthesized using microwave-assisted synthesis method. 

 

Figure 1.11 Microwave-assisted solvothermal synthesis of MOF structure. Reproduced with 

permission from ref. 107. Copyright 2013 Springer Nature. 
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1.5.4 Electrochemical synthesis 

This synthesis method is mainly applied for the production of MOF samples on an 

industrial scale.112 It requires two conducting electrodes and an ion source. It also necessitates 

an electrolyte and organic linkers for the synthesis of MOF materials. Metal deposition on the 

cathode is avoided by using protic solvents. Furthermore, compared to solvothermal methods, 

the electrochemical synthesis method possesses more parameters for fine-tuning due to the 

simple adjustment of the voltage or imposing particular signals. Mueller et al. first reported 

MOFs which were synthesized by electrochemical methods in large scale.112 Li et al. reported 

a facial electrochemical plating method to prepare fluorescent MOF thin films (Zn3(BTC)2) 

(Figure 1.12).113 Moreover, they also reported that the MOF thin films can be applied to 

distinguish nitro explosives by simply varying the solution concentration. Some other examples 

of MOFs synthesized by this method are Al-MIL-53,114 MIL-100 (Fe),115 ZIF-8,115 etc. 

 

 

Figure 1.12 Electrochemical synthesis of fluorescent MOF film (Zn3(BTC)2). Reproduced 

with permission from ref. 113. Copyright 2013 Royal Society of Chemistry. 

1.5.5 Mechanochemical synthesis 

In the mechanochemical synthesis method, there is mechanical breakage of 

intramolecular bonds followed by a chemical transformation. It is a solvent-free synthesis 

method where mechanical force initiates the chemical reaction. The construction of bonds 

between the reactants through simple, fast, economical and environmentally friendly method 

is always advantageous in modern synthetic chemistry. Different types of mechanochemical 

techniques are used for MOFs synthesis such as dry grinding, liquid-assisted grinding, etc. 

Among all, dry grinding is considered as the easiest and simplest method. James et al. first 

reported MOFs which were synthesized by mechanochemical synthesis method. They 
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developed porous MOFs by simply grinding metallic Cu with linkers followed by ball milling 

for 10 min to yield porous MOFs with a 3D network. Some other examples of MOFs 

synthesized by this synthesis method are HKUST-1,35, 116 ZIF-8,117 MOF-74,118 etc. 

 

 

Figure 1.13 (a) Sonochemical fabrication of thin Cu–Zn-based MOF films and (b) schematic 

of particle size comparison between sonication and conventional heating processes for 

synthesising Zn-based MOFs. Reproduced with permission from ref. 121. Copyright 2018 

Elsevier. 

1.5.6 Sonochemical synthesis 

In sonochemical synthesis, intensive ultrasound radiation between 20 kHz and 10 MHz 

is used to accelerate the nanostructure synthesis. The main principle of this synthesis method 

is to establish an energy-efficient, room-temperature and environmentally friendly 

methodology for MOF synthesis. This method can generate homogeneous nucleation centers 

and required less crystallization time as compared to conventional hydrothermal method and 

can lead to higher yield of MOFs. Qiu et al. reported the first MOFs which were synthesized 

by a sonochemical process.119 It was observed that changing the reaction time and temperature 

can result in different sizes and morphologies of MOFs during sonochemical synthesis. In 

recent years, many other MOFs such as MOF-177,56 HKUST-1120 and MOF-556 have been 

synthesized using sonochemical synthesis methods. Abuzalat et al. demonstrated the growth of 

TH-2526_166122011



Chapter 1 
 

18 
 

MOFs on different substrates using this synthesis method (Figure 1.13).121 Some factors like 

concentration, reaction time, pH also play an important role to get MOF growth rate. 

1.6 Post-synthetic modification 

Another alternative route to obtain MOFs having desired functionality is  post-synthetic 

modification (PSM).122 PSM is an excellent method to prepare MOFs which are topologically 

identical but functionally diverse with parent MOFs. The surface environment of the MOF can 

be modified to increase structural stability as well as introducing desired properties. It was 

observed that usually, the existing feature of a parent framework gets better in the resultant 

MOF after PSM.123 Hence, it is becoming a key synthetic tool for advancing MOFs for a range 

of emerging applications, including selective gas sorption, catalysis and drug delivery. Various 

approaches of PSM include metal exchange, linker exchange, metal incorporation, linker 

installation, linker removal and guest incorporation inside the pores (Figure 1.14).123  

In the meat exchange process, the breaking of coordinate bond and formation of new 

coordinate bond take place between the organic struts and metal ions. Different factors such as 

crystal field stabilization energy (CFSE) and ionic radius of the incoming metal ions influence 

the stability of the final framework. Post-synthetic metathesis and oxidation (PSMO) is another 

interesting and less explored pathway to obtain high-valence MOFs. This synthesis technique 

is useful to prepare single crystals of Cr(III)-based MOFs.124 Here, the Mg(II) MOF (PCN-

426-Mg) crystals were synthesized and the metal ions were exchanged with Cr(II). Then, the 

samples were oxidized in air to produce the corresponding Cr(III) MOF single crystals. The 

linker modification method is another important method to prepare MOFs from the parent 

framework. The linker can be modified with a new functional group, which can act as 

adsorption sites for various target molecules. Zhang et al. reported that a typical azide-alkyne 

click reaction can be employed to modify the azide functional group in UiO-66-N3 with 

phenylacetylene (Figure 1.15).125 The click-generated triazole unit can act as the metal-binding 

site to coordinate with Hg2+, which exhibits selective and sensitive fluorescence responses 

towards Hg2+ over other metal ions.  
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Figure 1.14 Possible pathways of PSM in MOFs: a) metal exchange, b) metal incorporation, 

c) linker exchange, d) linker installation, e) linker removal, and e) guest incorporation inside 

the pores. Reproduced with permission from ref. 123. Copyright 2020 John Wiley and Sons. 

 

Figure 1.15 The synthesis procedure of UiO-66-N3 and phenylacetylene functionalization of 

UiO-66-N3 by click reaction. The topology is shown in a simplified form as an octahedral cage. 

Reproduced with permission from ref. 125. Copyright 2017 Elsevier. 
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1.7 Zirconium and zinc MOFs constructed from carboxylate linkers 

1.7.1. Zirconium-carboxylate based MOFs 

Generally, the MOFs constructed from group IV metal-based nodes such as zirconium 

and hafnium display exceptional thermal stability and chemical stability in acidic and neutral 

aqueous solutions.97, 126 Especially, the outstanding property of Zr4+ ion is because of the high 

charge and strong oxophilicity of the ion. The strong coordination bond between the Zr4+ cation 

and the carboxylate linker makes Zr-MOFs an exceptional family.127 The first reported Zr MOF 

is UiO-66 in the year 2008 (UiO stands for the University of Oslo) by using benzene-1,4-

dicarboxylic acid (BDC) as the organic linker.65 It was reported by Lillerud et al. and has 

formula Zr6(µ3-O)4(µ3-OH)4(BDC)6 with 12-coordinated Zr6(µ3-O)4(µ3-OH)(CO2)12 clusters. 

Six vertices of the octahedra are occupied by Zr4+ and eight triangular faces are alternatively 

capped by four µ3-OH and four µ3-O. The Zr6(µ3-O)4(µ3-OH)4 core is further terminated by 12 

carboxylates forming Zr6(µ3-O)4(µ3-OH)(CO2)12 clusters. Two types of micropores namely 

tetrahedral and octahedral cages are observed in the structure with BET surface area around 

1200 m2 g-1.  The framework of UiO-66 exhibited very high stability among other reported 

MOFs at that time. Another two MOFs namely UiO-67 and UiO-68 were reported by using 

elongation of the linkers used in UiO-66 (Figure 1.16).84 In 2011, Schaate et al. introduced the 

modulated synthetic strategy to prepare Zr-MOFs with controlled particle sizes.128 They 

obtained a single crystal of UiO-68-NH2. Its structure was solved by single-crystal X-ray 

diffraction analysis. First aliphatic Zr-MOFs were reported by De Vos and his group in 2015.129 

They used aliphatic linker adipic acid and ZrOCl2·8H2O as a metal salt to obtain a framework 

with bcu topology in aqueous conditions. Zhou et al. in 2012 reported a Zr-MOF namely PCN-

22 with 8-connected Zr6(µ3-O)4(µ3-OH)4(OH)4(H2O)4(COO)8 cluster in which four equatorial 

carboxylates were replaced by four pairs of the terminal -OH-/H2O linkers.130 It was observed 

that although the connection numbers are reduced but the stability of MOFs with 8-connected 

Zr-clusters is not compromised. Interestingly, PCN-222 and its analogous compounds are 

stable in conc. HCl and the presence of unsaturated Zr-cluster opens a platform for versatile 

applications.131 The 6-connected Zr6(µ3-O)4(µ3-OH)4(OH)6(H2O)6(COO)6 clusters were also 

reported which demonstrating the strong tolerance of Zr-clusters towards the elimination of 

linkers.132 
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Figure 1.16 Structures of UiO-66, UiO-67, and UiO-68.  Reproduced with permission from 

ref. 84. Copyright 2018 John Wiley and Sons. 

There are many applications already reported for Zr-MOFs. The metal cluster 

composed of Zr4+ ion can be manipulated by dehydration or by the induction of defects in the 

structure to yield highly active Lewis acidic catalysts.133 Vermoortele et al. revealed that 

coordinatively unsaturated metal sites in UiO-66 can be drastically increased by using specific 

modulators during the synthesis of MOFs.133 The Zr-MOFs formed by terephthalate and 2-

aminoterephthalate linker were used for the photocatalytic activity for hydrogen generation.134 

Zr-MOFs have been also investigated as electrocatalysts.135 Farha and his co-workers have 

investigated the catalytic activity of several MOFs (including NU-1000) with Zr6 node for the 

degradation of nerve agents and their simulants.136 NU-1000 has a very wide mesoporous 

channel (31 Å) that helps for the diffusion of the substrate throughout the material which 

ultimately leads to superior catalytic activity.136 Zr-MOFs were also used as fluorescent probes. 

In most cases, the fluorescence of Zr-MOFs originates from organic linkers. Considering the 

variable connection number as well as wide applications, numerous new members of the Zr-

MOFs can be expected in the future. Some Zr-MOFs with their linker are summarized in Table 

1.1. 

Table 1.1 Summary of some reported Zr-MOFs. 

Zr-MOF Linker Topology Ref. 

UiO-66 BDC fcu, 12-connected 65 

UiO-67 BPDC fcu, 12-connected 65 

UiO-68 TPDC fcu, 12-connected 65 
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NU-1000 TBAPy Csq, (4,8)-connected 137 

MOF-801 FUM fcu, 12-connected 95 

MOF-802 PZDC bct, 10-connected 95 

MOF-808 BTC spn, (3,6)-connected 95 

MOF-812 MTB ith, (4,12)-connected 95 

MOF-841 MTB flu, (4,8)-connected 95 

MOF-525 TCPP ftw, (4,12)-connected 138 

MOF-545 TCPP csq, (4,8)-connected 138 

PCN-94 ETTC ftw, (4,12)-connected 139 

PCN-221 TCPP ftw, (4,12)-connected 140 

PCN-222 TCPP csq, (4,8)-connected 141 

PCN-777 TATB spn, (3,6)-connected 142 

DUT-51 DTTDC reo, 8-connected 143 

DUT-52 2,6-NDC fcu, 12-connected 74 

DUT-84 2,6-NDC (4,4)llb, 6-connected 74 

DUT-67 TDC reo, 8-connected 144 

BUT-10 FDCA fcu, 12-connected 145 

BUT-30 EDDB fcu, 12-connected 105 

Zr-TTMC TTMC fcu, 12-connected 146 

Zr-BTB BTB kgd, (3,6)-connected 147 

Zr-AP-2 AP dia, 4-connected 148 

Zr-BTBA BTBA ftw, (4,12)-connected 149 

Linkers are abbreviated as: BDC = terephthalic acid, BPDC = biphenyl-4,4′-dicarboxylic acid, 

TPDC = [1,1′:4′,1′′-terphenyl]-4,4′-dicarboxalic acid, TBAPy = 1,3,6,8-tetrakis(p-

benzoate)pyrene, FUM = fumaric acid, PZDC = 1-H-pyrazole-3,5-dicarboxyalic acid, BTC = 

benzene-1,3,5-tricarboxylic acid, MTB= 4′,4′′,4′′′,4′′′′-methanetetrayltetrabiphyl, TCPP = 

meso-tetrakis(4-carboxylatephenyl)porphyrin, TATB = 4,4′,4′′-s-triazine-2,4,6-triyl-tribenzoic 

acid, DTTDC = dithieno[3,2-b;2′,3′-d]-thiophene-2,6-dicarboxylic acid, 2,6-NDC = 
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naphthalene-2,6-dicarboxilc acid, TDC = 2,5-thophenedicarboxlic acid, FDCA = 9-

fluorenone-2,7-dicarboxylic acid, EDDB = 4,4′-(ethyne-1,2-diyl)dibenzoic acid, TTMC = (2E, 

4E)-hexa-2,4-dienedioate, BTB = 5′-(4-carboxyphenyl)[1,1′:3′,1′′-terphenyl]-4,4′′-

dicarboxylic acid, AP = adipic acid, BTBA = 4,4′,4′′,4′′′-([1,1′-biphenyl]-3,3′,5,5′-

tetrayltetrakis(ethyne-2,1-diyl))tetrabenzoic acid. 

1.7.2. Zinc-carboxylate based MOFs 

According to the HSAB principle, some stable MOFs can be formed by soft divalent 

metal ions (Zn2+, Cd2+) and soft azolate-based linkers. Examples of some azolate-based linkers 

are imidazole, pyrazole, triazole, etc. Similar to carboxylic acids, the azoles are usually 

deprotonated in order to coordinate with the metal cations.  The metal ions especially having 

d10 electronic configuration generally show high complexation affinity to carboxylate and do 

not interfere with luminescence properties because they can display varied coordination 

numbers and geometries, and exhibit outstanding luminescent properties. As a result, this type 

of material is promising candidates for potential photoactive materials. In 1999, Yaghi et al. 

first developed a zinc containing MOF namely MOF-5 which contains clusters of Zn4O located 

at the corners of the structure that are connected orthogonally to six units of terephthalate. Zinc-

based MOFs have been studied as hydrogen storing materials like MOF-5,8, 150 MOF-177,151 

IRMOF-6, IRMOF-20,152 etc. Among all the MOFs with a reasonable hydrogen storing 

capability, MOF-5 and MOF-177 are the most interesting members of the family. Both MOF-

5 and MOF-177 can be synthesized with a similar metal source (zinc nitrate hexahydrate), same 

organic solvents (DMF or DEF) and different organic linkers. Benzene dicarboxylic acid and 

1,3,5-benzene tribenzoic acid are the organic linkers for MOF-5 and MOF-177, respectively.153 

Garcia and his co-workers examined the semiconductor behaviour of MOF-5.154 In 2014, 

Karmakar et al. synthesized three Zn-MOFs under hydrothermal conditions, which were used 

as efficient catalysts for diastereoselective Henry reaction and transesterification.155 Qiu et al. 

reported a fluorescent Zn-MOF (HNU-50) for effective detection and extraction of U(VI).156 

Ma et al. designed and prepared a fluorescent Zn-MOF for nitroaromatic sensing.157 Recently, 

Sun and his group reported stable Zn-MOFs constructed by fluorenone carboxylate linker for 

multifunction detection and photocatalysis property.158 Some Zn-MOFs with their linkers are 

summarized in Table 1.2. 
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Table 1.2 Summary of some reported Zn-MOFs. 

Zn-MOF Linker Topology Ref. 

MOF-5 BDC pcu 81 

UMCM-1-NH2 BTB - 159 

[Zn2(L)2(bpe)2(H2O)2] PMBD - 160 

NNU-1 HFIPBB bcu, (4,6)-

connected 

93 

GDMU-3 DCPP lvt, (4,8)-

connected 

161 

GDMU-4 TPTC - 162 

Zn-MOF DPCBIC flu, (3,6)-

connected 

163 

HPU-1 DPTMIA - 164 

BIPT-1 BIPF - 165 

[Zn(L)]·2.7DMF BTTA CdSO4 net 166 

Zn-MGO BDC - 167 

ZIF-90 ICA SOD 168 

[NH4]2[ZnL]·6H2O BTC PtS 169 

Zn-MOF BDC, 

BPCDA 

- 170 

MOF1 BSPT - 171 

NJMU-001 BTC Lcy  157 

[Zn2(TBIB)2(HTCPB)2] TBIB Sql 172 

HNU-50 NPYC, 

PMA 

- 156 

MOF-205 NDC, BTB ith-d 110 

Zn-MOF-74 DHTA - 118 

Linkers are abbreviated as: BTB =1,3,5-tris(4-carboxyphenyl)benzene, PMBD = 4,4′-((1,2-

phenylenebis(methylene))bis(oxy))dibenzoic acid, TTC-1 = (1,1′:4′,1″-terphenyl)-2′,3,3″,5′-

tetracarboxylic acid, TTC-2 = (1,1′:4′,1″-terphenyl)-2′,4,4″,5′-tetracarboxylic acid, HFIPBB = 

4,4′-(hexafluoroisopropylidene)bis(benzoic acid, DCPP = 2,5-di(3′,5′-

dicarboxylphenyl)pyridine, TPTC = [1,1′,3′,1′′-terphenyl]-3,3′′,5,5′′-tetracarboxylic acid, 

DPCBIC = N-(3,5-dicarboxylphenyl)-N′-(4-carboxylbenzyl)imidazoliumchloride, DPTMIA = 

(5-(3,5-di-pyridin-4-yl-[1,2,4]triazol-1-ylmethyl)-isophthalic acid), BIPF = bis-(3-carboxy-

phenyl)furan-2,5-dicarboxamide, BTTA = 1,4-bis(triazol-1-yl)terephthalic acid, BDC = 1,4-
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benzenedicarboxylate, ICA = imidazolate-2-carboxyaldehyde, BTC = 1,2,4,5-

benzenetetracarboxylate), BPCDA = N,N-bis(pyridin-3-ylmethylene)-cyclohexane-1,4-

diamine, BSPT = 2,5-bis-(3,5-dicarboxyphenyl)thiopheneamide, BTC = 1,3,5-

benzenetricarboxylic acid, TBIB = 1,3,5-tri(1H-benzo[d]imidazol-1-yl)benzene. NPYC = N,N-

pyridin-4-ylpyridine-4-carboxamide, PMA = pyromellitic acid, DHTA = 2,5-

dihydroxyterephthalic acid. 

1.8 Applications of MOFs 

MOF-based materials are reasonably considered as the ideal candidates for various 

applications because of their unique chemical and physical properties as well as their unique 

structural assets (Figure 1.17). Now-a-days, MOF-based materials are preferred over zeolites 

and activated carbons because of their large surface area and well-defined pore properties 

which make them more useful for volume-specific applications like separation, purification 

and adsorption processes. This intriguing class of ultraporous materials has been explored for 

diverse industrial and technological applications in different areas, including proton-

conductivity35, magnetic separation,173 nanofluids,174 gas separation,13-15 catalysis,16-19 

bioimaging,20-22 drug delivery,23-26 chemical sensing,27-29 etc. This thesis is mainly focused on 

the fluorescence sensing and catalysis applications of MOFs. 

 

 

Figure 1.17 Wide ranging applications of MOFs. 
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1.8.1 Fluorescence sensing 

The development of fluorescence-based sensors for the detection of toxic species has 

aroused tremendous interest among researchers since fluorescence techniques are highly 

sensitive and easy to operate. MOFs can be used as a fluorescence-based sensor not only 

because of their inherent luminescent properties but also because of their low framework 

density, open metal sites for interaction, customizable pore size, quick response with high 

sensitivity and selectivity as well as real-time monitoring.175 The term luminescence is used to 

describe a process where spontaneous emission of light occurs after the absorption of energy 

by the material.20 Luminescence consists of two fundamental forms: fluorescence and 

phosphorescence, depending on multiple spin states during the radiative relaxation process. 

The various photophysical processes are schematically summarized in the Jablonski diagram 

(Figure 1.18a). Fluorescence is a spin-allowed transition occurring from the lowest singlet 

excited electronic state (S1) to the ground state (S0) that normally lasts no longer than 10 ns 

whereas phosphorescence is an emission of light occurring from triplet electronic state (T1) to 

ground singlet state (S0) with different spin multiplicity that takes longer time, up to 

microseconds to seconds.20, 176 In MOFs, luminescence can arise directly from organic linkers 

(especially from the highly conjugated linkers), metal-centered emission (particularly for 

lanthanide MOFs), charge-transfer such as linker-to-metal charge transfer (LMCT), metal-to 

linker charge transfer (MLCT) and linker-to linker charge transfer (LLCT) and guest induced 

luminescence (Figure 1.18b).20, 37, 176 Luminescent MOFs have been employed in the wide 

number of possible applications such as lighting, optical communications, biomedical devices 

and chemical sensing.176  

 

 

Figure 1.18 (a) Schematic illustration of the various photophysical process, (b) schematic 

representation of the various possibilities contributing to the emission of MOFs. Reproduced 

with permission from ref. 37. Copyright 2017 Royal Society Chemistry. 
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1.8.1.1 Sensing of toxic compounds 

In the past decades, environmental pollution has become a serious problem for the 

ecosystem as well as human health with increasing population boom and industrial 

development. Many types of pollutants such as toxic organic compounds, heavy metals, nitro-

aromatic explosives and some metal ions are associated with health risks. Therefore, fast and 

highly selective sensing of trace amounts of a toxic compound has become one of the most 

urgent issues now-a-days.  

Iron is one of the most abundant transition metal in the human body and plays a crucial 

role in many biological processes.177 It plays important role in brain function and synthesis of 

DNA and RNA.178 A definite concentration of Fe3+ is needed for the formation of muscle and 

haemoglobin. An excess or deficiency of Fe3+  in an organism can induce various disorders 

including health hazards, such as anemia, skin ailments, insomnia, Alzheimer’s disease, 

Parkinson’s disease, pathological disorders, depression, etc.179-180 Therefore, it is very 

necessary to develop a rapid and selective sensor for the recognition of Fe3+. The fluorescence 

chemosensors have been one of the promising probe materials for metal ion sensing through 

the change of fluorescence.181 In the last decades, porous MOFs have attracted much attention 

for the detection of Fe3+ owing to their large surface areas, tunable structures and strong 

fluorescence emission ability. Fe3+ is an efficient quencher credited to its d5- paramagnetic 

configuration as reported previously.182 MOF-based chemosensors have selectively detected 

Fe3+ by several mechanisms such as cation exchange,164 framework collapse, fluorescence 

resonance energy transfer (FRET),29 photo-induced electron transfer (PET),183 interaction 

between Fe3+ and organic linker,184 etc. In this study, luminescence MOF is used for the 

selective detection of Fe3+ with a very good detection limit. 

Sensitive and selective detection of toxic anions like SeO3
2-, AsO4

3- and Cr2O7
2- from 

our environment is of uttermost importance now-a-days. Among these toxic anions, Cr2O7
2- is 

widely used in the field of glassmaking, modern agriculture, stainless steel formation, making 

of chromite, oxidative dyeing, wood preservation, paint manufacturing industry, etc.185-186 The 

excessive use of Cr2O7
2- in the industry has brought severe environmental pollution. Toxic 

Cr2O7
2- is a strong oxidizing agent, which can be accumulated in living organisms. This 

accumulation can cause water-borne diseases and adverse visceral damage.187 Carcinogenic 

Cr2O7
2- can damage the DNA (deoxyribonucleic acid) and also disrupt the protein and enzyme 

system of the human body, even at very low concentrations.188 Due to the highly toxic and 

carcinogenic as well as the mutagenic nature of Cr2O7
2-, the International Agency for Research 
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on Cancer (IARC) classified Cr2O7
2- as one of the first types of carcinogens.189 Because of 

these reasons, the detection of Cr2O7
2- is very much important, especially in an aqueous 

medium. In this thesis work, MOF based fluorescence sensor was developed to detect trace 

amount of Cr2O7
2-. 

Cyanide ion (CN-) is one of the most toxic and lethal pollutants of the environment as 

listed by the Environment Protection Agency (EPA) and the World Health Organization 

(WHO).190 According to WHO, the maximum permissive level of cyanide in drinking water is 

1.9 µM (90.05 mg/L).190   It is widely used in the petrochemical industry, gold mining, synthetic 

fibers, electroplating and metallurgy industries.191 It has a dreadful impact on living beings.192 

It strongly binds to the active site of cytochrome-c and prevents the electron transport process 

which ultimately leads to decreased oxidative metabolism and oxygen utilization.193 There is 

therefore a strong need for CN- selective receptors for selective and sensitive determination of 

CN- by simple assay. Ghosh et al. first developed a post -synthetically modified ZIF-90 MOF 

having dicyanovinyl functionalization for sensitive and selective aqueous-phase detection of 

CN-. The limit of detection value was calculated to be 2 µM. As compared to CN-, a very little 

quenching was observed in the case of other competing anions like F-, Cl-, Br-, SCN-, NO3
-, 

NO2
- and N3.  Biswas group has developed some MOFs namely carbazole-functionalized 

Zr(IV) MOF,194 CAU-10-N2H3 MOF195 and Hf(IV) based UiO-66 MOF196 having detection 

capability of cyanide in pure aqueous medium with detection limit values of 0.14, 0.48 and 

0.35 µM, respectively. Chen and his co-worker synthesized MOFs from luminescent Tb(III), 

adenosine diphosphate (ADP) and biphridyl (Bipy) (Figure 1.19).197 Tb-ADP-Bipy MOF-

based assay showed excellent selectivity and high sensitivity with a detection limit as low as 

30 nM. It can satisfactorily detect cyanide in saliva samples, which probably provides an 

alternative mean for the forensic investigation of cyanide. 
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Figure 1.19 Schematic diagram of the detection of cyanide using Tb-ADP-Bipy MOF via 

extended π-conjugation-induced fluorescence enhancement. Reproduced with permission from 

ref. 197. Copyright 2017 Springer Nature. 

Considering human health and environmental protection, researchers have devoted a 

lot of efforts to contribute rapid and selective detection of nitroaromatic compounds 

(NACs).198-200 Some commonly used nitro explosives are 2,4,6-trinitrophenol (TNP or picric 

acid), 2,6-dinitrotoluene (2,6-DNT), 2,4-dinitrotoluene (2,4-DNT), 2,4,6-trinitrotoluene (TNT) 

and nitrobenzene (NB). Among all, picric acid is an extremely hazardous and strong explosive 

that can cause serious environmental pollution by contaminating soil and aquatic systems.201 It 

can also cause serious health problems such as anaemia, abnormal liver function and male 

infertility.202-203 It is also difficult for the biodegradation of PA via electrophilic attack because 

of its high electron-deficient character, giving it a xenobiotic character.204 Hence, there is a 

requirement for fast, sensitive and selective detection of picric acid in presence of other NACs. 

MOFs having various functionalized linkers and different metal ions were used for the selective 

detection of picric acid. Ghosh et al. reviewed the developments in aqueous phase picric acid 

sensing, showing that very few water-stable MOFs have been reported for detection of picric 

acid in an aqueous medium.205 Biswas and his group synthesized water-stable amide-

functionalized cadmium tetrazolate framework206 and thiadiazole-functionalized Zr(IV)-based 

framework207 for selective detection of picric acid. Mobin and his co-worker reported Dy(III)-

based framework, which can selectively detect picric acid in an aqueous medium with an 

impressive detection limit of 0.71 µM with quenching constant 8.55 × 104 M-1.208 Yang and his 

co-workers reported an Eu(III) based nano-flake MOF film for efficient fluorescent sensing of 

picric acid.209 
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  Hydrogen sulfide (H2S), the smallest sulfhydryl compound, is a colourless, highly 

flammable, corrosive, explosive gas with a characteristic smell of rotten eggs.210-211 H2S, which 

is also known as achemical asphyxiation gas, can react rapidly with haemoglobin in the 

blood.212 Exposure to very lower concentrations of H2S can lead to eye irritation, sore throat 

and cough, nausea, shortness of breath and fluid in the lungs.211 Traditionally, H2S was simply 

considered to be an environmentally toxic species. However, it has recently emerged as the 

third gasotransmitter gas after nitric oxide (NO) and carbon monoxide (CO).213-214 The 

abnormal levels of H2S in cells are known to be related to Alzheimer’s disease, diabetes, 

Down’s syndrome, Parkinson’s disease and cancer.215-217  In the light of associated potential 

hazards of H2S on living beings and the environment, it is highly significant to develop a smart 

and effective probe for the detection of H2S. Although there are numerous reports on the 

detection of H2S using various techniques and approaches, there still exists a gap in terms of 

the limit of detection and feasibility. The H2S-sensitive fluorescence probes were designed by 

some approaches like the reduction of azide and nitro groups to amines,218 substitution 

reactions,219 nucleophilic reactions,220 high adsorption of S2- to Cu2+,221 reactions with the 

unsaturated double bond,222 etc. Qian and his co-workers reported a highly water stable, robust 

and nano UIO-66-CH=CH2 MOF for successful detection of H2S under physiological 

conditions (HEPES buffer, pH = 7.4).223 The same group also reported a MOF in which azide 

group was reduced to amine for the detection of H2S (Figure 1.20).122 They first synthesized 

amine functional group containing MOF (IRMOF-3). Then, post-synthetic modification was 

applied to convert amine moiety to azide via diazotization route, which in turn was applied for 

turn-on response after addition of NaSH at physiological pH.122 

 

Figure 1.20 Schematic illustration of design of MOF-based selective turn-on probe for H2S. 

Post-synthetic chemical modification of IRMOF-3 to IRMOF-3(–N3) via diazotizationroute. 

Reduction of IRMOF-3(–N3) to IRMOF-3 upon addition of NaHS at physiological pH giving 
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rise to fluorescence turn-on response (H2S mediated reduction). Reproduced with permission 

from ref. 122. Copyright 2015 Elsevier. 

1.8.2 Heterogeneous catalysis 

Heterogeneous catalysis streamlines industrial processes due to high stability in 

different environments and easy separation. It is one of the vital solutions to the overall 

development of society since many chemical processes can be carried out cost-effectively using 

heterogeneous catalysis. The synthetic versatility and structural variability have made MOFs 

as attractive scaffolds for catalytic application in recent years.18, 224 In 1994, MOFs was first 

explored as heterogeneous catalysis.225 For better catalytic applications, active sites are 

definitely indispensable and their origin is of great importance. As shown in Figure 1.21, the 

single-site heterogeneous catalysts within MOFs are present at the nodes, linkers and pores.226 

The most important property responsible for their catalytic activity is the lack of non-accessible 

volume. The high porosity and high surface area help the adsorption and enrichment of 

substrates, which in turn helps the contact and interaction between catalytic sites and reactants 

and helps to improve the overall catalytic efficiency.227 MOFs display better catalytic 

properties than the traditional porous materials such as zeolites, clays or mesoporous silica. 

Some of the advantages are: 1) the structural diversity and tunability properties of MOF 

components (nodes, linker and pores) makes it feasible to develop MOF-based catalysts by 

immobilizing various catalytic sites into a single MOF; 2) researchers can understand the 

mechanism of the reaction at the molecular level because of the well-defined structures of 

MOFs; 3) the recognition and transportation of substrates and products can be favored by the 

mutable pore environments (hydrophilic and hydrophobic); 4) the synergistic catalysis can be 

demonstrated via the various catalytic sites and collaborative microenvironment. Till now, 

MOFs were widely used as catalysts and catalyst supports for a diversity of organic 

transformations including Friedel-Crafts reactions,228-229 Knoevenagel condensation,230-231 

aldol condensation,232-233 oxidation,130, 234 Suzuki-Miyaura cross coupling,235-236 cyano 

silylation,231, 237 carbon dioxide fixation,238-239 etc.234, 240-242 Table 1.3 shows some examples of 

MOF used as heterogeneous catalysts which have been utilized for different organic reactions. 
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Figure 1.21 Single-site heterogeneous catalysts on MOFs are accessible through modifying 

the node, linker and content of the cavity. Reproduced with permission from ref. 226. 

Copyright 2019 Elsevier. 

Table 1.3 Summary of some reported MOFs utilized as a heterogeneous catalysts for different 

organic reactions. 

MOF Catalysis reaction Active Center (Metal/Linker) Ref 

Pd@MIL-101(Cr)-

NH2 

Suzuki-Miyaura cross 

coupling 

Pd 235 

NU-1000(Zr) Dimerization Ni 243 

Hf-NU-1000 CO2 cycloaddition Hf 242 

PCN-124 Knoevenagel 

condensation 

Cu, pyridine, amide 230 

Ce53/Zr-CAU-24 Reduction of NO Ce 244 

Ce-BTC Hydroboration and 

hydrophosphination  

Ce 245 

MOF-808 Hydrolysis of dipeptides Metal cluster 246 

MIL-101(Cr)-NH2 Cycloaddition of CO2 

and epoxides 

Cr metal, linker 247 

UiO-66-NH2 Hydrolysis of dipeptides Metal cluster 248 

Ti3-BPDC-CoH Cascade reduction of N-

heteroarenes 

Ti, Co 249 

Cu3(btc)2 Beckmann 

rearrangement 

Cu 250 

UiO—68(Zr) Amination CoCl/FeBr 251 
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Cu-MOF-75 Friedel-craft acylation Metal cluster 229 

Cu3(btc)2 Friedel-craft alkylation Metal cluster 252 

NH2-UiO-66(Zr) Photocatalytic CO2 

reduction 

Zr, linker 240 

VUiO-66 Gas-phase oxidative 

dehydrogenation of 

cyclohexene 

V 241 

NU-1000(Zr) Oxidation  Co-Al complex 234 

CuNPs@NU-1000 Semihydrogenation of 

acetylene 

Cu 253 

PCN-222(Fe) Oxidation  linker 130 

bpy-UiO C-H borylation of 

arenes 

Ir-/Pd-functinalized linker 254 

Fe4SP@HKUST-1 Selectively 

Encapsulated Heme 

Fe4SP 255 

Mn-salen@MIL-

101(Al) 

Enantioselective 

epoxidation 

Mn-salen 256 

 

1.9 Motivation and aim of the thesis work  

As described in this chapter, MOFs possess diverse and interesting properties, including 

luminescence, unique aesthetically pleasing structures, extraordinarily large surface areas, 

functionality of linker, which make them great candidates in numerous applications like gas 

adsorption, catalysis, gas separation, drug delivery, chemical sensing, etc. Among them, 

chemical sensing based on MOF materials has become a particularly promising application 

because of the presence of numerous active sites in MOFs for accelerating surface host-guest 

reactions. Due to the crystalline nature of MOFs, the pores of MOFs are well arranged. The 

size and shape of the pores can be tuned by an appropriate selection of organic linker and their 

connectivity with metal nodes. Due to their porous nature, MOFs are found to be highly useful 

in catalysis. The most important characteristic responsible for their catalytic ability is the lack 

of non-accessible volume. The defect in the framework of the MOFs also helps to increase the 

catalytic performance. 

Hence, this thesis work mainly focused on the design, synthesis and characterization of 

Zn(II) and Zr(IV) based water-stable MOFs for selective and sensitive detection of toxic ions 

such as Fe3+, Cr2O7
2-, CN- and as well as nitroaromatic explosives. The thesis also explored the 
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application of the hydrophobic cavity of MOF for the heterogeneous catalysis reaction. This 

work mainly used carboxylic acid linkers to design MOFs since carboxylates can chelate with 

metal clusters and lock them into a rigid structure. Keeping the focus on selective detection of 

specific analytes, a proper functional group has been introduced in the linkers to synthesize 

MOFs. 
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           Chapter 2 
A new 3D luminescent Zn(II)-organic framework containing 

quinoline-2,6-dicarboxylate linker for the highly selective sensing 

of Fe(III) ions 

This chapter represents synthesis and characterization of a new 3D zinc-organic 

framework under solvothermal conditions. The overall framework has PtS 

topology, where Zn2+ center acts as a 5-connected node and QDA (QDA = 

quinoline-2,6-dicarboxylate) linker as a spacer. The activated compound (1') 

exhibited a very quick fluorescence quenching response after addition of Fe3+. 

The selectivity for Fe3+ sensing was also examined in the presence of other metal 

cations. The experimental resulted showed that the quenching efficiency was not 

affected by the presence of competitive metal cations. A very low detection limit 

of 9.2 ppb was observed for Fe3+, which is among the lowest values documented 

in the literature for MOF based fluorescence probes. Both fluorescence 

resonance energy transfer (FRET) as well as photo-induced electron transfer 

(PET), processes play major roles in the selective detection of Fe3+. 

 

 
C. Gogoi, M. Yousufuddin and S. Biswas, Dalton Trans. 2019, 

48, 1766-1773. 
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2.1 Introduction 

Metal-organic frameworks (MOFs) is a class of porous hybrid organic-inorganic 

solids1-3 in which different metal ions are linked by polyfunctional organic linkers.4 They have 

porous periodic networks with large surface areas and pore volumes. This remarkable class of 

porous materials has wide range of applications like catalysis,5-6 gas storage,7-8 separation,9-10 

polymerization,11 sensing,12-15 drug delivery,16 electronic conductivity,15 proton conductivity17-

18 and many more.19-21 In many areas, MOFs have shown excellent advantages over traditional 

materials and potential values for commercialization.22 By varying the metal ions as well as 

the organic linker molecules, we can introduce various pore sizes and functionalities into the 

MOF materials. These new porous materials display robustness because of strong bonding as 

well as geometrically well-defined structures. Still, there are some drawbacks of these materials 

over other types of porous materials (such as zeolites and activated carbons) like relatively 

lower thermal and chemical stability.23 Many MOFs show thermal stability only up to 250 °C, 

beyond which the decomposition of framework starts.24 Furthermore, some of them are 

susceptible to decomposition in presence of air or moisture.25 Therefore, the design and 

synthesis of thermally and chemically more stable MOFs are still challenging for the chemists. 

Among different properties of MOFs, luminescence properties are very interesting because of 

their potential applications in sensing of guest molecules.26 MOFs as chemical sensors have 

advantageous over other kinds of sensors.26 MOFs exhibit highly size-selective detection of 

analytes because of the tuneable nature of their porosity (pore size and pore volume).27-28 They 

display photoluminescence properties based on metal ion or linker molecule. Lanthanide and 

actinide-containing MOFs usually exhibit metal-based properties and transition metal-based 

MOFs show linker-based photoluminescence properties.28  

Fe3+ is an essential metal cation for most of the living organisms. It plays many 

important roles in biological systems and has many functions like haemoglobin formation, 

brain function, synthesis of DNA and RNA, oxygen metabolism and many more.29-31 The 

excess or deficiency of Fe3+ is so detrimental that it damages nucleic acids and proteins and 

also leads to a variety of health diseases such as anemia, Alzheimer’s disease, depression, 

cardiac arrest, etc.32-33 Therefore, the development of newer low-cost, selective, sensitive and 

accurate process for the detection of Fe3+ is highly necessary.  

In this chapter, we have discussed the synthesis of a Zn(II) containing quinoline-based 

MOF by solvothermal process. The as-synthesized form of compound 1 having formula 
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[Zn(QDA)]·0.7DMF·0.5H2O was activated to remove the guest solvent molecules from the 

pores. The activated compound (1') was used for the selective detection of Fe3+ in methanol. 

Compound 1' showed excellent recyclability and hence it can be used several times for Fe3+ 

sensing. The Fe3+ sensing ability was unaffected by the presence of other competitive metal 

cations including Fe2+. These results disclose that 1' can serve as a MOF-based fluorescence 

probe for the selective detection of Fe3+ in biological systems. Till date, according to best of 

our knowledge, this is the first quinoline-based Zn-MOF for the fluorimetric detection of Fe3+. 

2.2 Experimental section 

2.2.1 Materials and instrumental techniques 

The linker, H2QDA (quinoline-2,6-dicarboxylic acid) was prepared using the earlier 

reported procedure.34-35 It was characterized by using 1H NMR spectroscopy and ESI-MS 

spectrometry. These data matched well with the earlier reported values. All chemical reagents 

and solvents were received from the chemical suppliers and the solvents were used without 

purification. The X-ray powder diffraction (XRPD) measurements were carried out using 

Bruker D2 Phaser X-ray diffractometer which was employed at 30 kV, 10 mA using Cu-Kα (λ 

= 1.5406 Å) radiation. The Fourier transform infrared (FT-IR) spectra were recorded based on 

KBr pellets in the range of 4000−400 cm-1 with the help of Perkin Elmer Spectrum Two FT-

IR spectrometer. In the FT-IR spectra, the peaks were characterized by using notations such 

as: very strong (vs), strong (s), weak (w), shoulder (sh), medium (m) and broad (br). 

Thermogravimetric analyses (TGA) of 1 and 1' were performed from 25 to 600 °C at a heating 

rate of 10 °C min−1 under argon atmosphere by using a SDT Q600 V20.9 Build 20 

thermogravimetric analyzer. Nitrogen sorption isotherms were recorded on a Quantachrome 

Autosorb iQMP volumetric gas adsorption equipment at -196 °C. Edinburgh Instrument Life-

Spec II spectrometer was used for the fluorescence lifetime measurement. A pulsed diode laser 

was used for exciting the samples at 336 nm, maintaining the emission wavelength at 407 nm 

for metal ions. The energy dispersive X-ray (EDX) experiment was conducted by using a 

Hitachi S3400N SEM-EDX instrument. 

2.2.2 Crystallographic study 

A crystal of good shape and size was carefully chosen from the mother liquor and 

immersed in silicone oil. Then, it was mounted on the tip of a glass fibre and cemented using 

epoxy resin. The diffraction data of the crystal was collected at 293 K with Mo-Kα radiation (λ 

= 0.71073 Å) with an Oxford SuperNova diffractometer equipped with a graphite 
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monochromator and an APEX CCD camera. With the help SMART software, data collection, 

indexing and determination of the unit cell parameters were carried out. SAINT36 and XPREP 

softwares were used in data reduction and cell refinement. The final crystal structure was 

solved by direct methods and refined by full-matrix least-squares on F2 with anisotropic 

displacement using SHELXTL9.37 An empirical absorption correction was carried out by 

SADABS.38 The hydrogen atoms of 1 was refined with isotropic thermal parameters. The guest 

solvent molecules were removed by the SQUEEZE39 program implemented within PLATON40 

because they are highly disordered and cannot be precisely located using X-ray 

crystallography. All the other calculations were made by WinGX system.41 The X-ray 

crystallographic coordinates for structures reported in this article have been deposited at the 

Cambridge Crystallographic Data Centre (CCDC), under deposition number CCDC 1870130. 

These data can be obtained free of charge from The Cambridge Crystallographic Data Centre 

via www.ccdc.cam.ac.uk/data_request/cif. 

2.2.3 Synthesis of [Zn(QDA)]∙0.7DMF∙0.5H2O (1) 

A mixture of Zn(ClO4)2·6H2O (34 mg, 0.09 mmol) and H2QDA linker (10 mg, 0.05 

mmol) in DMF (3 mL) was taken in a Pyrex tube. The suspension was sonicated for 20 min. 

Then, we added 150 μL of conc. HNO3 to get a clear solution of the reaction mixture. After 

sonicating again for 1 h, the resulting solution was heated in a sealed Pyrex tube at 140 °C for 

72 h using an oil bath to afford colorless block-shaped X-ray quality crystals. Yield: 64 mg 

(0.23 mmol), 64% based on metal salt. FT-IR (KBr pellet, cm-1): 3429 (br), 2926 (w), 2850 

(w), 1654 (sh), 1630 (s), 1504 (w), 1403 (w), 1168 (s), 1104 (w), 796 (s), 650 (s), 489 (s). Anal. 

Calcd. for C11.9H7.1N1.3O4.3Zn in %: C, 47.25; H, 2.36; N, 6.02. Found: C, 47.13; H, 2.09; N 

6.36. 

2.2.4 Activation procedures of 1 

The as-synthesized compound (100 mg) was stirred with acetone (15 mL) for 24 h at 

room temperature. Then, the compound was filtered and kept in an oven at 70 °C for 6 h. This 

compound was again heated under vacuum for 24 h at 120 °C. 

2.2.5 Fluorescence sensing investigations 

Firstly, luminescence behavior of 1' was examined in different solvents by placing 3 

mg of 1' in a glass vial and adding different solvents (3 mL) to it. After that, the mixture was 

sonicated for 30 min and the suspension was kept undisturbed for 1 day. This stable dispersion 
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was used for the further fluorescence experiments. The titration measurement was performed 

with an excitation wavelength (λex) of 310 nm. The emission spectra were measured from 330 

nm to 600 nm. For the sensing of metal cations, we chose eleven metal nitrate salts and one 

sulphate salt (for Fe2+ ion). The solution (10 mM) of different metal cations (Fe3+, Fe2+, Pd2+, 

Cr3+, Cd2+, Zn2+, Cu2+, Ni2+, Co2+, Mn2+, Na+ and K+) were prepared in methanol. Some metal 

salts like Pb2+ and K+ are moderately soluble in methanol. We used 200 μL of water to get clear 

solutions. In a quartz cuvette, 2800 μL of methanol was taken and then 200 μL of the 

suspension of 1' in methanol was introduced. This resulting suspension (3 mL) was then 

employed for the fluorescence sensing experiment. At the time of fluorescence titration 

experiments, solutions of metal cations were added in a stepwise manner (50 μL in each step) 

to the suspension of 1' in methanol. If the starting fluorescence intensity of 1' is Io and the 

fluorescence intensity after inclusion of the analyte is I, then the quenching efficiency was 

calculated as (1-I/Io) × 100 %. 

2.3 Results and discussion 

2.3.1 Synthesis and characterization of MOF  

There were many possible ways to perform reactions in order to get optimized 

conditions for the synthesis of 1. By varying different zinc salts like ZnCl2, Zn(ClO4)2·6H2O, 

Zn(CH3COO)2·2H2O and Zn(NO3)2·6H2O, reactions were performed in different solvents like 

DMF, N,N-diethyl formamide (DEF) and N,N-dimethylacetamide (DMA) at different 

temperatures (80 to 150 °C). To get clear solutions, we added 150 μL of conc. nitric acid 

(HNO3) into the reaction mixtures before heating. Among all the reaction conditions, block-

shaped single-crystals were obtained at 140 °C for 72 h, when Zn(ClO4)2·6H2O was used as 

the metal salt and DMF as the solvent. Single-crystals of similar shape were also achieved with 

Zn(NO3)2·6H2O using the same reaction conditions. However, the size of these crystals was 

insufficient for single-crystal X-ray analysis.  

The as-synthesized crystals of 1 were filtered from the mother liquor and thoroughly 

washed with acetone to remove the physisorbed DMF molecules from the crystals. The 

activation of 1 was performed to remove the guest solvent molecules from the pores. This was 

performed by stirring 1 with low-boiling point solvent like acetone. The phase-purity of the 

bulk sample after the synthesis and activation was checked by XRPD analysis. The obtained 

XRPD patterns were compared with the simulated pattern based on the data obtained from the 

single-crystal X-ray diffraction experiment. The comparison plot is shown in Figure 2.1. The 
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diffraction pattern of the as-synthesized compound is in good agreement with the simulated 

data. The XRPD data of the activated compound is similar to the simulated data. Hence, both 

1 and 1' exhibit excellent phase-purity. 

 

Figure 2.1 XRPD patterns of calculated 1, as-synthesized 1 and thermally activated 1'. 

2.3.2 FT-IR spectroscopy 

The FT-IR spectra of both 1 and 1' consist of almost similar absorption bands, except 

the shoulder at around 1654 cm-1 which is additionally observed in the IR spectrum of 1 (Figure 

2.2). For 1, the absorption peak at around 1654 cm-1 is due to the stretching vibration of the 

carbonyl groups of the guest DMF molecules. This absorption peak disappeared after 

activation.42-43 The absorption bands at around 1630 and 1410 cm-1 in both as-synthesized and 

activated samples correspond to the asymmetric and symmetric stretching vibrations of the 

carboxylate groups of the coordinated QDA linker molecules, respectively. 
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Figure 2.2 FT-IR spectra of compound 1 (black), 1' (red) and DMF (green). 

2.3.3 Structure description 

Single-crystal X-ray diffraction study revealed that 1 crystallized in a tetragonal crystal 

system and exhibits I41/a space group (a = b = 19.9088(3) Å, c = 12.1905(3) Å). The 

asymmetric unit of 1 is shown in Figure 2.3a. The asymmetric unit contains one unit of QDA 

linker with full occupancy and one unit of Zn2+ ion with half occupancy. Within the crystal 

lattice, the central Zn2+ ion attains a distorted square pyramidal geometry with ZnO4N 

configuration. The basal plane of the square-pyramid is constituted by one N and three O atoms 

from three different QDA linkers whereas the other corner is coordinated to the O atom from 

an adjacent QDA linker. Such coordination around Zn2+ ion generates a ZnO4N type of square 

pyramidal secondary building unit (SBU), which propagates along the crystallographic c-axis 

leading to a 1D zig-zag chain (Figure 2.3c). Two such adjacent 1D chains are further connected 

via bis-chelation from QDA linker generating an extended 2D layer propagating along the 

crystallographic bc plane (Figure 2.3d). The adjacent 2D layers are further connected via such 

chelating QDA linkers to give rise to an extended 3D framework (Figure 2.3e) with PtS 

topology,44 where Zn2+ center acts as a 5-connected node and QDA linker as a spacer (Figure 

2.3f). According to the program PLATON,40, 45 the total potentially accessible void volume is 

1297.10 Å3, which is 26.8% of the total unit cell volume (4831.83 Å3). These voids are 

occupied by the solvent molecules before activation. The crystallographic data and refinement 

parameters of 1 are listed in Table 2.1. 
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Figure 2.3 Illustrations for the crystal structure of 1: (a) asymmetric unit, (b) coordination 

environment around Zn2+ ion, (c) 1D zigzag chain, (d) 2D layer constructed via linking adjacent 

chains, (e) extended 3D framework and (f) PtS topology of the overall 3D framework. Color 

codes: Zn, green; C, grey; O, red; N, navy blue; H, sky blue 

Table 2.1 Single-crystal X-ray data and structure refinement parameters for compound 1. 

Formula 

Formula Weight 

Crystal System 

Space group 

a/Å 

b/Å 

c/Å 

V/Å3 

Z 

De/g cm-3 

µ Mo Kα/mm-1 

F000 

T/K 

Theta range 

Total no. of reflections 

C11H5NO4Zn 

280.53 

Tetragonal 

I41/a 

19.9088(3) 

19.9088(3) 

12.1905(3) 

4831.83(19) 

16 

1.543 

2.033 

2240.0 

293(2) 

2.894 to 28.697° 

5395 
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Independent reflections 

Observed reflections 

Parameters refined 

Final R indices [I>2sigma(I)] 

R indices (all data) 

GOF (F2) 

Crystal Size  

Index ranges 

Absorption correction 

Max. and min. transmission 

Refinement method 

Data / restraints / parameters 

Extinction coefficient 

Largest diff. peak and hole 

2747 [R(int) = 0.0174] 

1830 

154 

R1 = 0.0274, wR2 = 0.0671  

R1 = 0.0378, wR2 = 0.0723 

1.049 

0.26 x 0.24 x 0.22 mm3 

-26<=h<=13, -21<=k<=25, -16<=l<=8 

Semi-empirical from equivalents 

0.639 and 0.595 

Full-matrix least-squares on F2 

2747 / 0 / 154 

n/a 

0.379 and -0.207 e.Å-3 

 

2.3.4 Thermal and chemical stability 

 

Figure 2.4 TG curves of 1 and 1' recorded in an argon atmosphere in the temperature range of 

25-600 °C with a heating rate of 10 °C/min. 

The TGA data clearly suggested that both the samples (i.e., 1 and 1') of the compound 

are stable up to 440 °C. Hence, the MOF material features excellent thermal stability. As 

evident from the TG curve of 1 (Figure 2.4), the weight loss of 2.5 wt% observed between 25 

and 170 °C is due to the removal of 0.5 H2O molecule per formula unit (calcd.: 2.6 wt%). The 

second weight loss of 14.1 wt% observed between 170-380 °C is due to the removal of 0.7 
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DMF molecule per formula unit (calcd.: 15.0 wt%). The decomposition of the framework starts 

at 440 °C.  

The chemical stability of 1' was checked by stirring it in different solvents as well as in 

acidic and basic medium (15 mL per 100 mg of 1') for 16 h. Here, 1' was stirred at room 

temperature in water, methanol, acetic acid, 1(M) HCl and NaOH (at pH = 10) solutions for 16 

h. It can be concluded from the XRPD patterns of the recovered samples (Figure 2.5) that the 

MOF material preserved its structural integrity in all these liquids. The crystallinity of the 

compound was slightly reduced after stirring in 1(M) HCl solution. The satisfactory chemical 

and thermal stability of 1' can be very useful for its practical applications. 

 

Figure 2.5 XRPD patterns of compound 1 in different forms: (a) activated, (b) after 5 cycles 

of fluorescence titration experiments with Fe3+ solution, (c) after BET analysis, (d) after 

treatment with methanol, (e) after treatment with acetic acid, (f) after treatment with water, (g) 

after treatment with NaOH solution (pH = 10), and (h) after treatment with 1(M) HCl. 
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Figure 2.6 N2 adsorption (filled circles) and desorption (empty circles) isotherms of thermally 

activated 1' measured at –196 °C. 

2.3.5 Surface area measurement 

 

The nitrogen sorption experiment was performed to determine the extent of 

microporosity of material 1'. From this sorption measurement, the specific Brunauer-Emmett-

Teller (BET) surface area of 1' (Figure 2.6) was found to be 292 m2 g−1. In this way, the 

permanent microporosity of the framework 1' was confirmed. 

2.3.6 Photoluminescence properties 

Figure 2.7 shows solid state excitation and emission spectrum of the H2QDA 

linker. The H2QDA linker give emission peak at 470 nm, when excitation at 330 nm at 

room temperature. The emission band of the H2QDA linker could be due to π-π* intra 

linker electronic transition.13  
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Figure 2.7 Excitation and emission spectra of H2QDA linker in the solid state. 

We also performed the solid state emission spectra of 1, 1' and H2QDA linker as shown 

in Figure 2.8 When we excited at 310 nm, the both 1 and 1' gives emission peak at 430 nm 

and H2QDA linker gives emission peak at 470 nm. The enhancement in the emission intensity 

and blue shift in the position of the emission band for 1' and 1 as compared to the H2QDA 

linker might be related  to the perturbation in the π–π* transition due to the coordination of the 

H2QDA linker with Zn (II) ions, forming a 3D cubic framework structure.27  

 

Figure 2.8 Solid state emission spectra of 1, 1' and H2QDA linker (λex = 310 nm). 

Before investigating the fluorescence sensing behavior of 1', we measured the 

fluorescence emission spectra of 1' in different organic solvents and water. The chosen organic 

solvents included DMF, DMA, dimethylsulphoxide, ethanol, methanol, acetonitrile and 
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dichloromethane. Compound 1' showed similar emission spectra in most of the organic 

solvents (Figure 2.9). For the fluorescence sensing studies, methanol was chosen as the solvent, 

since good selectivity for a particular metal ion was not obtained in the other solvents. 

 

Figure 2.9 Fluorescence emission spectra of 1' in common organic solvents (λex = 310 nm). 

2.3.6.1 Detection of metal cations 

The twelve metal cations, which were selected for the fluorescence sensing 

investigations, included K+, Fe2+, Co2+, Ni2+, Zn2+, Cd2+, Cu2+, Cr3+, Fe3+, Na+, Pb2+ and Mn2+. 

The solutions of metal cations (10 mM) were prepared in methanol. They were gradually added 

to the methanolic suspension of 1'. It was clearly observed that after the addition of 400 μL of 

10 mM Fe3+ solution to the methanolic suspension of 1', almost 97% fluorescence quenching 

occurred (Figure 2.10). For all the other cations, the fluorescence quenching efficiencies were 

lower as compared to the Fe3+ (Figure 2.11). We have also studied the quenching effect of Fe3+ 

in water. As shown in Figure 2.12, a quenching efficiency of 92% was observed. The 

percentage of quenching behaviour was almost similar as compared to quenching behaviour in 

methanol medium. The main reason for using methanol as a solvent for detection experiment 

is the better selectivity towards Fe3+ in methanol (as compare to water) over other competitive 

metal ions. 
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Figure 2.10 Quenching of the fluorescence intensity of the methanolic dispersion of 1' after 

incremental addition of 10 mM Fe3+ solution. 

 
 

Figure 2.11 The fluorescence quenching efficiencies of different metal cations (400 μL of 10 

mM solution) towards the methanolic dispersion of 1'. 
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Figure 2.12 Quenching of the fluorescence intensity of the aqueous dispersion of 1' after 

incremental addition of 10 mM Fe3+ solution. 

The selectivity for Fe3+ sensing was also examined in the presence of other metal 

cations. To the methanolic dispersion of 1', the solutions of various metal cations were added 

individually and consequently the solution of Fe3+ was added to the mixture. The fluorescence 

emission spectra of the resulting mixtures were collected. The results of these experiments 

revealed that the quenching efficiency of Fe3+ did not alter considerably even when other metal 

cations were present in the sensing medium (Figure 2.13). Figure 2.14 shows that at low 

concentration quenching efficiency increases rapidly than at high concentration (especially in 

case of Fe3+). 

 

 

Figure 2.13 The effect of other metal cations on the quenching efficiency of Fe3+. 
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Figure 2.14 Change of fluorescence quenching efficiencies upon gradual addition of 10 mM 

solution of various metal cations to a 3 mL well-dispersed suspension of 1' in methanol. 

The utilization of the same probe material for multiple times ion is always advantageous 

for Fe3+ detection. We checked the reusability of 1' up to five cycles. After the first cycle of 

Fe3+ detection investigation, 1' was recovered by centrifugation from the suspension and 

washed five times with methanol. Then, the recovered sample was dried in the oven and again 

suspended in methanol. The suspension was sonicated for 30 min and left without any 

disturbance for 1 day. The as-prepared stable suspension was used for the subsequent sensing 

investigation. We repeated the same procedure for five cycles. The recyclability data in Figure 

2.15 undoubtedly demonstrate that there was very slight reduction in the original fluorescence 

intensity of 1' even after the fifth cycle. The XRPD pattern of the probe after the Fe3+ sensing 

investigation was also analogous as the pattern before the detection experiment (Figure 2.5). 

These findings indicate that 1' can be repeatedly used for the Fe3+ sensing purpose. 
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Figure 2.15 Recyclability study for the methanolic suspension of 1' towards the sensing of 

Fe3+.  

For checking the effect of exposure time on the quenching efficiency, time-dependent 

fluorescence sensing studies were conducted with four different concentrations of Fe3+ 

solution. Here, 100, 200, 300 and 400 μL of 10 mM Fe3+ solution was added individually to 

the methanolic dispersion of 1' and the fluorescence spectra were recorded at a regular time 

interval. The results of the time-dependent sensing investigations (Figure 2.16) definitely 

dictate the maximum quenching occurred within 40 s of exposure for every concentration of 

Fe3+ solution. The quenching efficiencies became almost constant at longer exposure times, 

which was irrespective of the concentration of Fe3+ solution. Hence, the maximum quenching 

of the fluorescence intensity occurred instantaneously for each concentration of Fe3+ solution. 

Almost 97% quenching efficiency was observed within 40 s after the addition of 400 μL of 10 

mM Fe3+ solution. 
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Figure 2.16 The quenching efficiencies of Fe3+ solutions having different concentrations 

towards 1' as a function of exposure time. 

2.3.6.2 Analysis of quenching constant and detection limit for Fe3+  

 

Figure 2.17 Stern-Volmer plot for the quenching of 1' at lower concentration of Fe3+ solution. 

Inset: non-linearity of the Stern-Volmer plot at higher concentration of Fe3+ solution. 

The Stern-Volmer (S-V) plot helps to quantify the extent of fluorescence quenching.46 

If the fluorescence intensities in the absence and presence of quencher are represented as I0 and 

I respectively, then the S-V plot can be drawn by using the equation47-48: (I0/I) = Ksv [A] + 1. 

Here, the molar concentration of the quencher is represented by [A] and the S-V quenching 

constant is represented by Ksv. Figure 2.17 displays the S-V plot for the quenching of 1' as a 

function of the concentration of Fe3+ solution. The Ksv value was found to be 1.12 × 106 M-1 
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from the linear S-V plot at a lower concentration of Fe3+ solution in methanol medium. In water, 

the Ksv value was found to be 0.89 × 106 M-1 (Figure 2.18).  These values are comparable with 

the existing MOF based sensors for Fe3+ (Table 2.2).49 50-56  

 

Figure 2.18 Stern-Volmer plot for the quenching of 1' at lower concentration of Fe3+ solution 

in water. 

Table 2.2 A comparison of the Stern-Volmer constant (Ksv), detection limit and medium used 

for the sensing of Fe3+ for the MOFs reported till date. 

Sl. 

No

. 

MOF Ksv (
 M-1) Detection 

Limit 

Medium 

Used 

Ref. 

1. [Zn(QDA)]·0.3DMF 1.12 × 106  2.3×10-8 M methanol this 

work 

0.89 × 106 3.1 ×10-8 M water this 

work 

2. [La(TPT)(DMSO)2]·H2O 1.36×104 - ethanol 49 

3. [H(H2O)8][DyZn4(imdc)4(im)4] 2.88×104 - DMSO 57 

4. EuL3 4.1×103 10-4 M ethanol 51 

5. [Eu2(MFDA)2(HCOO)2(H2O)6]·H2O - 3.3×10-7 M DMF 58 

6. [Cd(H2La)0.5(H2Lb)0.5(H2O)] - 10-5 M water 59 
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7. [(CH3)2NH2]·[Tb(bptc)]·xsolvents - 72.76 ppm ethanol 60 

8. [Ln2(Ccbp)3·6H2O]·3Cl-·4H2O 1.143×105 - ethanol 61 

9. Eu3+@MIL-124 3.87×104 0.3×10-6 M water 62 

10. MIL-53(Al) - 0.9×10-6 M PBS 

buffer 

63 

11. [Ln(Hpzbc)2(NO3)]·H2O - 2.6×10-5 M ethanol 64 

12. [Tb(BTB)(DMF)]·1.5DMF·2.5H2O - 10-5  M ethanol 65 

13. [Tb4(OH)4(DSOA)2(H2O)8]·(H2O)8  3.5×104 - water 66 

14. Tb3+@Cd-MOF 1.108×105 0.010 mM DMF 67 

15. [Zr6O4(OH)4(2,7-CDC)6]· 

19H2O·2DMF 

5.5×103 9.1×10-7 M water 68 

16. [Cd(p-CNPhHIDC)(4,4’-bipy)0.5] 1.99 × 103 5 × 10-3 M water 69 

17. [Zn(p-CNPhHIDC)(4,4’-bipy)] 1.37 × 103 5 × 10-3 M water 69 

18. [Zr6O6(OH)2(CF3COO)2(C11H5NO4)4

( H2O)4] 

2.25×107 

 

1.7×10-9 M water 55 

19. [Zr6O6(OH)2(CF3COO)2(C11H5NO4)4

( H2O)4] 

1.91×107 2.7×10-9 M HEPES 

buffer 

55 

20. [Al(OH)(BDC-N3)]·1.2H2O·0.3DMF 6.13×103 3×10-8 M water 70 
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Figure 2.19 Three-dimensional S-V plots for the quenching of 1' upon the addition of various 

concentrations of different metal cations. 

The 3D S-V plots for all the metal cations are presented in Figure 2.19. The plots are 

almost linear for the all the metal cations, except Fe3+ which showed nonlinearity and linearity 

at higher and lower concentrations, respectively. The shape of the S-V plot for Fe3+ suggests 

the possibility of both dynamic and static quenching processes.71  

The time-resolved fluorescence decay measurements were performed to discriminate 

between these two quenching processes. We conducted the fluorescence lifetime 

measurements with 1' in the absence and presence of Fe3+ solution in methanol. It can be 

noticed from Figure 2.20 and Table 2.3 that there is only negligible change in the excited-state 

lifetime value after the addition of 50 μL of 10 mM Fe3+ solution to the methanolic suspension 

of 1', indicating the happening of static quenching (i.e., the formation of a ground-state non-

fluorescent complex between 1' and Fe3+).53, 72  
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Figure 2.20 Lifetime decay profile of 1' before and after addition of 50 μL of 10 mM Fe3+ 

solution.  

Table 2.3 Average excited-state lifetime (<τ>) values of 1' before and after the addition of 50 

μL of 10 mM Fe3+ solution (λex = 310 nm). 

Volume of 

10 mM Fe3+ 

solution 

added  (µL) 

   B1     B2   a1    a2  τ1 (ns)  τ2 (ns) <τ>* 

(ns) 

χ2 

     0 0.038 0.001 0.812 0.188 0.533 3.092 1.014 1.01 

   50 0.038 0.002 0.793 0.207 0.564 3.040 1.076 1.08 

* <τ> = a1τ1 + a2τ2 

As shown in Figure 2.19, the plot of the fluorescence intensity of the methanolic 

suspension of 1' as a function of the concentration of Fe3+ solution at lower concentration range 

yielded a linear curve. The limit of detection (LOD) was determined as: LOD = 3σ/K.73 Here, 

K is the slope of the linear curve presented in Figure 2.21 and σ is the standard deviation of the 

fluorescence intensity of 1' in the absence of Fe3+ solution. The resulting LOD value was 2.3 

× 10-8 M (9.2 ppb) in methanol medium. We have also calculated the LOD value of 1' 

towards Fe3+ in water and calculated LOD value was found to be 3.1 × 10-8 M (12 ppb) (Figure 

2.22).  These LOD falls among the lowest LOD values reported in the literature for the 

MOF-based fluorescence probes for the detection of Fe3+ (Table 2.2).51, 53, 55-56, 58-60, 62-65 
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Figure 2.21 Variation in the fluorescence intensity of the methanolic suspension of 1' as a 

function of the concentration Fe3+ solution. 

 

Figure 2.22 Variation in the fluorescence intensity of the aqueous suspension of 1' as a 

function of the concentration of Fe3+ solution. 

2.3.6.3 Mechanisms for Fe3+ detection 

Finally, we proceeded to explore the mechanism of observed fluorescence quenching 

property of 1' by Fe3+. As portrayed in Figure 2.20, the time-resolved fluorescence experiment 

indicated that the quenching of 1' by Fe3+ is static in nature. We carried out EDX measurement 

with 1' obtained after the sensing experiment. The absence of any peak for Fe3+ in the EDX 

spectrum (Figure 2.23) indicated that the Fe3+ did not replace any Zn2+ present in the framework 

structure.  
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Figure 2.23 EDX spectrum of 1' after treatment with 10 mM Fe3+ solution. 

 

 

Figure 2.24 Quenching of the fluorescence intensity of 1' by incremental addition of 10 mM 

MV2+ solution to a 3 mL stable suspension of 1' in methanol. 

The XRPD data of 1' collected after the Fe3+ sensing study showed that the material 

still maintained its structural robustness after treatment with Fe3+ solution. Hence, the 

quenching process was not caused by the destruction of the framework of 1'. The photo-

induced electron transfer (PET) process may be the reason behind the fluorescence quenching 

mechanism. In this process, an internal redox reaction occurs between the excited state of the 

fluorophore with the species which can accept or donate electrons.48, 74 The Fe3+ has a very 

high positive charge density and hence it has a strong electron withdrawing character as 

compared to the other metal cations.75 Hence, we assume that the electron transfer process 

occurs from the electron-rich linker to the Fe3+, which is responsible for the fluorescence 
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quenching observed in the system. To confirm the PET process, we carried out fluorescence 

titration experiments with a very well-known electron acceptor such as methyl viologen 

(MV2+) dication. The quenching profile by MV2+ was same as the quenching profile by Fe3+ 

(Figure 2.24). As MV2+ are good electron acceptors, the quenching process occurred through 

electron transfer process from the electron rich framework to the MV2+.76 From the similarity 

of the quenching patterns for both MV2+ and Fe3+, we can conclude that the photo-induced 

electron transfer process from the framework to the Fe3+ governs the fluorescence quenching 

process. 

The electron transfer mechanism can be also supported by the slightly red-shifted 

fluorescence spectra upon Fe3+ addition to 1' (Figure 2.10).77 There is also a possibility of 

fluorescence resonance energy transfer (FRET) process which can contribute to the quenching 

mechanism. In FRET process, the resonance energy is transferred from the fluorophore to the 

analyte. If there is a substantial overlap between the absorption band of the analyte (acceptor) 

and the emission band of the flurophore (donor), then FRET process takes place.78 Figure 2.25 

shows the UV-Vis spectra of all the examined metal cations in methanol with the emission 

spectrum of 1'. It is clearly indicated from the figure that there is maximum overlap between 

the electronic absorption spectrum of Fe3+ with the emission spectrum of 1'. These observations 

suggest that the fluorescence quenching of 1' by Fe3+ takes place through both PET and FRET 

mechanisms. 

 

Figure 2.25 UV-Vis absorption spectra of the different metal ions (10×10-3 M) solution in 

methanol. The emission spectra of 1' (black color) (3 mg) dispersed in methanol (3 mL). 
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2.4 Conclusions  

In this work, a new 3D luminescent MOF (1) composed of Zn2+ and quinoline-2,6-

dicarboxylic acid linker was synthesized by solvothermal method and characterized in detail. 

Single crystal structure determination disclosed that the 3D framework of 1 possesses PtS 

topology, in which the Zn2+ have distorted square pyramidal geometry with ZnO4N 

configuration. The compound exhibited very high chemical stability. It also displayed high 

thermal stability up to 440 °C. The activated compound (1') showed selective fluorescence 

sensing behavior for Fe3+ with very fast rate of response in methanol. We also demonstrated 

that the selective sensing property of 1' for Fe3+ is retained in the presence of other competitive 

metal cations. The LOD for the sensing of Fe3+ by 1' was estimated to be 2.3 × 10-8 M (9.2 

ppb), which lies among the lowest values exhibited by the previously reported MOF 

based fluorescence probes for sensing Fe3+. Recyclability experiments demonstrated that 

probe 1' could be recycled for five cycles of fluorescence detection events. The XRPD data 

confirmed that material 1' could maintain its structural integrity after the sensing experiment. 

Spectroscopic studies pointed out that both energy transfer and electron transfer mechanisms 

play important roles for the selective fluorescence quenching of 1' by Fe3+. All these 

experimental results clearly indicate that material 1' is a promising probe for the practical 

detection of Fe3+. 
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           Chapter 3 
A pyrazine core-based luminescent Zr(IV)-organic framework for 

specific sensing of picric acid and Cr2O7
2- 

This chapter represents synthesis and characterization of a new MOF containing 

Zr(IV) ion and 2,3,5,6-tetrakis(4-carboxyphenyl)pyrazine (H4L) linker by 

solvothermal method. The results of Pawley refinement confirmed that the as-

synthesized compound (2) is isostructural with the Zr-CAU-24 MOF, which has 

been reported previously. The activated compound (2') has a very high BET 

surface area (1419 m²/g) and CO2 adsorption capacity (4.4 mmol/g at 1.4 bar 

and 0 °C). Being highly water-stable, luminescent 2' can selectively recognize 

dichromate (Cr2O7
2-) in water and picric acid (PA) in dimethyl sulfoxide 

(DMSO), by fluorescence quenching mechanism. The detection limits were found 

to be 13.08 and 8.58 ppb for PA and Cr2O7
2-, respectively. Moreover, the 

mechanisms behind this selective detection of analytes were also investigated. 
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3.1 Introduction 

 Metal-organic frameworks (MOFs) are a class of inorganic and organic hybrid 

materials formed by metal ions and organic linkers.1 The intriguing properties of MOFs are 

determined by the overall physical properties of the inorganic and organic parts. MOF materials 

have modular structures by virtue of variation of metal ions and organic linkers. These highly 

crystalline materials have extraordinarily high porosity as well as vast internal surface area.  

MOFs are known for their huge applications as functional materials, which include catalysis,2 

gas storage/separation,3-4 photovoltaic conversion,5 sensing,6-9 molecular magnetism,10-11 

conductivity,12 polymerization13 and so on. The fluorescence-based sensing of MOFs has 

emerged as a new generation of sensors for having benefits like high selectivity, quick 

response, non-destructive nature and simple operational methods. 

 For security of the native country and safety of the environment, the recognition of 

nitroaromatic explosives (NAEs) is of paramount importance.14-15 The NAEs are highly used 

for the preparation of landmines, military operations and criminal activities. These NAEs can 

spoil the environment by contamination of water resources as well as soil at toxic levels, which 

can lead to hazardous effects on living organisms.16-17 Among the NAEs, picric acid (PA) is a 

dangerous explosive with high detonation properties and a low safety coefficient. PA is used 

in rocket fuels, dyes, matches, firework, pesticides, pharmaceutical and leather industries. The 

by-products during production of these materials cause catastrophic environmental pollution 

as they contaminate the soil and water, affecting the living system adversely.18 In the last few 

years, luminescent MOFs have arisen as favourable materials for PA detection.19-25 Although 

there have been significant progress in the field of PA sensing by MOF materials, there is still 

scope for improvement of selectivity, sensitivity as well as recyclability. 

 Cr2O7
2- ion is a well-known carcinogen which is widely used in metallurgy, leather 

tanning, printing, electroplating industries and so on.26-27 This highly toxic ion is very harmful 

to living organisms and also for the environment. It can cause several diseases in human beings 

such as cancer, deformity and gene mutation.28 Environmental Protection Agency (EPA)29 

declared that concentration of total chromium in water should be below 100 ppb. Therefore, 

the detection of Cr2O7
2- ion in aqueous medium at low ppb level is very essential for the 

environment. 

 In the present work, a highly conjugated, π-electron rich 2,3,5,6-tetrakis(4-

carboxyphenyl)pyrazine (H4L) linker has been utilized for the synthesis of a Zr(IV) MOF. The 
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synthesis of the MOF (2) was performed by solvothermal technique and it was characterized 

thoroughly by analytical and spectroscopic methods. In this chapter, the gas adsorption, 

physicochemical stability and luminescence sensing features of the activated MOF (2') for PA 

and Cr2O7
2- will be discussed. 

3.2 Experimental section 

3.2.1 Materials and physical methods 

 The 2,3,5,6-tetrakis(4-carboxyphenyl)pyrazine) (H4L) linker was synthesized by using 

previously reported procedure.30 All other chemicals were purchased from chemical suppliers 

and used without any further purification. The Bruker D2 Phaser X-ray diffractometer was 

employed for X-ray powder diffraction (XRPD) measurements at 30 kV, 10 mA using Cu-Kα 

(λ = 1.5406 Å) radiation. The Fourier transform infrared (FT-IR) spectra were taken on a Perkin 

Elmer Spectrum Two FT-IR spectrometer with samples prepared on KBr pellets in the range 

of 4000-500 cm-1. The characteristic peaks were mentioned using notation like very strong (vs), 

strong (s), medium (m), shoulder (sh), broad (br) and weak (w). Thermogravimetric analyses 

(TGA) of 2 and 2' were carried out by using a SDT Q600 V20.9 Build 20 thermogravimetric 

analyzer from the temperature range 25 to 700 °C at a heating rate of 10 °C min−1 under argon 

atmosphere. The Brunauer-Emmett-Teller (BET) measurement of 2' were recorded on a 

Quantachrome Autosorb iQ-MP volumetric gas adsorption equipment at -196 °C. The CO2 gas 

adsorption experiment were carried out using Quantachrome iSorb-HP1 gas sorption analyzer 

at 0 °C and also at 25 °C. Prior to N2 and CO2 adsorption experiments, 2' was degassed under 

dynamic vacuum condition for 6 h at 120 °C. The Zeiss (Gemini) SEM equipment and the 

Hitachi S3400N SEM-EDX instrument were used for the field emission-scanning electron 

microscopy (FE-SEM) images and the energy dispersive X-ray (EDX) experiment 

respectively. The fluorescence lifetime measurement was performed using Edinburgh 

Instrument Life-Spec II spectrometer. During lifetime measurement, the samples were excited 

at 295 nm and maintaining the emission wavelength at 410 nm. Caution! NAEs like PA, 4-NP 

are highly explosive so should be handled very carefully and also used in small amounts.  

3.2.2 Synthesis of [Zr6(μ3-O)4(μ3-OH)4(OH)4(H2O)4(L)2]∙3H2O∙2DMF (2) 

 The microcrystalline powder of 2 was obtained by reacting a mixture of ZrOCl2∙8H2O 

(15 mg, 0.05 mmol), H4L linker (20 mg, 0.04 mmol) and benzoic acid (872 mg) (in 1.25 : 1 : 

200 molar ratio) in DMF (3 mL) at 150 °C for 24 h. The reaction was carried out in a Pyrex 
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tube, which was heated in an oil bath. Before heating, the mixture was thoroughly mixed by 

sonication for 10 min. After 24 h of solvothermal reaction, the white coloured precipitate was 

collected by filtration and then washed several times with acetone. It was then dried at 80 °C. 

The yield of the compound (2) was found to be 13 mg (0.01 mmol, 88 %) on the basis of metal 

salt. Anal. Calcd. for 2 in % : C, 39.42; H, 3.21; N, 3.94. Found: C, 39.04; H, 3.01; N; 3.91. 

Anal. Calcd. for 2' in % : C, 39.78; H, 2.50; N, 2.90. Found: C, 39.55; H, 2.29; N, 2.87. FT-IR 

(KBr, cm-1): 3445 (br), 1653 (sh), 1615(m), 1547 (m), 1410 (vs), 1259(w), 1181 (w), 1111(w), 

1015 (w), 871(w), 780 (w), 718 (w), 601 (m).  

3.2.3 Activation of compound 2 

 Compound 2' was obtained in three stages. Firstly, compound 2 was stirred for 48 h in 

methanol, which is a low boiling solvent. Secondly, the compound received after filtration was 

heated in an oven at 90 °C for 12 h. Lastly, the dried compound was kept under high vacuum 

for 24 h at 120 °C. This desolvated MOF sample (2') was used for further analysis.  

3.2.4 Pawley refinement 

 The XRPD patterns were measured in transmission geometry using a STOE Stadi MP 

with CuKα1 radiation and equipped with a Mythen detector. Due to the low number of 

reflections, the pattern could not be reliably indexed, but the data exhibits very strong 

similarities with the theoretical pattern of the recently reported MOF Zr-CAU-24 which 

incorporates the linker 1,2,4,5-tetrakis(4-carboxyphenyl)benzene (TCPB) and has the 

composition [Zr6(µ3-O)4(µ3-OH)4(OH)4(H2O)4(TCPB)2].
31 Using the cell parameters of Zr-

CAU-24 as starting values, the cell parameters for the new compound could be refined by 

structure-less Pawley refinement using TOPAS academics (Figure 3.1).32 
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Figure 3.1 Fits for the structure-less Pawley refinement of as-synthesized 2 (left) and activated 

2' (right). 

 The cell parameters changed only slightly upon activation and the XRPD patterns look 

virtually identical. A structural model was designed starting from the crystal structure of Zr-

CAU-24. The refined unit cell parameters of the activated MOF were imposed and the linker 

was manipulated into the used molecule based on a pyrazine core. Afterwards the structure was 

fully optimized by force-field calculations using the universal force-field33 as implemented in 

the Forcite routine in the software suite of Materials Studio.34 An attempted full Rietveld 

refinement of this model was not possible which we attribute for once to the low number of 

reflections but also to the presence of residual guest molecules inside the pores of the 

framework. Such residual electron density was observed during the attempted refinement 

inside the framework and is also found in the structure of Zr-CAU-24, especially inside the 

smaller cages. Nevertheless, the simulated XRPD data correlates suitably with the experimental 

data, albeit the peak intensities deviate for the reasons stated above. The refinement parameters 

for the structures of 2 and 2' are provided in Table 3.1. 

Table 3.1 Structural refinement parameters for compound 2 and 2' obtained from Pawley fits. 

Sample Compound 1 Compound 1' 

Crystal system orthorhombic orthorhombic 

Space group Cmmm Cmmm 

a / Å 19.375(12) 19.492(12) 

b / Å 33.376(21) 33.489(20) 
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c / Å 12.712(12) 12.608(7) 

α = β = γ / ° 90 90 

V/ Å3 8220(10) 8230(8) 

Rwp / % 3.5 4.9 

GoF 3.0 2.0 

 

3.2.5 Sensing experiments for NAEs and anions 

 The suspension of 2' in water and DMSO were prepared separately in glass vials by 

dispersing 3 mg of 2' in 3 mL of solvent. The mixtures were sonicated for 1 h and kept without 

any disturbance for overnight to get a stable suspension. The luminescence spectra were 

acquired at an excitation wavelength (λex) of 295 nm. The NAEs used for the sensing 

experiments were 2,6-dinitrotoluene (2,6-DNT), PA, 4-nitrophenol (4-NP), 2,4-dinitrophenol 

(2,4-DNP), nitrobenzene (NB), 1,3-dinitrobenzene (1,3-DNB), 4-nitrotoluene (4-NT) and 2,4-

dinitrotoluene (2,4-DNT). Three millimolar solutions of these NAEs were prepared in DMSO. 

For sensing of anions, we selected thirteen anions such as Na2Cr2O7∙2H2O, KMnO4, 

CH3COONa, Na2CO3, Na3PO4∙12H2O, NaBr, NaCl, NaCN, NaHCO3, NaNO2, NaSCN, 

Na2SO4 and NaClO4∙H2O. Three millimolar solutions of these anions were prepared in water. 

For the sensing of metal anions, 2800 μL of water and 200 μL of aqueous suspension of 2' 

were poured in a quartz cuvette and solutions of different cations or anions were added 

incrementally. Similarly, for sensing of NAEs, same amounts of pure DMSO and suspension 

of 2' in DMSO were placed in a quartz cuvette. Thereafter, solutions of selected NAEs were 

added gradually. The fluorescence quenching efficiency was measured by using formula: (1-

I/Io) × 100 %, in which Io and I are the fluorescence intensities preceding and following the 

addition of analyte, respectively.  

3.3 Results and discussion 

3.3.1 Synthesis and characterization of the MOF 

 The present compound was obtained in highly crystalline and phase-pure form by using 

ZrOCl2∙8H2O as a metal source, DMF as a solvent and benzoic acid as a modulator at 

temperature of 150 °C for 24 h. After completion of reaction, white coloured precipitate (2) 

was collected by filtration. The morphology of the compound was revealed from FE-SEM 
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analysis as needle type microcrystals (Figure 3.2). The high crystallinity and phase-purity of 

the compound were confirmed by acquiring its XRPD pattern (Figure 3.3), which looked very 

similar as the theoretical XRPD data. The XRPD pattern of 2' indicated that the compound 

retained its structure after activation. 

 

Figure 3.2 FE-SEM images of 2. 

 

Figure 3.3 Calculated and experimental XRPD patterns of 2 and 2'. 

 The FT-IR spectra of 2, 2' and H4L linker were examined (Figure 3.4) to check the 

incorporation of linker into the framework. The strong absorption bands at around 1615 and 

1410 cm-1 for both 2 and 2' represent the asymmetric and symmetric –CO2 stretching vibrations 

of the coordinated H4L linker, respectively. The absence of absorption band at around 1705 

cm-1 for 2 as compared to H4L linker is indicative of complete deprotonation of the H4L linker 

during formation of 2. The carbonyl stretching vibration of DMF molecules present inside the 
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framework of 2 display band at around 1653 cm-1, which is absent in case of 2'. This 

observation implies that 2' is free from DMF molecules after activation. 

 

Figure 3.4 FT-IR spectra of H4L linker (green), compound 2 (red) and 2' (black). 

3.3.2 Structure description of 2 

 We indexed the XRPD pattern of 2 in an orthorhombic crystal system with space group 

Cmmm with a = 19.375(12) Å, b = 33.376(21) Å, c = 12.712(12) Å. The results of Pawley 

refinement (Figure 3.1) confirmed that the simulated and experimental XRPD data are in good 

agreement with each other for 2. The refinement data also point out that 2 is isostructural with 

the Zr-CAU-24 MOF, which has been reported previously.31 The main difference between the 

structure of 2 and Zr-CAU-24 is that the former contains pyrazine-core based tetracarboxylate 

linker (L4-, Figure 3.5a) whereas the latter consists of benzene-core based TCPB4- linker. 

Similar to Zr-CAU-24, the crystal structure of 2 contains [Zr6(µ3-O)4(µ3-OH)4]
12+ clusters. 

Each Zr6 cluster is connected with eight carboxylate functionalities from L4- linkers. In addition 

to carboxylate groups, the Zr6 cluster is bonded with OH- anions and H2O molecules, which 

completes the coordination number (8) of each Zr(IV) ion. The asymmetric unit of 2 contains 

two crystallographically independent Zr atoms, a quarter of L4- linker and two µ3-O atoms 

(Figure 3.5b). The Zr6 clusters are connected with each other via the L4- linkers forming a 3D 

polymeric framework (Figure 3.5c and 3.5d), which has C-centered orthorhombic symmetry 

and scu topology. The framework contains rhombic channels having dimensions of 4.7 × 11.2 

Å. 
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Figure 3.5 (a) Structure of H4L linker, (b) asymmetric unit of 2, (c) node connectivity in the 

structural network of 2, and (d) overall 3D framework of 2 with scu topology. 

3.3.3 Thermal and chemical stability 

 

Figure 3.6 TG curves of 2 and 2' recorded in an argon atmosphere in the temperature range of 

25-700 °C with a heating rate of 10 °C/min. 

 According to the TGA curves, 2 and 2' are thermally stable up to 440 °C (Figure 3.6) 

in Ar atmosphere. In the TGA curve of 2, the first weight loss of 2.8% observed between 25 

and 125 °C is because of removal of two molecules of water per formula unit (calcd. 2.5%). 

From 125 to 340 °C, the weight loss of 6.0% is due to the removal of two DMF guest molecules 
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per formula unit (calcd. 6.8%). After that no weight loss was observed till 440 °C and 2 started 

to decompose from this temperature. In case of 2', the first weight loss of 3.4% is because of 

the loss of water molecules which was physically adsorbed during storage in air atmosphere 

after activation. 

 The chemical stability of 2' was tested by stirring it in few liquids like acetone, 

methanol, ethanol, water, 1 M HCl, 1 M NaOH and acetic acid for 12 h. Later, the compound 

was recovered through filtration and dried at 90 °C in an air oven. The XRPD data revealed 

that the framework of 2' did not decompose after stirring in all these liquids, except 1M NaOH 

solution (Figure 3.7). Thus, the framework of 2' is stable in water, selected organic solvents 

and acidic conditions. 

 

Figure 3.7 XRPD patterns of 2' in different forms: (a) activated; (b) after treatment with water; 

(c) after treatment with methanol; (d) after 5 cycles of fluorescence titration experiments with 

PA; (e) after BET analysis; (f) after CO2 adsorption; (g) after treatment with acetone; (h) after 

treatment with acetic acid; (i) after treatment with 1(M) HCl; (j) after treatment with ethanol; 

(k) after 5 cycles of fluorescence titration experiments with Cr2O7
2- ions: (l) after treatment 

with 1(M) NaOH. 
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3.3.4 Gas adsorption properties 

 The permanent microporosity of 2' was examined by N2 sorption study (at -196 °C) 

which disclosed type-I adsorption isotherm (Figure 3.8). From the N2 adsorption isotherm, the 

BET surface area was found to be 1419 m²/g. This value indicates that 2' is highly porous 

toward N2. However, this value is somewhat less than the formerly reported and isostructural 

Zr-CAU-24 MOF with TCPB linker.31 The CO2 adsorption isotherm was acquired at 0 and 25 

°C up to 1.4 bar. The CO2 adsorption capacity of 2' at 1.4 bar was found to be 4.4 mmol/g and 

2.5 mmol/g at 0 and 25 °C, respectively (Figure 3.9). 30, 35  

 

Figure 3.8 N2 sorption isotherms of 2' at -196 °C. 

 

Figure 3.9 CO2 sorption isotherms of 2' at 0 °C and 25 °C. 
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3.3.5 Luminescence behavior 

 The luminescence behavior of H4L linker and 2' were examined at room temperature 

in the solid state. The free H4L linker showed week fluorescence emission at 410 nm when 

excited at 295 nm. In comparison, the H4L linker coordinated to Zr(IV) ion in the framework 

of 2' exhibited emission maximum at 420 nm when excited at the same wavelength (Figure 

3.10). The emission maximum of the free H4L linker may be attributed to intralinker π→π* 

and n→π* transitions.7 Compound 2' showed strong emission and slight red shift (10 nm) of 

the emission maximum as compared to free H4L linker. These changes in emission properties 

are mainly caused by restriction of the free intramolecular rotation of H4L linker because of 

coordination of the linker with Zr(IV) ion which in turn perturbs the electronic energy levels. 

The luminescence properties of 2' in water and few organic solvents were also investigated. 

All the selected organic solvents showed similar type of emission spectra (Figure 3.11). For 

our fluorescence sensing experiments, we chose water for detection of metal anions, and 

DMSO for the detection of NAEs. The main reason behind the selection of DMSO as a solvent 

for NAEs sensing is that the required selectivity is not obtained in other solvents. The sensing 

studies of NAEs were executed in DMSO instead of water due to the poor selectivity exhibited 

by 2' for a particular NAE in water.  

 

Figure 3.10 The solid-state photoluminescence spectra of H4L linker and 2' (excited at 295 

nm). 

TH-2526_166122011



Chapter 3 
 

100 
 

 

Figure 3.11 Fluorescence emission spectra of 2' in water and common organic solvents (λex = 

295 nm). 

3.3.6 Detection of NAEs and anions 

 For the recognition of NAEs, eight NAEs namely PA, 4-NP, 2,4-DNT, 2,6-DNT, 2,4-

DNP, 1,3-DNB, 4-NT and NB were selected. Thirteen anions such as Cr2O7
2-, MnO4

-, AcO-, 

CO3
2-, PO4

3-, Br-, Cl-, CN-, HCO3
-, NO2

-, SCN-, SO4
2- and ClO4

- were chosen for the sensing of 

anions. The fluorescence spectra were acquired after incremental addition of solutions of NAEs 

(3 mM in DMSO) and anions (3 mM in water) to the suspension of 2'. Among all tested NAEs 

and metal anions, 92% and 94% fluorescence quenching were observed after addition of 250 

µL of PA and 200 µL of Cr2O7
2- solution, respectively (Figure 3.12 and Figure 3.13).  
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Figure 3.12 Fluorescence reduction for 2' dispersed in DMSO (1 mg/mL) upon gradual 

addition of 3 mM PA solution prepared in DMSO. 

 

Figure 3.13 Fluorescence reduction for 2' dispersed in water (1 mg/mL) upon gradual addition 

of 3 mM Cr2O7
2- solution prepared in water. 

 Moreover, the quenching effect of PA in aqueous medium was also studied. As shown 

in Figure 3.14, a quenching efficiency of 92% was observed for PA in aqueous medium. We 

chose DMSO for the detection experiment, since the above-mentioned selectivity toward PA 

was not achieved in aqueous medium.  
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Figure 3.14 Luminescence quenching of 2' dispersed in water after gradual addition of 3 mM 

solution of PA in water (250 µL). 

 All NAEs could quench the fluorescence intensity of 2' but their quenching efficiencies 

were different when the identical amount of the solution of NAEs was added (Figure 3.15). By 

adding the same amount of the solution of different NAEs (in DMSO) was added to the 

suspension of 2', the maximum quenching of fluorescence intensity was observed in case of 

PA (92%). Thus, the high specificity of 2' for PA was corroborated. It can be inferred from 

Figure 3.16 that the great selectivity of the MOF probe for PA was nearly unaffected by the 

presence of other interfering NAEs.  

 

Figure 3.15 Quenching efficiency of 2' after addition of 3 mM solutions (250 μL) different 

NAEs in DMSO. 
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Figure 3.16 Quenching efficiencies of 2' after addition of equal amounts of different NAEs 

and PA in DMSO. 

 The response towards PA was very rapid (30 s), as shown in Figure 3.17. The 

concentration dependent quenching experiment (Figure 3.18) disclosed that the quenching 

percentage increased rapidly at lower concentration than that at higher concentration in case of 

PA. The quenching percentage remained almost invariant for all other intrusive NAEs in the 

whole concentration range of the experiment. 

 

Figure 3.17 Quenching efficiencies of 2' after addition of 3 mM PA as a function of exposure 

time in DMSO solvent. 
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Figure 3.18 Change of quenching efficiency (%) after addition of different volumes of 3 mM. 

 

Figure 3.19 Quenching efficiency of 2' after addition of 3 mM solutions (150 μL) of different 

anions in aqueous medium. 

 

Figure 3.20 Quenching efficiencies of 2' after addition of equal amounts of other anions and 

Cr2O7
2- ion. 
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 The quenching efficiencies of the other competitive metal anions were lower than the 

quenching efficiency shown by Cr2O7
2- ion in aqueous medium (Figure 3.19). More than 90% 

quenching efficiencies were observed for all other metal anions when equal amount of aqueous 

Cr2O7
2- solution was added to the suspensions of 2' where other metal anions were already 

present (Figure 3.20). We can infer that the presence of other metal anions does not affect the 

quenching property of Cr2O7
2- ion. From Figure 3.21, it is observed that 2' displays very quick 

response (30 s) towards Cr2O7
2- ion. The concentration dependent graph (Figure 3.22) shows 

that the quenching effect is higher at lower concentration of Cr2O7
2-. The quenching effect 

remains almost the same at higher concentration of Cr2O7
2-. 

 

Figure 3.21 Quenching efficiencies of 2' after addition of 3 mM Cr2O2
2- as a function of 

exposure time in water. 
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Figure 3.22 Change of quenching efficiency (%) after addition of different volumes of 3 mM 

different metal anions. 

 The recyclable property of a fluorescent probe is very important for its practical 

application in sensing various species. Taking this point into consideration, the recyclability 

experiments for PA and Cr2O7
2- were carried out up to 5 cycles. After completion of 

fluorescence titration experiment, 2' was filtered, washed with acetone and dried at 90 °C for 

12 h. Then, again sensing experiment was carried out with that sample. The initial and final 

fluorescence intensity of 2' remained nearly the same for all the three sensing experiments 

(Figure 3.23 and Figure 3.24). Besides, we acquired the XRPD patterns of 2' after the 5th cycle 

of recyclability experiment. The XRPD data show that the framework remained intact even 

after the 5th cycle (Figure 3.7). These experimental results indicate that 2' is a highly reusable 

chemical sensor, which is advantageous for its practical application. 
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Figure 3.23 Reproducibility test for the aqueous suspension of 2' towards sensing of PA. 

 

Figure 3.24 Reproducibility test for the aqueous suspension of 2' towards sensing of Cr2O7
2- 

ion. 

 The quenching effect was further analyzed using Stern-Volmer (S-V) plot. The S-V 

plot can be drawn on the basis of the equation: I0/I = Ksv [Q] + 1, where I0 is the original 

fluorescence intensity of 2' and I is the fluorescence intensity of 2' in presence of respective 

analyte.36 [Q] is the molar concentration of analyte and Ksv is the quenching constant. The Ksv 

values for PA, and Cr2O7
2- were found to be 4.56 × 105 M-1 (Figure 3.25) and 1.02 × 106 M-1 

(Figure 3.26), respectively. The Ksv value for PA in water medium was found to be 2.89 × 105 
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M-1 (Figure 3.27).  In all three cases, the Ksv values are analogous with the other reported MOFs 

(Tables 3.2-3.3).8, 18, 20, 22, 24-25, 27, 36-67  

 

Figure 3.25 S-V plot for the quenching of 2' at lower concentrations of PA in DMSO. Inset: 

non linearity of the S-V plot at higher concentrations of PA. 

 

Figure 3.26 S-V plot for the quenching of 2' at lower concentrations of Cr2O7
2- ion in water. 

Inset: non linearity of the S-V plot at higher concentrations of Cr2O7
2- ion. 
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Figure 3.27 S-V plot for the quenching of 2' at lower concentrations of PA in water. 

Table 3.2 A comparison of the Stern-Volmer constant (Ksv), detection limit and medium used 

for PA detection for some MOFs already reported till date. 

Sl. 

No. 

MOF Ksv (M
-1) Detection 

Limit 

Medium 

Used 

Ref. 

1. [Zr6(µ3-O)4(µ3-

OH)4(OH)4(H2O)4(L)2] 

4.56×105 5.72×10-8 M DMSO this 

work 

2.89×105 2.00×10-8 M water this 

work 

2 [[Cd(ATAIA)]·4H2O]n 1.59×107 0.94×10-9 M water 41 

3. EuNDC 3.22×104 1.64×10−7 M water 25 

4. AHU-TW1 

AHU-TW3 

AHU-TW4 

AHU-TW6 

1.44×104 

1.48×104 

5.0×104 

5.31×104 

4.05×10−6 M 

3.94×10−6 M 

1.16×10−6 M 

1.10×10−6 M 

DMF 42 

5. [Zr6O4(OH)4(BTDB)6]·8H2O· 

6DMF 

2.49×104 1.63×10-6 M methanol 68 

6. [Cd5Cl6(L)(HL)2]·7H2O 4.05×104  1.87×10-7 M ethanol 19 

7. [Tb(1,3,5-BTC)] 3.41×104 8.1×10-8 M ethanol 69 
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8. Zr6O4(OH)4(L)6 2.9 ×104 2.6×10-6 M water  43 

9. [Cd(NDC)0.5(PCA)]n 3.5×104 - acetonitrile 21 

10. [La(TPT)(DMSO)2]·H2O 9.89×104 - ethanol 56 

11. [[CuL(I)].DMF.H2O]n 1.51×105 215 ppb acetonitrile 70 

12. BUT-12 

BUT-13 

3.1×105 

5.1×105 

23 ppb 

10 ppb 

water 57 

13. [Zn2(NDC)2(bpy)].Gx 0.4×104 - ethanol 71 

14. [Zn8(ad)4(BPDC)6 

(0.2Me2NH2)]∙G 

4.6×104 12.9×10-6 M water 58 

15. [Zr6O4(OH)6(L)6]n 5.8×104 0.4 ppm water 59 

16. [Cd3(TPT)2(DMF)2] 

·0.5H2O]n 

6.56×104 - ethanol 60 

17. [Zn2(L)2(dpyb)]n 

[Zn(L)(dipb)](H2O)2 

2.40×104 

2.46 ×104 

- 

- 

DMA 61 

18. TB-Zn-CP 4.37×104 23 ppb water 72 

19. [Pr2(TATMA)2∙4DMF∙4H2O]n 1.6×104 - DMF 73 

20. [[Zn(C34H18O8)0.5(C20N2H16)0.5] 

[0.5(C20N2H16)]]n 

8.1×104 - DMF 18 

21. [Zn(NDC)H2O)]n  

[Cd(NDC)(H2O)]n 

6×104 

2.385×104 

1×10-6 M  

4×10-6 M 

water 74 

22. [Zn4(DMF)(Ur)2(2,6-NDC)4]n 10.83×104 1.63 ppm water 62 

23. H2ATAIA 

H2AMTAIA 

H2DMTAIA 

1.759×105 

9.875×104 

1.646×104 

120 ppb 

0.8 ppm 

1.2 ppm 

water 24 

24. [Zn2(TCPP)(DMF)2] 3.59×104 - ethanol 30 
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Table 3.3 A comparison of the Stern-Volmer constant (Ksv), detection limit and medium used 

for Cr2O7
2- detection for some MOFs already reported till date. 

Sl. 

No 

MOF Ksv (M
-1) Detection 

Limit 

Medium 

Used 

Ref. 

1. [Zr6(µ3-O)4(µ3-

OH)4(OH)4(H2O)4(L)2] 

1.02× 106 2.88× 10-8 M water this 

work 

2. JLU-MOF60 5.91× 104 3.78× 10-7 M water 27 

3. JLU-MOF50 4.99× 104 - water 63 

4. [(CH3)2NH2]6[Cd3L(H2O)2]·12H2O 9.19 × 105 - water 75 

5. NUM-5 9.4× 104 0.7 ppm water 64 

6. [Cd(TIPA)2(ClO4
-

)2]·(DMF)3(H2O) 

7.15× 104 8 ppb water 76 

7. [Cd(L)(TPOM)0.75].xS 1.35× 104 - water 77 

8. [Zn(L)(BBI)·(H2O)2] 1.17× 104 - water 77 

9. [Zn2(TPOM)(NDC)2]·3.5H2O 9.21× 104 2.35×10-6 M water 65 

10. BUT-28 1.02× 105 36 ppb water 66 

11. 534-MOF-Tb 1.37× 104 0.14× 10-3 M water 78 

12. [Eu(ipbp)2(H2O)3]Br6H2O 8.98 × 103 5.16×10-6 M water 79 

13. [Zn2(tpeb)2(2,3-ndc)2]·H2O}n - 2.531 ppb water 80 

14. MOR-2 - 4 ppb water 81 

15. Zn-MOF-1 2.07 × 104 3.53×10-6 M water 82 

16. [Zn(L)(bpp)]·DMF 

[Zn(L)(bpe)]·DMF 

2.78× 103 

7.91× 103 

3.52×10-6 M 

4.28×10-6 M 

DMF 83 

17. [Eu(L)(HCOO)(H2O)]n 

[Tb(L)(HCOO)(H2O)]n 

2.76× 104 

2.13× 104 

1.0× 10-6 M 

2.1× 10-6 M 

water 84 

18. Eu-MOF 1.55× 104 9.2×10-6 M water 85 
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19. Eu3+@MIL-121 4.34× 103 5.4×10-8 M water 67 

20. [Zn7(TPPE)2(SO4
2−)7](DMF·H2O) 1.09× 104 26.98 ppb water 86 

21. [Tb(TATAB)(H2O)2 ]·NMP 1.11× 104 - water 87 

22. [Zn3(tza)2(μ2-OH)2(H2O)2]H2O 5.02× 103 10-6 M water 88 

23. [Zn(btz)]n 

[Zn2(ttz)H2O]n 

3.19× 103 

2.19 × 103 

2× 10-6 M 

2× 10-5 M 

water 89 

24. [Eu(Himdc)(ina)(H2O)]n 2.46 × 103 - water 90 

25. [Eu2(H2O)(DCPA)3]n 8.7× 103 1.09× 10-4 M water 91 

26. BUT-39 1.57× 103 1.5× 10-6 M water 92 

  

 The 3D S-V plots at higher concentration for all the chosen NAEs and metal anions are 

presented in Figure 3.28 and Figure 3.29 respectively. The linear S-V curve for at lower 

concentration (Figures 3.25-3.26) indicates that the quenching mechanism is either dynamic or 

static in nature. But, the deviation of the curve from linearity at higher concentration indicates 

the occurrence of both quenching mechanisms.  

 

Figure 3.28 3D S-V plots for the quenching of 2' upon the addition of various concentrations 

of different NAEs. 
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Figure 3.29 3D S-V plots for the quenching of 2' upon the addition of various concentrations 

of different metal anions. 

 We also performed temperature dependent luminescence studies in three different 

temperature and calculated the KSV values (Figures 3.30-3.31 and tables 3.4-3.5). As it can be 

seen from the Tables 3.4-3.5, Ksv values for all three analytes decreases as the temperature is 

increased. This finding confirmed that all three quenching mechanism is static in nature.93 

 

Figure 3.30 S-V plot at different temperature for quenching of 2' by PA solution. 

Table 3.4. Liner regression analysis of S-V plot at different temperatures for quenching of 2' 

by PA solution.  
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T (K) Ksv (M
-1)×105 R2 

283 6.606 0.99158 

293 4.443 0.98416 

303 2.756 0.99693 

 

 

Figure 3.31 S-V plot at different temperature for quenching of 2' by Cr2O7
2- solution. 

Table 3.5 Liner regression analysis of S-V plot at different temperatures for quenching of 2' 

by Cr2O7
2- solution.  

T (K) Ksv (M
-1)×106 R2 

283 1.438 0.99320 

293 1.164 0.99669 

303 1.044 0.98411 

 

 To gain further details about these two quenching mechanisms, we carried out time-

resolved fluorescence quenching experiments for both (PA and Cr2O7
2-) quenching processes. 

Figures 3.32-3.33 reveals that there are negligible changes in the average excited-state lifetime 

(〈τ〉) values of 2' after treatment with PA or Cr2O7
2- solution. Before and after addition of PA 

solution to 2', the 〈τ〉 values were found to be 0.44 and 0.38 ns, respectively (Table 3.6). For 
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Cr2O7
2-, these values were 0.76 and 0.53 ns, respectively (Table 3.7). These values of lifetime 

indicate that both quenching processes are static in nature.  

 
Figure 3.32 Lifetime decay profile of 2' before and after addition of 200 μL of 10 mM PA in 

DMSO. 

Table 3.6 Average excited state lifetime (<τ>) values of 2' before and after addition of 200 μL 

of 10 mM PA solution in DMSO (λex = 295 nm). 

Volume 

Added 

(μL) 

B1 B2 a1  a2 τ1 (ns) τ1 (ns) <τ>* 

(ns) 

χ2 

0 0.016 0.001 88.52 11.48 0.36 1.06 0.44 1.01 

200 0.021 0.001 99.90 9.91 0.28 1.10 0.38 1.03 

* <τ> = a1τ1 + a2τ2 
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Figure 3.33 Lifetime decay profile of 2' before and after addition of 150 μL of 3 mM Cr2O7

2- 

solution in water. 

Table 3.7 Average excited state lifetime (<τ>) values of 2' before and after addition of 150 μL 

of 3 mM Cr2O7
2- solution (λex = 295 nm). 

Volume 

Added 

(μL) 

B1 B2 a1 a2 τ1 (ns) τ1 (ns) <τ>* 

(ns) 

χ2 

0 0.012 0.001 90.32 9.67 0.69 1.40 0.76 1.01 

150 0.020 0.001 92.13 7.66 0.35 2.73 0.53 1.01 

* <τ> = a1τ1 + a2τ2 

 The limit of detection (LOD) of 2' towards PA and Cr2O7
2- was calculated using 3σ/K 

requirement. Here, K is the slope of the plot of fluorescence intensity against concentration of 

analyte and σ is the standard deviation of the initial fluorescence intensity of 2'. For these 

experiments, we gradually added the analytes having very low concentration to the suspension 

of 2' and measured the fluorescence intensity. By plotting the fluorescence intensity against 

concentration, the linear curve (Figures 3.34-3.35) was obtained. The LOD values of 2' towards 

PA and Cr2O7
2- were found to be 5.72 × 10-8 M (13.08 ppb) and 2.88× 10-8 M (8.58 ppb) 

respectively. We have also calculated LOD value of 2' towards PA in water and calculated 

LOD value was found to be 2.00 × 10-8 M (4.58 ppb) (Figure 3.36). These data are among the 

lowest LOD values of the previously reported MOFs towards fluorogenic detection of PA and 

Cr2O7
2- ion. (Tables 3.2-3.3).6, 8, 24-25, 27, 36-37, 40-42, 45-51, 53, 57-59, 62, 64-68 
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Figure 3.34 Change of fluorescence intensity of 2' suspension in DMSO as a function of 

concentration of added PA solution in DMSO. 

 

Figure 3.35 Change of fluorescence intensity of aqueous suspension of 2' as a function of 

concentration of added Cr2O7
2- solution in water. 
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Figure 3.36 Change of fluorescence intensity of 2' suspension in water as a function of 

concentration of added PA solution in water. 

3.3.7 Mechanisms for the quenching of 2' by PA and Cr2O7
2- 

 The fluorescence quenching features of 2' by PA can be considered to occur via PET 

mechanism from the electron-donor framework to electron-acceptor PA molecule. 

Fluorescence intensity of the electron-donor fluorophore in 2' can be effectively quenched by 

all NAEs through PET mechanism, since all chosen NAEs are nitro-substituted electron-

acceptor substrates.94-95 To verify the plausibility of this mechanism, we calculated the HOMO-

LUMO energies of the selected NAEs by density functional theory at the B3LYP/6-31G* 

accuracy level96 (Figure 3.37 and Table 3.8). The results of this computational study indicate 

that the observed maximum fluorescence quenching by PA is due to easy electron transfer from 

2' to the LUMO energy level of PA, which is located at a lower energy level in comparison 

with other NAEs.21, 97 However, the experimental order of the fluorescence intensity quenching 

(i.e. PA > 4-NP > 2,4-DNP > NB > 4-NT  > 1,3-DNB  > 2,6-DNT  > 2,4-DNT ) is not in full 

agreement with the corresponding LUMO energies of the examined NAEs. This result points 

out that PET is not the sole mechanistic pathway for the fluorescence intensity quenching of 

2'.21 FRET is another possible mechanism for the fluorescence intensity quenching of 2' by 

PA. To check the likelihood of FRET mechanism, we plotted the UV-Vis spectra of all NAEs 

(measured in water) and emission spectrum of 2' (recorded in DMSO) in 300-600 nm range 

(Figure 3.38). As compared to other NAEs, the UV-Vis spectrum of PA showed the largest 

overlap with the emission spectrum of 2' which in turn implies that the excitation energy can 
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be more effectively absorbed by PA than other NAEs. The non-linearity of S-V plot at higher 

concentration range (Figure 3.28) and the largest spectral overlap for PA indicate that both PET 

and FRET quenching mechanisms are possibly responsible for the quenching phenomena of 2' 

by PA.19, 98 Furthermore, the acid-base interactions between the acidic hydroxyl group of PA 

and basic pyrazine core of L4- linker can play an important role for the fluorescence quenching 

of 2'. 

 

Figure 3.37 HOMO and LUMO energies of the selective NAEs. 

Table 3.8 HOMO and LUMO energy levels of selected analytes calculated by density 

functional theory (DFT) at B3LYP/6-31G* accuracy level using Gaussian 09 package of 

program.96 

Analyte HOMO (eV) LUMO (eV) Band Gap (eV) 

PA -8.2374 -3.898 4.3394 

4-NP -6.9207 -2.2213 4.6994 

2,4-DNP -7.6644 -2.8202 4.8442 

NB -7.5917 -2.4294 5.1623 

4-NT -7.3626 -2.3171 5.0454 

1,3-DNB -8.4129 -3.1350 5.2779 

2,6-DNT -7.8913 -2.8501 5.0412 
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2,4-DNT -8.1131 -2.9769 5.1362 

 

Figure 3.38 UV-Vis absorption spectra of the NAEs in DMSO (3×10-3 M). The emission 

spectrum of 1' (black curve) (3 mg) dispersed in DMSO (3 mL). 

 The XRPD pattern of 2' after Cr2O7
2- sensing experiment (Figure 3.7) agrees well with 

that of un-treated 2'. This result concludes that the quenching effect shown by Cr2O7
2- is not 

because of decomposition of the framework. It is found from Figure 3.39 that the absorption 

spectrum of Cr2O7
2- overlaps considerably with the emission spectrum of 2'. This result 

indicates that Cr2O7
2- ion can strongly absorb the energy of the excitation light which results in 

quenching of emission intensity. The absorption spectra of other investigated anions showed 

lesser overlap with the emission spectrum of 2' as compared to Cr2O7
2-. Hence, there was lesser 

resonance energy transfer between the framework and other metal anions. The small change in 

the lifetime values (Table 3.7) before and after treatment with Cr2O7
2- ion indicates the static 

quenching mechanism. 
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Figure 3.39 UV-Vis absorption spectra of the aqueous solutions (3×10-3 M) containing 

different metal anions. The emission spectrum of 2' (green curve) (3 mg) dispersed in water (3 

mL). 

3.4 Conclusions 

 In conclusion, a highly luminescent Zr(IV) organic framework (2) with pyrazine core 

based tetracarboxylate linker was obtained by solvothermal reaction. Compound 2 was 

characterized by different spectroscopic and analytical techniques like XRPD analysis, FT-IR 

spectroscopy and TG analysis. Activated form of the compound (2') exhibited high porosity 

with BET surface area of 1419 m²/g and CO2 adsorption capacity of 4.4 mmol/g at 1.4 bar and 

0 °C. Moreover, 2' exhibited selective and sensitive fluorogenic detection of Fe3+ and PA in 

water and DMSO, respectively. The LOD values of 2' for PA and Cr2O7
2- were 5.72 × 10-8 M 

and 2.88 × 10-8 M, respectively. These data are among the lowest LOD values exhibited by 

previously reported MOFs for the detection of PA and Cr2O7
2-. Compound 2' remained intact 

in its original framework after the quenching experiments, as confirmed by the XRPD 

experiments. The compound is highly recyclable, since the fluorescence intensity after five 

cycles of sensing experiments was almost identical with the initial intensity. The possible 

fluorescence quenching mechanisms of 2' for PA and Cr2O7
2- were also investigated. With 

these features, the new highly porous Zr-MOF can be recognized as an extremely selective and 

sensitive fluorogenic sensor for PA and Cr2O7
2- having very short response time. 
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           Chapter 4 
Specific fluorescence sensing of hydrogen sulphide by an azide 

functionalized Zr(IV) MOF with DUT-52 structure 

This chapter describes the synthesis and characterization of an azide functional 

group containing Zr(IV) based MOF with DUT-52 (DUT = Dresden University 

of Technology) structure via solvothermal process. The cubic framework has 

hexanuclear [Zr6O4(OH)4]
2+ building units. The three-dimensional cubic 

framework is formed by interconnecting these building units through the 

carboxylate groups of twelve NDC-N3 (NDC-N3 = 1-azidonaphthalene-3,7-

dicarboxylic acid) linkers. The data from the fluorescence experiments suggested 

that activated compound (3') exhibits sensitive and selective detection of H2S in 

an aqueous medium. The response time of 3' is very short (2 min) towards H2S. 

By using mass spectrometry, FT-IR and 1H NMR spectroscopy, the mechanism 

for the reduction of azide into an amine group was established. 

 

 

 

C. Gogoi, A. Kumar, M. SK, S. Biswas. Microporous and 

mesoporous mater., 2021, 311, 110725-110732. 
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4.1 Introduction 

 In recent years, the chemistry of porous solids has increased the attention of scientists 

across the world due to its suitability towards molecular recognition, gas adsorption and 

purification, catalysis, asymmetric synthesis, etc.1-5 MOFs are a new class of porous solids, 

which are also called as porous coordination polymers.6 They are composed of inorganic metal 

ions or metal clusters and organic linkers, forming insoluble complexes which are assembled 

in one, two, and three-dimensional frameworks. The high surface area, reasonable stability and 

fascinating adjustable properties make them useful in many potential applications like 

catalysis, sensing, drug delivery, gas separation/adsorption, optoelectronics, etc.7-19 Among all, 

great efforts have been made for exploring the sensing behavior of MOFs.14 The primary 

benefits of MOFs instead of using other porous materials are that MOFs can be designed and 

tuned through selective choice of different metal ions and organic linkers. The final structures 

of the MOFs can be influenced by the coordination nature of metal ions, solvents properties, 

modulators, reaction temperatures, reaction times and so on.20-21 A particular category of MOFs 

is LMOFs (LMOF = luminescent metal-organic framework).8, 22-24 These LMOFs have been 

used as luminescent probes to detect desired chemical species. When the luminescence 

intensity increases on addition of any specific analyte, it is called luminescence turn-on 

whereas the quenching in luminescence intensity is called luminescence turn-off.25-27 

 Modernization of industries releases many hazardous chemicals in the form of gases as 

well as liquids. Among these gases, H2S is one of the major pollutants.28-29 H2S is a well-known 

gasotransmitter along with carbon monoxide and nitric oxide in the biological systems.30 This 

gas has a hazardous effect on living beings.31 Acute exposure of H2S prevents the functioning 

of Cytochrome oxidase enzyme, which ultimately results in lack of oxygen inside the cells. 

This gas is originated inside the human body and causes several diseases like diabetes, liver 

cirrhosis, Alzheimer’s disease, cancer, etc.32-34 Until now, detection of H2S is conducted by 

methods like gas chromatography, colorimetry, electrochemical analysis and metal-induced 

precipitation.35-38 These techniques have an essential requirement of pretreatment of the 

samples. For selective and non- invasive sensing of H2S, fluorescence-based method using 

MOFs has been used in the literature recently.39 Due to easiness in handling, low cost, 

simplicity and rapid response, the fluorescence-based technique has attracted more interests 

over other detection techniques.40  
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 An efficient strategy to prepare MOFs for the detection of H2S is to use azide or nitro 

functionalized aromatic organic linkers. The concept behind the use of azide or nitro 

functionality is the reduction of these groups into amine group on treatment with H2S.29-30, 41-42 

Recently, azide functionalized Zr-based CAU-10, Zr-based UiO-66 and Al-based MIL-53 

(CAU = Christian-Albrechts-University) MOFs for the H2S detection have been reported by our 

group.43,39-40 Herein, a new porous azide functionalized Zr(IV) based DUT-52 MOF (3) with 

1-azidonaphthalene-3,7-dicarboxylic acid (H2NDC-N3) linker has been synthesized and 

characterized by different spectroscopic techniques. The microporous framework of the 

activated MOF (3') can selectively detect H2S over other competitive analytes in aqueous 

solution. The sensing process is very fast and the MOF exhibits very low detection limit. 

4.2 Experimental section 

4.2.1 Materials and instrumental techniques 

 All the reagents and solvents were procured from commercial sources and used without 

purification except the H2NDC-N3 linker. Fourier transform infrared (FT-IR) spectra were 

collected in the region 400-4000 cm−1 on a PerkinElmer Spectrum Two FT-IR spectrometer. 

The following notations were used for characterization of the bands: broad (br), strong (s), very 

strong (vs), medium (m) and weak (w). Thermogravimetric analysis (TGA) was carried out 

with an SDT Q600 V20.9 Build 20 thermogravimetric analyzer in the temperature range of 25-

700 °C in an argon atmosphere at the rate of 10 °C min−1. The Bruker D2 Phaser X-ray 

diffractometer was employed for X-ray powder diffraction (XRPD) measurements at 30 kV, 

10 mA using Cu-Kα (λ = 1.5406 Å) radiation. N2 sorption isotherms were recorded by using 

Quantachrome Autosorb iQ-MP volumetric gas adsorption equipment at -196 °C. CO2 

adsorption experiments in the low-pressure range were performed by employing a 

Quantachrome iSorb-HP gas adsorption instrument at 25 °C. Before the sorption analysis, the 

degassing of the compound was carried out at 80 °C under high vacuum for 5 h. Fluorescence 

sensing studies were performed with a HORIBA JOBIN YVON Fluoromax-4 

spectrofluorometer. A Bruker Avance III 600 NMR spectrometer was used for recording 1H-

NMR spectra at 600 MHz. Mass spectra were recorded with an Agilent 6520 Q-TOF 

highresolution mass spectrometer (HR-MS). Before the HR-MS measurement, 10 mg of un-

treated or Na2S-treated 3' were separately suspended in 1.0 mL of methanol and 100 μL of 48% 

HF was added. The organic phase was separated by filtration and diluted with methanol for 

HR-MS analysis. 
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4.2.2. Synthesis of H2NDC-N3 linker: 

 The linker was synthesized by using naphthalene-2,6-dicarboxylic acid (H2NDC) as a 

starting material. 1-Amino naphthalene-3,7-dicarboxylic acid (H2NDC-NH2) was prepared 

from H2NDC by following the previsoudly reported procedure (Scheme S1).44 Then, 

diazotization of  H2NDC-NH2 was performed and in the second step, the azide containing linker 

was prepared from the diazonium salt. 

 

Scheme 4.1 Scheme for the preparation of H2NDC-N3 linker.  

 In the first step, a solution of sodium nitrite (1.021 g, 14.79 mmol) in water (18 mL) 

was added dropwise into a mixture of H2NDC-NH2 (1.40 g, 6.05 mmol) linker, conc. HCl (18 

mL), and water (18 mL) at 0 °C. The mixture was stirred for 30 min. In the second step, a 

solution of sodium azide (0.46 g) in water (18 mL) was added in the reaction mixture. During 

addition, the temperature of the reaction mixture was maintained at 0 °C. Afterward, the 

reaction mixture was stirred for overnight at room temperature. The resulting brownish 

precipitate was collected by vacuum filtration, washed with cold ice-water, and dried under 

reduced pressure to yield 1-azido naphthalene-3,7-dicarboxylic acid abbreviated as H2NDC-

N3. The yield was 1.2 g (6.1 mmol, 61 %). 1H-NMR (400 MHz, DMSO-d6): δ = 7.81 (s, 1H), 

8.48 (s, 1H), 8.10 (d, 1H), 8.24 (d, 1H), 8.69 (s, 1H) and 13.47 (s, 2H) ppm. 13C NMR (100 

MHz, DMSO-d6): δ = 167.32, 166.98, 138.16, 135.15, 130.83, 130.78, 130.44, 127.32, 127.12, 

127.03, 124.66 and 114.40 ppm. ESI-MS (m/z): 256.058 for (M-H)- ion (M = mass of H2NDC-

N3 linker). The presence of azide functional group in the linker was confirmed by the existence 

of strong absorption band at 2114 cm-1 in the FT-IR spectrum. In Figures 4.1-4.4, the 1H NMR, 

13C NMR, mass and FT-IR spectra of H2NDC-N3 linker are shown. 
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Figure 4.1 1H NMR spectrum of H2NDC-N3 linker in DMSO-d6. 

 

 

Figure 4.2 13C NMR spectrum of H2NDC-N3 linker in DMSO-d6. 
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Figure 4.3 HR-MS spectrum of H2NDC-N3 linker in MeOH. 

 

Figure 4.4 FT-IR spectrum of H2NDC-N3 linker. 

4.2.3 Synthesis of [Zr6O4(OH)4(NDC-N3)6]∙12H2O∙10DMF (DUT-52-N3, 3) 

 For the synthesis of 3, ZrCl4 (18 mg), H2NDC-N3 linker (20 mg), N,N-

dimethylformamide (DMF) (3 mL) and acetic acid (100 µL) were mixed in a glass tube which 

was sealed and heated at 110 °C for 20 h. After the completion of reaction, the glass tube was 

allowed to cool to room temperature and the precipitate was collected using vacuum filtration 

technique. The brown color precipitate was thoroughly washed with acetone. Compound 3 was 

obtained in dry form after being kept at 50 °C for 5 h inside an oven. The yield of product is 
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25 mg (0.01 mmol, 85%) based on metal salt. FT-IR (KBr, cm-1): 3432 (br), 2114 (vs), 1656 

(s), 1607 (sh), 1585 (sh), 1419 (s), 1288 (w), 1248 (w), 1105 (s), 926 (s), 791 (s), 665 (s), 482 

(s).  

4.2.4 Activation of 3 

 In the activation process, 3 (100 mg) was stirred overnight in methanol (20 mL) under 

ambient conditions. Later on, the compound was filtered off and heated under high vacuum at 

80 °C for 5 h. The thermally activated MOF material has been indicated as 3'. 

4.2.5 Fluorescence sensing investigations 

 In a 5 mL glass vial, 2 mg of 3' was taken and 4 mL of water was added into it. After 

that, the mixture was sonicated for 1 h and kept undisturbed at ambient conditions for 24 h to 

get a stable suspension of the compound for fluorescence titration measurements. In a quartz 

cuvette, 200 µL of the suspension of 3' was taken and 2800 µL of water was added to make 

the solution up to 3 mL. Then, the fluorescence spectrum was recorded. In this 3 mL suspension 

of 3′, solution of Na2S was added gradually up to 10 equivalents per azide group. Here, we 

used Na2S as a source of H2S. For the selectivity experiments, different selected analytes (3 

equivalents) were added gradually and fluorescence spectra were collected. Afterward, we 

again added 3 equivalents of Na2S to the cuvette which already contained the competitive 

analytes. All these experiments were performed upon excitation at 360 nm. All these emission 

spectra were recorded in the range of 380-700 nm. The fold enhancement of intensity was 

measured by the formula: I/I0, in which Io and I are the fluorescence intensity preceding and 

following the addition of analyte, respectively. 

4.3 Results and discussion 

4.3.1 Synthesis and characterization of 3 and 3' 

 Before determining the optimized procedure for the synthesis of 3, we performed many 

reactions by changing three different zirconium salts (ZrCl4, ZrOCl2·8H2O and 

ZrO(NO3)2·xH2O) with modulators like acetic acid, benzoic acid, formic acid and 

trifluoroacetic acid in two different solvents (DMF and N,N-diethylformamide). The optimized 

conditions were obtained using ZrCl4 as a metal salt and acetic acid as a modulator in DMF. 

After filtration, a homogeneous phase of octahedral nanosized crystals was obtained (Figure 

4.5). 
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Figure 4.5 FE-SEM image of 3. 

 XRPD experiments were performed to check the crystallinity, phase purity and 

structural integrity of the prepared compound. The XRPD pattern of as-synthesized 3 matches 

closely with the simulated XRPD pattern of the previously reported DUT-52 compound (Figure 

4.6) 45. We conducted indexing of experimental XRPD data collected at room temperature to 

obtain the unit cell parameters. Table 4.1 displays the indexing results, which point out that the 

lattice parameters are comparable with DUT-52. We also performed Pawley fit of the 

experimental XRPD data (Figure 4.7). The result of Pawley fit showed good similarity with 

the simulated diffractogram of DUT-52. Hence, the framework of the prepared compound 

exhibits the same topology as DUT-52. In addition, the evident similarity between the XRPD 

patterns of the as-synthesized and thermally activated samples of 3 indicates that the compound 

maintained its integrity of the framework after the thermal activation process (Figure 4.6). 

 

Figure 4.6 Comparison of the experimental XRPD data of 3 and 3' with simulated XRPD data 

of DUT-52 MOF. 
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Figure 4.7 Pawley fit for the XRPD pattern of as-synthesized 3. Blue lines and red dots denote 

simulated and observed patterns, respectively. The peak positions and difference plot are 

displayed at the bottom (Rp = 3.48, Rwp = 1.40). 

Table 4.1 Unit cell parameters of 3 obtained by indexing its XRPD data collected at room 

temperature. The obtained values have been compared with the SCXRD data of Zr-DUT-52 

MOF collected at room temperature. 

Compound name DUT-52-N3 (3) Zr-DUT-5245 

Crystal System Cubic Cubic 

a = b = c (Å) 23.743 (3) 23.910 (3) 

V (Å3) 13384 (29) 13669 (9) 

 

The FT-IR spectra of both 3 and 3' reveal characteristic frequencies at around 1610 and 

1419 cm-1, which correspond to asymmetrical and symmetrical stretching vibrations of 

coordinated –COO group, respectively. The azide stretching frequency is observed at around 

2114 cm-1 for 3 and 3' (Figure 4.8). The absence of absorption band at 1661 cm-1 in the IR 

spectra of 3 and 3' as compared to free linker (Figure 4.4) indicates that deprotonation of the 

linker has been accomplished. The sharp peak at 1652 cm-1 for 1 is due to the stretching 

vibration of carbonyl group from DMF molecules. This peak is absent after activation of the 

compound, which indicates that the activation of the compound has been accomplished. 
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Figure 4.8 FT-IR spectra of 3 (black) and 3' (red). 

 

Figure 4.9 Perspective view of the simulated three-dimensional cubic framework of DUT-52-

N3 MOF drawn in ball-and-stick model. Color codes: Zr, orange polyhedra; C, grey; O, red; N, 

navy blue. 

4.3.2 Structure description 

 The similarity between the XRPD pattern of azide functionalized DUT-52 (DUT-52-

N3, 3) material with the unfunctionalized DUT-52 compound revealed that 3 has similar 

structure as the parent DUT-52 MOF.45 Kaskel and co-workers already reported the structure 

of unfunctionalized DUT-52 MOF. It has face centered cubic structure with Fm3m as space 

group. The simulated cubic three-dimensional structural framework of 3 is shown in Figure 

4.9. The cubic framework of 3 has hexanuclear [Zr6O4(OH)4]
2+ building units. The three-
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dimensional cubic framework is formed by interconnecting these building units through 

carboxylate groups of twelve NDC-N3 linkers. Two types of structural voids are observed 

within the framework: larger octahedral and smaller tetrahedral cages. The linking between 

these two types of voids occur though triangular widows. 

4.3.3 Gas adsorption properties 

 To establish the permanent microporosity of material 3', a nitrogen sorption experiment 

was performed. Before the gas adsorption experiment, we stir the 3' with methanol for another 

24 h and activated under vacuum at 80 °C for 5 h. As shown in Figure 4.10, the adsorption-

desorption isotherms represent typical Type I nature. The surface area was determined by 

Brunauer-Emmett-Teller (BET) method and it was calculated to be 505 m2/g. This value is 

much lower than the pristine Zr-DUT-52 MOF (1399 m2 g-1).45 Nevertheless, this value is 

higher than the previously reported dinitro functionalized Zr-DUT-52 MOF (SBET = 330 

m2g−1).46 The XRPD pattern (Figure 4.11) revealed that 3' retained its structural integrity after 

BET analysis with slight decrease in crystallinity. The lower BET surface area of 3' can be 

attributed to the incomplete activation process. The azide groups attached with organic linkers 

are easily decomposed after prolonged heating at higher temperature, thus disfavouring the 

activation of azide functionalized MOFs at higher temperature 40, 43, 47-48. Furthermore, CO2 

adsorption experiments were performed at two different temperatures. As illustrated in Figure 

4.12, it was confirmed that the CO2 uptakes of 3' were 2.65 and 1.62 mmol/g at 0 and 25 °C, 

respectively. 

 

Figure 4.10 N2 sorption isotherms of 3' measured at -196 °C. 

TH-2526_166122011



Chapter 4 
 

143 
 

 

Figure 4.11 Comparison of XRPD data to demonstrate the chemical stability of 3' in (b) 

methanol, (c) water, (d) 1M HCl, and (e) 17.4 (M) acetic acid. The XRPD patterns after (f) 

nitrogen sorption and (g) H2S sensing are also compared. 

 

Figure 4.12. CO2 sorption isotherms of 3' at 0 °C and 25 °C. 

4.3.4 Thermal and chemical stability 

 Thermogravimetric analyses (TGA) were performed to examine the thermal stability of 

3 and 3′. The experimental observations revealed that 3 and 3' are thermally stable up to 320 

°C under an argon atmosphere (Figure 4.13). In TG curve of 3, initially from 25-125 °C, 6.7% 

weight loss is observed due to the removal of  twelve water molecules per formula unit 
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(calculated: 6.8 %). The second weight loss of 22.3% is observed in the range of 128-320 °C 

due to loss of ten DMF molecules per formula unit (calculated: 23.1%), which was adsorbed 

inside the pore of the material during synthesis. Afterward, the decomposition of the compound 

started due to the loss of organic linker. The initial weight loss of 13.7% for 3' from 25-320 °C 

was observed because of the loss of water molecules which was absorbed during storage.  

 
Figure 4.13 TG curves of 3 (black) and 3' (red) recorded at argon atmosphere in the 

temperature range 25-700 °C with a heating rate 10 °C min-1. 

 To examine the chemical stability, 3' was stirred overnight in water, methanol, 1 (M) 

HCl and 17.4 (M) acetic acid  solutions. After that, the samples were collected by vacuum 

filtration, dried in an oven  for 3 h at 80 °C and the structural features of these materials were 

examined by XRPD technique. As shown in Figure 4.11, the compound retained its structural 

features (and thus structural durability) after treatment with water, acetic acid, methanol and 

1(M) HCl solutions. Similar experiments were also performed after nitrogen sorption and H2S 

sensing, which revealed the retention in structural integrity. To evaluate more about the 

chemical stability, we perform the BET surface area measurement experiment after treatment 

with these solvents (Figure 4.14). As shown in table 4.2, BET surface area value was reduced 

from 505 m2 g-1 to 335 m2 g-1 in case of acetic acid whereas other are calculated to be near 450 

m2 g-1. There would be possibility of some structure collapse between metal cluster and linker 

at 17.4 M acetic acid concentration, which in turn decreased the BET surface area. Therefore, 

the conclusion could be drawn that 3' is highly stable in methanol, water and 1 M HCl but 

somewhat less stable in acetic acid although, it retains its XRPD pattern and morphology in 

acetic acid. 
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Figure 4.14 N2 adsorption and desorption isotherm after treatment with (a) methanol, (b) 1 M 

HCl, (c) water, (d) acetic acid of 3' measured at -196 °C. (Note- before analysis, each sample 

was again activated after treatment with these solvents). 

Table 4.2 Mass balance before and after treatment with different solvents and corresponding 

BET surface area of 3'. 

Solvents Mass of 3' Taken 

(mg)  

Mass of 3' Left(a) 

(mg) 

BET Surface Area 

(m2 g-1) 

Methanol 100.0 85.3 505 

1 M HCl 100.0 76.2 448 

Water 100.0 78.1 463 

Acetic acid 100.0 43.1 335 

(a) 3' was stir with these solvents for overnight and then again we activated the sample by 

stirring with methanol for overnight and heated under vacuum at 80 °C for 5 h, then we take 

the mass of the sample. 

4.3.5 Photoluminescence properties 

 Recently, several Zn(II), Al(III), Zr(IV) and Ce(IV) based MOFs have been reported 

which have the properties of selective sensing towards H2S.40, 43, 46, 49-50 Our group has also 

investigated azide functionalized CAU-10, UiO-66 and MIL-53 MOFs for the sensitive and 

quick fluorogenic detection of H2S.40, 43, 50 
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 The emission and excitation spectra of 3' were measured at room temperature in water 

(Figure 4.15). The excitation spectrum (black line, obtained monitoring the emission at 490 

nm) showed a sharp peak at 360 nm. The emission spectrum (red line, obtained by excitation 

at 360 nm) showed emission band at 490 nm, which was generated by the organic linker. 

 

Figure 4.15 Excitation and emission spectrum of 3'. 

 To check the sensing properties towards H2S, we have executed fluorescence 

experiments with DUT-52-N3 (3'). Before the treatment with H2S, 3' suspension showed weak 

fluorescence. But, after the treatment with H2S, azide moiety has been reduced to amine group. 

Hence, the fluorescence intensity of 3' was enhanced dramatically by H2S treatment (Figure 

4.16). The reason for such enhancement in intensity is the donation of electrons into 

naphthalene ring by amine group.46, 51 To determine the concentration of H2S required to attain 

saturation in the fluorescence emission intensity, fluorescence titration experiments were 

accomplished. We used Na2S as the source of H2S. We collected the fluorescence spectra of 3' 

in the range of 380-700 nm (λex = 360 nm and λem = 490 nm) upon gradual addition of Na2S 

solution (0 to 10 equivalents per azide group). As demonstrated in Fig. 4, after addition of 3 

equivalents of Na2S, saturation in fluorescence intensity was observed. After adding 3 

equivalents of Na2S, there was an increment of almost 33 folds in fluorescence intensity of 3' 

in water. We have also examined the fold increment of fluorescence intensity after the addition 

of Na2S solution in HEPES buffer (pH = 7.4, 10 mM) (Figure 4.17). The fluorescence intensity 

of 3' in HEPES buffer increased by 9 folds after the addition of 10 equivalents of Na2S. Since 

the fold increment of emission intensity is higher in water as compared to HEPES buffer, we 

conducted all other fluorescence detection experiments in water. 
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Figure 4.16 Fluorescence rise of 3' in water with increasing concentration of Na2S (λex = 360 

nm, λem = 490 nm). Inset: fluorescence intensity is plotted against concentration of Na2S. 

 

Figure 4.17 Fluorescence increment of 3' in 10 mM HEPES buffer (pH = 7.4) with increasing 

concentration of Na2S (λex = 360 nm, λem = 490 nm). 

 Time dependent H2S sensing experiments were conducted to determine the response 

time of the probe for H2S. In a cuvette, 200 µL of 3' dispersion was added to 2800 µL of water 

and fluorescence spectra were measured. Afterward, Na2S solution (3 equivalents per azide 

group) was added into the suspension and again fluorescence spectra were collected with a 

time interval of 1 min for 15 min. The addition of Na2S solution led to gradual enhancement in 

the intensity from “turn-off” state to the “turn-on” state (Figure 4.18). The enhancement in 

intensity was observed until 2 min. After that, saturation in fluorescence intensity was 
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observed. This means that within 2 min, almost all the azide groups were converted into amine 

groups. The response time is faster than that of most of the reported MOFs for H2S sensing 

(Table 4.3).40, 52-57 The result proved that this DUT-52-N3 MOF is a very promising fluorescent 

“turn-on” probe towards H2S sensing. 

 

Figure 4.18 Fluorescence variation of 3' after gradual addition of Na2S (3 equiv. per azide 

group) with a time interval of 1 min up to 15 min. Inset: plot of fluorescence intensity versus 

time (λex = 360 nm and λem = 490 nm). 

Table 4.3 Comparison of the response time, detection limit and analyte used of various existing 

MOFs and other materials for the fluorescence detection of H2S. 

Sl. 

N

o. 

Sensor 

Material 

Type of 

Material 

Method Used Respo

nse 

Time 

(s) 

LOD Linear 

Range  

Analyte Ref

. 

1 Ce-UiO-66-

N3 

MOF fluorescence 760 12.2 µM - NaSH 58 

2 Ce-UiO-66-

NO2 

MOF fluorescence 760 34.84 

µM 

- NaSH 58 

3 CAU-10-N3 MOF fluorescence 420 2.65 µM - Na2S 43 

4 Eu3+/Cu2+@

UiO-66-

(COOH)2 

MOF fluorescence 30 5.45 µM 0-625 

µM 

NaSH 59 

TH-2526_166122011



Chapter 4 
 

149 
 

5 DUT-52-N3 MOF fluorescence 120 0.50 µM 0-1.67 

µM 

Na2S this 

wo

rk 

6 Zr-UiO-66-

N3 

MOF fluorescence 180 118 µM - Na2S 56 

7 DUT-52-

(NO2)2 

MOF fluorescence 3300 20 µM 100-

700 

µM 

Na2S 60 

8 IRMOF-3-

N3 

MOF fluorescence <120 28.3 µM - NaSH 61 

9 Zr-UiO-66-

NO2 

MOF fluorescence 460 188 µM - Na2S 62 

10 Zr-UiO-66-

(NO2)2 

MOF fluorescence 2400 14.14 

µM 

- Na2S 39 

11 Al-MIL-53-

N3 

MOF fluorescence 180 0.09 µM - Na2S 40 

12 Tb3+@Cu-

MOF 

MOF fluorescence 120 1.2 µM 0-5 

mM  

Na2S 52 

13 [EuCu(pydc)

2(ox)0.5(H2O

)3·1.5H2O]2n 

MOF fluorescence 120 0.13 µM 130 

nM, 

+∞ 

H2S 63 

14 MN-ZIF-90 MOF fluorescence 510 25 µM - H2S 54 

15 [CuL(AlOH)

2]n 

MOF fluorescence 360 0.02 µM - NaSH 64 

16 Al-MIL-

101-N3 

MOF fluorescence - 100 µM - Na2S 65 

17 MN-ZIF-90 MOF fluorescence - - - - 66 

18 Al-TCPP-Cu MOF fluorescence - - 0-100 

µM 

- 67 

19 CAU-10-V-

H 

MOF fluorescence 10 1.65 µM - NaSH 68 
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20 UiO-66-

CH=CH2 

MOF fluorescence 10 6.46 µM 10-600 

mM 

NaSH 69 

21 SHS-M1 

SHS-M2 

organic 

molecule 

fluorescence - 

- 

0.2 µM 

0.4 µM 

- Na2S 70 

22 NHS1 organic 

molecule 

fluorescence 4800 0.02 µM 0.2-5 

µM 

NaSH 71 

23 Cy-N3 organic 

molecule 

fluorescence 1200 0.08 µM - NaSH 72 

24 SFP-1 

SFP-1 

organic 

molecule 

fluorescence 7200 

14400 

- 

- 

- 

- 

Na2S 73 

25 WSP5 organic 

molecule 

fluorescence - 0.047 

µM 

- NaSH 74 

26 probe 1 organic 

molecule 

fluorescence 3600 2.4 µM - NaSH 75 

27 QCM coated 

with 

PPy/TiO2 

film 

quartz-

crystal 

microbal

ance 

Frequency 

shift 

- 10 ppm - H2S 76 

28 polymer P1  semicon

ducting 

polymer 

conductivity 

impedance 

- 1 ppb - H2S 77 

29 polyaniline 

nanowires-

gold 

nanoparticle

s 

conducti

ng 

polymer 

conductivity 

impedance 

<120 0.1 ppb 0.1-

100 

ppb 

H2S 78 

30 nafion 

membrane 

(H2SO4 

treated) 

solid 

polymer 

electrolyt

e 

amperometry 9 100 ppb 0.1-

100 

ppm 

H2S 79 

31 In2O3 

whiskers 

semi 

conducti

ng oxide 

conductivity 

impedance 

120-

210 

200 ppb - H2S 80 

TH-2526_166122011



Chapter 4 
 

151 
 

32 CuO-BSST semi 

conducti

ng oxide 

conductivity 

impedance 

10 4-10 

ppb 

- H2S 81 

33 ZnO rod semi 

conducti

ng oxide 

conductivity 

impedance 

- 50 ppb - H2S 82 

34 bare gold 

NPs 

nanoparti

cles 

UV-vis 

spectroscopy 

- 0.08 µM 0.5-10 

µM  

Na2S 83 

35 PSS-PA-Cu 

NC 

aggregates 

Nano 

cluster 

aggregat

es 

fluorescence - 0.65 µM 1-20 

µM 

Na2S 84 

36 SF4 organic 

molecule 

fluorescence - 0.125 

µM 

- NaSH 85 

37 π-

conjugation 

rhodamine-

NBD 

organic 

molecule 

fluorescence - 0.37 µM - Na2S 86 

38 CTN organic 

molecule 

fluorescence - 90 nM  0-36 

µM 

NaSH 87 

39 DNS-Az organic 

molecule 

fluorescence - 1 µM - Na2S 88 

40 cpGFP-

Tyr66pAzF 

organic 

molecule 

fluorescence 420 - - NaSH 89 

 

 To estimate the selectivity of 3' towards H2S over other competitive analytes, we 

conducted a series of fluorescence experiments after the addition of equal amounts of all 

selected analytes. As shown in Figure 4.19, other selected competitive analytes (alanine, 

cystine, NaCl, NaBr, NaI, Na2S2O3, Na2S2O3∙5H2O, NaHSO3, NaNO2, NaNO3, Na2SO3, 

Na2SO4, serine and glutathione) have very less effects on the emission intensity of 3' as 

compared to Na2S. The fluorescence intensity increased by only 1 to 3 folds after addition of 

other interfering analytes. In contrast, a remarkable luminescence increment up to 33 folds  was 

observed for 3' after addition of Na2S. These experimental results corroborate the great 

selectivity of the DUT-52-N3 probe for fluorometric H2S detection. 
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Figure 4.19 Relative fluorescence intensity enhancement of 3' in water towards addition of 

different analytes (3 equivalents for each azide group). 

 Competitive fluorometric detection experiments were conducted to determine the 

selectivity of 3' for H2S in presence of other biologically relevant analytes. We recorded the 

fluorescence spectra of 3' in presence of different selected analytes (3 equivalents per azide 

functionality). After that, Na2S (3 equivalents per azide functionality) was added into those 

solutions which already consisted the competitive analytes and emission spectra were 

collected. It is clearly seen from Figure 4.20 that other biologically relevant analytes did not 

increase the fluorescence intensity of 3′. Indeed, the fluorescence of 3' increased significantly 

after the addition of Na2S solution into the solution consisting of 3' and other analytes. This is 

not surprising to observe that glutathione showed strong reducing behavior towards 3'. 

Glutathione is a strong reducing agent.90-92 It is expected that glutathione can react with the 

azide group of probe before reaction of the probe with Na2S. Hence, in case of glutathione, 

lower turn-on fluorescence intensity of 3' was observed. Similar interference from glutathione 

was previously observed for MOF type H2S probes.39, 46 
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Figure 4.20 Fluorescence enhancement properties of 3' in water upon addition of different 

analytes (black) and further addition of H2S into the same mixture (red). 

The detection limit value was estimated for H2S at a lower concentration, which showed the 

effectiveness of 3' towards detection of H2S. A linear curve was obtained by plotting the 

fluorescence intensity against the concentration of Na2S in lower range (Figure 4.21). We 

carried out this experiments in triplicate to determine stahdard deviation of measurements and 

the reoroducibility of the analytical process. The error bar in Figure 4.21 represent three 

standard deviation. The formula used for the calculation of limit of detection (LOD) was 3σ/K, 

where σ stands for standard deviation and K stands for slope of the linear curve.93 The observed 

LOD for 3' was 0.50 µM. This LOD value for H2S detection is lower than the previously 

reported dinitro functionalized DUT-52 MOF (LOD = 20 µM).46 This LOD value also lies 

among the lowest concentration range for the fluorogenic sensing of H2S by MOFs (Table 

4.3).39, 43, 53, 56-57 Although some other type of materials showed lower detection limit values, 

the response time is relatively short for our MOF probe. Thes results demonstrate that probe 3′ 

has a clear-cut advantages (in terms of sensitivity and response time) over existing fluorescent 

probes for sensing of H2S. 
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Figure 4.21 Change of fluorescence intensity of the aqueous suspension of 3' against 

concentration of Na2S. This curve is relevant for the estimation of LOD. The error bars indicate 

the standard deviations of three measurements. 

4.3.6 Mechanism for sensing of H2S 

 The expected mechanism of H2S sensing is the reduction of azide functionality (present 

in 3') to an electron donating amine group. To prove this mechanism, we conducted mass 

spectrometry, FT-IR and 1H NMR analyses. The FT-IR spectroscopic data revealed that when 

Na2S was added to 3', the characteristics signal of azide at 2114 cm-1 disappeared almost 

completely, which was observed before the treatment of 3' with  Na2S (Figure 4.22). In the 

absence of Na2S, the digested sample of 3' showed the most intense peak at m/z = 256.1773 

(negative ion mode) in its mass spectrum, which can be assigned to the (M-H)– ion of H2NDC-

N3 linker (Figure 4.23). In contrast, the mass spectrum of the digested sample of 3' after 

treatment with Na2S showed peak at m/z = 230.1745 (negative ion mode), which corresponds 

to (M-H)- ion of reduced H2NDC-N3 linker i.e. H2NDC-NH2 (Figure 4.24). From this 

experiment, we can conclude that the azide groups of sensor 3′ have been completely converted 

into amine groups. It is observed from the 1H NMR spectra (Figure 4.25) that the aromatic 

protons of NDC-NH2 linker in 3' (after treatment with Na2S) are upfield shifted as compared 

to NDC-N3 linker in 3' (3' was digested in DMSO/HF for NMR measurement). The peak for 

the protons from –NH2 functionality is absent, which can be attributed to their rapid exchange 

with D2O.94 In the digested Na2S-treated material, no peak for the aromatic protons of the azide 

functionalized NDC was observed. Hence, we can conclude that azide functionalized NDC is 

fully converted to amine functionalized NDC during H2S sensing. 
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Figure 4.22 FT-IR spectra of 3' before and after treatment with Na2S. 

 

Figure 4.23 HR-MS spectrum of 3' (digested in MeOH/HF) showing m/z peak at 256.1773 

(negative ion mode), which corresponds to (M-H)- ion (M = mass of H2NDC-N3 linker). 
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Figure 4.24 HR-MS spectrum of Na2S-treated 3' (digested in MeOH/HF) showing m/z 

(negative ion mode) peak at 230.1749, which correspond to (M-H)- ion of reduced H2NDC-N3 

linker i.e. H2NDC-NH2. 

 

 

Figure 4.25 1H NMR spectra of (a) un-treated 3' and (b) Na2S-treated 3' after digestion in 

DMSO-d6/HF. 
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4.4 Conclusions 

 A highly stable Zr(IV) MOF (3) with DUT-52 topology and azide functionalization was 

synthesized and characterized extensively. Compound 3 was activated by exchanging guest 

solvent molecules with methanol followed by heating under vacuum. The TG analyses revealed 

that both the activated and as-synthesized forms of the compound are thermally stable up to 

320 °C. The sensing of H2S in aqueous medium showed that the activated MOF sample is a 

fluorescent “turn-on” type probe. Upon rection with Na2S, almost 33-fold enhancement in the 

fluorescence intensity of 3' was observed. The compound showed great specificity for H2S 

detection even in the presence of other interfering analytes. The calculated limit of detection 

of 3' towards H2S is 0.50 µM, which is lower than the previously reported dinitro-

functionalized DUT-52 MOF. The response time of 3' is very short (2 min) towards H2S. By 

using mass spectrometry, FT-IR and 1H NMR spectroscopy, the mechanism for the reduction 

of azide into an amine group was established. 
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           Chapter 5 
A Zr-based metal-organic framework with DUT-52 structure 

containing a trifluoroacetamido functionalized linker for aqueous 

phase fluorescence sensing of cyanide ion and aerobic oxidation of 

cyclohexane 

This chapter describes the synthesis and characterization of a zirconium (Zr) 

metal-organic framework having DUT-52 structure with face-centred cubic (fcu) 

topology and bearing the rigid 1-(2,2,2-trifluoroacetamido) naphthalene-3,7-

dicarboxylic acid linker. Fluorescence titration experiments showed that after the 

addition of cyanide solution to activated compound (4'), the emission intensity 

increased as well as a significant bathochromic shift of 63 nm was observed. The 

new emission band at 490 nm indicated that the nucleophilic addition at 

trifluoroacetamide group took place by cyanide anion. Furthermore, the aerobic 

oxidation of cyclohexane was performed with 4' under mild reaction conditions, 

observing higher activity than analogous DUT-52 solid under identical 

conditions.  

 

 

C. Gogoi, N. Nagarjun, S. Roy, M. SK, D. Volkmer, A. 

Dhakshinamoorthy, S. Biswas. Inorg. Chem. 2021, 60, 4539-4550. 
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5.1 Introduction 

 According to Environment Protection Agency (EPA) and World Health Organization 

(WHO), cyanide ion (CN-) is one of the most hazardous chemical species and extremely 

poisonous to living animals.1-2 The effect of CN- ion is so much that it can easily induce the 

inhibition of respiration which can change the normal functions of the lungs and brain by 

binding with Fe3+ ion of the cytochrome oxidase.3 The tissues having the fastest oxygen 

metabolism like cardiac muscle and the brain can easily be affected by the inhalation and 

ingestion of CN- ion.4 According to the guidelines of WHO, the maximum acceptable 

concentration of CN- ion in drinking water is 1.9 μM.1, 5 Nevertheless, despite of its toxicity, 

cyanide is frequently used in industrial sectors for gold mining, electroplating, metallurgy, 

synthetic fibers, synthesis of nylon, etc.6-7 The cyanide-contaminated waste materials of 

industry and wastewater from natural/artificial processes may pollute water resources. Cyanide 

can be used as a terrorist weapon of mass destruction. CN- ion is also listed as CWA (chemical 

warfare agent). It is vital to monitor and control CN- level.8-9 Hence, significant attention has 

been paid for the detection and quantification of CN- ion. 

 Metal-organic frameworks (MOFs), also known as porous coordination polymers 

(PCPs), are porous, crystalline coordination polymers having open frameworks with potential 

voids, which are constructed via self-assembly of single metal cations (primary building unit) 

or metal clusters (SBU) and multi-topic organic linkers.10-12 In this class of materials, the 

coordination mode of the metal ions in the SBUS and binding mode of the linkers decide the 

framework topology of the resulting extended structure, having potential void.13-14 These 

robust materials possess interesting physical and chemical properties like optical absorbance, 

large surface area, tunable porosity, highly chemical and thermal stability, luminescence, 

conductivity, magnetism and so on.15-17 Because of their unique properties, they have been 

extensively used in various applications like molecular recognition, sensing of analytes, gas 

adsorption and purification, catalysis, asymmetric synthesis, drug delivery and so on.18-20 

Among all, MOFs as a chemical sensor is one of the most explored fields now-a-days. The 

properties like luminescence, non-toxicity, wide range of chemical stability, diverse pore sizes, 

biodegradability, open metal-sites for interaction and presence of different functional group 

make MOFs good chemical sensors in real applications.21-22 In recent decades, luminescent 

MOFs (LMOFs) have turned out to be an important category of compounds to detect different 

guest targets like small organic molecules, solvents, gases, cations, anions, explosives and 

organic molecules.23-29 In the presence of different analytes, luminescence of LMOFs may be 
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increased (turn-on) or quenched (turn-off). This situation depends on the sensitivity of the 

reaction of analytes with probes.22, 30-32  

 Based on literature data, many different methods like spectrophotometry, 

electrochemistry, atomic absorption spectroscopy, gas chromatography, voltammetry and 

fluorometry have been used for the detection of different analytes and organic pollutants. 

Among all these techniques, fluorometric method is more suitable due to its high sensitivity, 

short response time, convenience and low cost.33 There have been a large number of fluorescent 

based sensors developed so far for CN- ion.34-41 But, many fluorescent sensors are organic 

fluorescent molecules which mainly work in organic media.36, 42-44 As a result, in several cases, 

the real-life applications of the probes are hampered. An aqueous medium is highly preferred 

for biological and medical utilization purposes. Among the many types of fluorescent based 

sensors that have been developed up to now, the most effective class of sensors is MOFs for 

aqueous medium sensing.39, 45-47 Although aqueous phase cyanide sensors are still rare, there 

are some reports on cyanide sensing, where cyanide is fluorometrically sensed in aqueous or 

aqueous-organic media by small organic probes.48 A few MOF sensors have been investigated 

for aqueous phase cyanide detection including carbazole-functionalized UiO-67,46 hyrdazine-

functionalized CAU-10,45 hemicyanine-functionalized mixed-linker PCN-700,38 bio-MOF-

1⊃DAAC,49 and Tb-ADP-Bipy47. Based on some literature reports, few small organic 

molecules with trifluoroaceatmido group as the reaction site were utilized for the detection of 

cyanide ion.35, 42, 50  

 One of the unique properties of MOFs is the facile introduction of functional groups in 

the linker that can dominate the catalytic activity or can be combined with metal node as dual 

active sites for cascade reactions.51 Among the various applications of MOFs in organic 

transformations, one of the highly explored reactions is aerobic oxidation of hydrocarbons, in 

particular cycloalkanes. This is mainly due to the commercial interest of the oxidized products 

for the preparation of polymers. Hence, a wide range of MOF-based catalysts has been reported 

as heterogeneous catalysts for the oxidation of cyclohexane. For example, MIL-101(Cr),52 

Salen-Co(II) complex incorporated over MIL-101(Cr)-NH2,
53 Au@MIL-101(Cr),54 MIL-

100(Fe),55 Fe(BTC)/MIL-100(Fe),56 Fe2(dobdc),57 NHPI/Fe(NTC) (NHPI: N-

hydroxyphthalimide)58 and MIL-125(Ti)59. Although many catalysts have been reported for 

oxidation of hydrocarbons using MOF based solid catalysts,60-61 the aerobic oxidation of 

cyclohexane is still a challenging reaction because of the achievement of high alcohol/ketone 

selectivity under mild reaction conditions.  
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 Stimulated by the above stated realities, we present a Zr(IV) based MOF bearing the 

rigid hydrophobic H2NDC-NHCOCF3 linker and a comprehensive study on its synthesis, 

characterization and fluorescence sensing properties for cyanide. It is a trifluoroacetamido 

functionalized Zr(IV) based MOF having DUT-52 structure with fcu topology.62 It has been 

named as DUT-52-NHCOCF3 (4). Activated (4') form of this MOF has been explored towards 

the fluorometric sensing of toxic CN- ion in water. Apart from its great sensitivity, compound 

4' showed high specificity towards sensing of CN- in aqueous medium. In this chapter, we 

would also like to present the catalytic performance of 4' in aerobic oxidation of cyclohexane 

under mild reaction conditions to achieve high selectivity of alcohol/ketone. Catalyst stability 

as well as the benefits of grating hydrophobic cavities within the framework of 4' are also 

demonstrated with additional control experiments. 

5.2 Experimental section 

5.2.1 Materials and general methods  

 All the reagents and solvents were procured from commercial sources and used without 

purification, except the H2NDC-NHCOCF3 linker. Fourier transform infrared (FT-IR) spectra 

were collected in the region 400-4000 cm−1 on a PerkinElmer Spectrum Two FT-IR 

spectrometer. The following notations were used for characterization of the bands: broad (br), 

strong (s), very strong (vs), medium (m), weak (w) and shoulder (sh). Thermogravimetric 

analyses (TGA) were performed under air atmosphere at a heating rate of 5 °C min−1 in a 

temperature region of 25-1000 °C by employing a Netzsch STA-409CD thermal analyser. 

Rigaku Smartlab X-ray diffractometer (model TTRAX III) was employed for X-ray powder 

diffraction (XRPD) measurements at 50 kV, 100 mA using Cu-Kα (λ = 1.5406 Å) radiation. 

N2 sorption isotherms were recorded by using Quantachrome Quadrasorb evo surface area 

analyser at −196 °C. Before the sorption analysis, the degassing of the compound was carried 

out at 100°C under high vacuum for 12 h. Fluorescence sensing studies were performed with a 

HORIBA JOBIN YVON Fluoromax-4 spectrofluorometer. A BrukerAvance III 600 NMR 

spectrometer was used for recording 1H NMR spectra at 600 MHz. Mass spectra were recorded 

with an Agilent 6520 Q-TOF high resolution mass spectrometer (HR-MS). Pawley refinement 

was carried out using Materials Studio software.63 Indexing of XPRD patterns were performed 

by using the DIVCOL program64 which is embedded in STOE’s WinXPow software package.65 

Contact angle experiments were performed by employing a KRUSS Drop Shape Analyzer-

DSA25 instrument with an automatic liquid dispenser at ambient temperature. 
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5.2.2 Synthesis of H2NDC-NHCOCF3 linker:  

 By following the protocol reported in the literature, 1-aminonaphthalene-3,7-

dicarboxylic acid (H2NDC-NH2) was prepared from naphthalene-2,6-dicarboxylic acid 

(H2NDC).66 In a 100 mL round-bottom flask, 10 mmol (2.31 g) of H2NDC-NH2 was taken and 

15 mL of trifluoroacetic anhydride was added to the flask slowly at room temperature. The 

reaction mixture was stirred for 4 h. After that 20 mL of ice cold water was added to the reaction 

mixture, resulting in precipitation. The obtained solid product (H2NDC-NHCOCF3 linker) was 

filtered, washed with a large amount of water and dried in oven at 60 °C. The reaction scheme 

for the preparation of H2NDC-NHCOCF3 linker shown in Scheme S1. 

 
Scheme S1. Syntheis of H2NDC-NHCOCF3 linker. 

 The characterization of the linker was carried out by mass spectrometry, 1H NMR, 13C 

NMR and 19F NMR spectroscopy. The 1H NMR spectrum (Figure 5.1) confirmed the presence 

of six types of protons in H2NDC-NHCOCF3 linker. The naphthalene moiety contains five 

types of protons and one proton is present at the nitrogen atom of acetamido functionality. The 

six kind of protons are marked as a, b, c, d, e and f. The chemical shift values are observed at 

11.79 (s, 1H, -NH), 8.70 (s, 1H, Ar-H), 8.12 (d, 1H, Ar-H), 8.33 (d, 1H, Ar-H), 8.58 (s, 1H, 

Ar-H) and 8.10 (s, 1H, Ar-H) ppm, respectively. Since there are no additional protons in the 

1H NMR spectrum, the formation of by-products is ruled out. The 13C NMR spectrum (Figure 

5.2) revealed that there are fourteen types of carbon atoms present in the linker. The observed 

chemical shift values are 115.13, 117.99, 124.37, 125.32, 126.90, 130.36, 130.95, 131.07, 

132.77, 135.47, 156.48, 156.85, 166.98 and 167.42 ppm. The 19F NMR spectrum (Figure 5.3) 

showed an intense peak at -73.70 ppm due to the same type of fluorine atoms present in 

trifluoroacetamido moiety. In the mass spectrum of the linker (Figure 5.4), the most intense 

peak was found at m/z = 326.004 (measured in negative ion mode), which corresponds to (M-

H)- ion (M is the mass of H2NDC-NHCOCF3 linker). The theoretically calculated mass of the 
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linker is 327.22 g mol-1. Therefore, it can be concluded that the desired H2NDC-NHCOCF3 

linker has been synthesized. 

 

Figure 5.1 1H NMR spectrum of H2NDC-NHCOCF3 linker measured in DMSO-d6. 

 

Figure 5.2 13C NMR spectrum of H2NDC-NHCOCF3 linker measured in DMSO-d6. 
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Figure 5.3 19F NMR spectrum of H2NDC-NHCOCF3 linker measured in DMSO-d6. 

 

Figure 5.4 Mass spectrum of H2NDC-NHCOCF3 linker. 

5.2.3 Synthesis of [Zr6O4(OH)4(NDC-NHCOCF3)6]∙3H2O∙2DMF (4) 

 In a sealed tube, ZrOCl2·8H2O (20 mg, 0.06 mmol), H2NDC-NHCOCF3 linker (20 mg, 

0.06 mmol) and benzoic acid (223 mg, 1.82 mmol) as a modulator were taken. Then, 3 mL of 

N,N-dimethylformamide (DMF) was poured into the tube, which was kept in an ultrasonic bath 

for homogenization for 15 min. The tube was properly sealed and kept for 24 h at 120 °C in a 

block heater. After cooling the sealed tube down to room temperature, light yellow coloured 

powder of compound 4 was obtained by filtration. Compound 4 was then dried at 80 °C for 6 

h. Yield: 25 mg (0.01 mmol, 77%). The yield was calculated based on the zirconium salt. Anal. 
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Calcd. for 4 (C90H60F18N8O43Zr6, molecular weight: 2830.78 g mol-1) in %: C, 38.19; H, 2.14; 

N, 3.96. Found: C, 38.04; H, 2.19; N; 3.88. Anal.Calcd. for 4' (C84H40F18N6O38Zr6, molecular 

weight: 2630.55 g mol−1) in %: C, 38.35; H, 1.53; N, 3.19. Found: C, 38.91; H, 1.87; N, 3.29.  

FT-IR (KBr, cm-1): 3418 (br), 1720 (s), 1653 (sh), 1613 (br), 1577 (vs), 1420 (s), 1368 (w), 

1211 (w), 1170 (s), 924 (w), 786 (s), 723 (w), 664 (s), 550 (w), 478 (s). 

5.2.4 Activation of 4 

 In the activation process, 4 (100 mg) was stirred overnight in methanol (20 mL) under 

ambient conditions. Later on, the compound was filtered off and heated for 5 h in high vacuum 

at 80 °C. The thermally activated MOF material has been indicated as 4'. 

5.2.5 Details of structural simulation for compound 4 

 The experimental XRPD pattern of compound 4 could be indexed in cubic crystal 

system (Table S1). Therefore, a structural model based on the related compound Zr-CCA (CSD 

code: XAPFOM; H2CCA: 4-carboxycinnamic acid), which crystallized in the space group Pn3̅, 

was used as the starting model.67 The universal force field method of Materials Studio software 

was used to create a structural model for DUT-52-NHCOCF3 (compound 4) by force field 

optimization.68 Due to the symmetry operators in the cubic space group Pn3̅, the structural plot 

shows a double substitution of the –NHCOCF3 groups. For the structural simulation, the atomic 

occupancy factors of the –NHCOCF3 groups have been set to an occupancy factor of 0.5 each. 

5.2.6 Fluorescence sensing investigation 

 In a typical experimental set-up, 1 mg of compound 4' was dispersed in 5 mL of water 

in a small glass vial. After sonication, the mixture was kept undisturbed for 24 h at ambient 

conditions to get a stable dispersion. This stable dispersion was used for all the fluorescence 

measurements. For a typical experiment, 200 μL of the dispersion of 4' was taken in a quartz 

cuvette. The total volume of the cuvette was made up to 3 mL by adding 2800 μL of water and 

the fluorescence spectrum was recorded. In this 3 mL dispersion of 4', 10 mM of NaCN (in 

water) solution was added. After every incremental addition of NaCN solution, fluorescence 

spectra were recorded. The NaCN solution was added gradually up to saturation in fluorescence 

intensity. Here, we used NaCN as a source of CN- ion. To investigate interference from other 

anions, intrusive anions (10 mM solutions) were added to the dispersion of probe kept in a 

cuvette and fluorescence spectra were recorded. Afterward, we added a definite amount of 10 

mM solution of NaCN to the same cuvette and after a definite interval, fluorescence emission 
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spectra were measured. All these experiments were performed upon excitation at 350 nm and 

emission spectra were acquired in the range of 370-650 nm. The fold enhancement of emission 

intensity was calculated by the formula: I/I0, in which I0 and I are the initial fluorescence 

intensity and fluorescence intensity after the addition of anion solution, respectively. For CN- 

sensing in real water samples, tap and drinking water were collected from our laboratory. Lake 

water was collected from Serpentine lake, IIT Guwahati and river water was obtained from 

Brahmaputra River, Assam, India. The collected samples were filtered twice before performing 

the fluorescence experiments. 

5.2.7 Reaction procedure for catalysis study 

 Aerobic oxidation of cyclohexane was performed in a 25 mL two-necked round bottom 

flask by loading 20 mg of 4', acetonitrile (2.5 mL) and cyclohexane (1 mmol). To this mixture, 

AgBF4 (26 mg) was also added, thoroughly mixed and sealed with a silicon septum. Later, this 

slurry was kept on a silicon oil bath maintained at 60 °C. This heterogeneous suspension was 

purged with molecular oxygen (99.99% purity). This reaction mixture was stirred for the 

different time intervals up to 24 h and the reaction temperature was monitored continuously. 

After 24 h, the reaction was cooled down to room temperature. Later, the reaction slurry was 

diluted with acetonitrile (3 mL), stirred for 30 min and filtered. This sample was analyzed by 

gas chromatography (operation conditions: HP-5 capillary column, oven temperature: 50 to 

300 °C, ramp rate: 10 °C/min; inlet temperature 250 °C) to determine conversion and 

selectivity using internal standard method. The oxidation products were identified by GC-MS 

using similar conditions employed for GC. Reusability tests were carried out as indicated above 

with the recovered solid after catalytic reaction. The separation of cyclohexanol and 

cyclohexanone from the crude mixture of cyclohexane oxidation was performed with HPLC 

Shimadzu LC-6AD (model: CBM-20A) with wavelength absorbance detector. Separations 

were achieved with a hyperclone 5u MOS (C8) 120A column (column dimension 150 × 4.6 

mm). The elution rate was 1.0 mL/min and cyclohexanone and cyclohexanol were detected at 

274 and 254 nm, respectively with the absorbance detector. Solvent programming was used to 

establish the optimum solvent ratio. The elution solvent consisted of HPLC grade of 

acetonitrile-water (3:1) to obtain adequate resolution. 1H-NMR spectra were recorded with 400 

MHz NMR using CDCl3 as solvent. 
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5.3 Results and discussion 

5.3.1 Synthesis and characterization 

 We used two zirconium salts namely, ZrCl4 and ZrOCl2·8H2O and DMF as a solvent 

to get optimized synthesis conditions. Main purpose of using zirconium based salts is that 

among the family of MOFs, zirconium MOFs show high physicochemical stability, rich 

structural types, large porosity, intriguing properties and functions.69 Different modulators like 

acetic acid, benzoic acid, formic acid and trifluoroacetic acid were used to increase the 

crystallinity of the MOFs.70 Herein, the optimized reaction conditions were obtained by using 

ZrOCl2·8H2O as a metal salt, benzoic acid as a modulator and DMF as a solvent. After heating 

the reaction mixture for 24 h at 120 °C, nanocrystals with octahedral morphology and almost 

uniform size were obtained (Figure 5.5). 

 

Figure 5.5 FE-SEM images of 4. 

 The phase purity was confirmed by the XRPD experiment. The as-synthesized material 

(4) showed a good resemblance with the XRPD pattern of the earlier reported parent DUT-52 

compound (Figure 5.6). Therefore, it was concluded that as-synthesized compound 4 is 

isostructural with DUT-52. The XRPD pattern of activated material 4' was also collected. It is 

well-matched with the reported DUT-52 MOF material. This implies that guest-free form of 4 

has the same structural framework as the parent compound. 
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Figure 5.6 The simulated XRPD data of pristine DUT-52 MOF and experimental XRPD data 

of 4 and 4'. 

 In the FT-IR spectra, 4 and 4' showed frequencies at around 1577 and 1420 cm-1, which 

correspond to the asymmetrical and symmetrical stretching vibrations of coordinated –COO 

group, respectively (Figure 5.7). A sharp peak for carbonyl stretching frequency of 

trifluoroacetamido group was observed at 1720 cm-1.71 Before activation, 4 contained solvent 

molecules (DMF) trapped inside the pore. Hence, in case of 4, the carbonyl stretching 

frequency of DMF molecules appeared at 1653 cm-1. This peak disappeared for activated 

compound, which indicated the full removal of trapped DMF molecules. Therefore, the 

compound was fully free from guest molecules after thermal activation. 

 

Figure 5.7 FT-IR spectra of as-synthesized 4 (red) and activated 4' (black). 
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5.3.2 Structure Description 

 Zr(IV)-based MOFs are very attractive framework compounds with exceptionally high 

thermal, chemical and hydrolytic stability.72 Among the few types of SBUs reported for Zr(IV)-

based MOFs, the hexanuclear [Zr6O4(OH)4]
12+ building unit is the most common. This SBU 

features 12-connected node and it is mainly found in the UiO-n (UiO stands for University of 

Oslo) family of robust, porous framework solids.72 The structural framework of UiO-66 is 

obtained by the connection of [Zr6O4(OH)4]
12+ SBUs with the carboxylates of twelve BDC 

linkers to produce 3-D framework with cubic close-packed structure. The framework of DUT-

52 MOF is structurally related to UiO-66.62 DUT-52 framework is made up of hexanuclear 

[Zr6O4(OH)4]
12+ SBUs and un-functionalized NDC linkers (NDC is a longer version of BDC 

linker). The DUT-52 MOF was first synthesized by Kaskel et al. in 2013. According to the 

single-crystal X-ray diffraction analysis data of DUT-52, Kaskel and his group reported that it 

crystallized in cubic space group Fm3m (a = 23.910 (3) Å).62 The crystal structure of compound 

4 is exactly simiar as DUT-52 compound. The 3-D cubic framework of compound 4 (Figure 

5.8) is formed by interconnecting hexanuclear [Zr6O4(OH)4]
12+ building units through 

carboxylate groups of twelve NDC-NHCOCF3 linkers. We also conducted indexing of the 

experimental XRPD data to obtain the unit cell parameters. Table 5.1 displays the indexing 

results, which point out that the lattice parameters are comparable with DUT-52. Pawley fit of 

as-synthesized XRPD data showed good similarity with the simulated XRPD pattern of DUT-

52 (Figure 5.9). From these results, we can conclude that compound 4 is isostructural with 

DUT-52. 
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Figure 5.8 The simulated cubic framework structure of DUT-52-NHCOCF3 MOF (4) in ball 

and stick model. The C, O, N and F atoms are shown as grey, red, blue, aquamarine colored 

balls, respectively. The Zr clusters are displayed as yellow polyhedra. The packing plot shows 

a double substitution of the –NHCOCF3 groups and this is due to the symmetry operators in 

the cubic space group Pn3̅. For the structural simulation, the atomic occupancy factors of the 

–NHCOCF3 groups have been set to an occupancy factor of 0.5 each. The structure was 

simulated by Materials Studio software.73  

Table 5.1 Unit cell parameters of 4 obtained by indexing its XRPD data. The obtained values 

have been compared with Zr-DUT-52 MOF. 

Compound Name DUT-52-NHCOCF3 (4) Zr-DUT-5262 

Crystal System cubic cubic 

a = b = c (Å) 23.785(3) 23.910(3) 

V (Å3) 13456.3(26) 13669(9) 
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Figure 5.9 Pawley fit for the XRPD pattern of as-synthesized 4. Blue lines and red dots denote 

simulated and observed patterns, respectively. The peak positions and difference plot are 

displayed at the bottom (Rp = 3.78, Rwp = 5.60). 

5.3.3 Chemical stability 

 The chemical stability of 4' was examined in different solvents by stirring it in water, 

ethanol, methanol, acetone, water, tetrahydrofuran (THF), dichloromethane (DCM), dimethyl 

sulfoxide (DMSO), DMF, 1(M) HCl, toluene, acetonitrile and acetic acid. After 12 h of stirring, 

the compound was filtered and dried at 80 °C. The structural features of the collected materials 

were examined by the XRPD technique. All the XRPD patterns were compared with the XRPD 

patterns of compound 4'. As shown in Figure 5.10, the structural integrity was retained after 

the treatment with different solvent media. XRPD experiments were also performed after 

treating 4' in different pH media (Figure 5.11) as well as after BET and CN- sensing studies. 

The recorded XRPD patterns revealed the retention in structural integrity in all these cases. 

Hence, 4' displayed amazing chemical stability in various solvents and at wide pH range. 
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Figure 5.10 XRPD patterns of (a) 4' showing its chemical stability in (b) methanol, (c) acetone, 

(d) ethanol, (e) DCM, (f) THF, (g) water, (h) acetic acid, (i) toluene, (j) acetonitrile, (k) DMF, 

(l) DMSO, and (m) 1M HCl. The XRPD pattern of 4' after (n) checking the BET surface area. 

 

Figure 5.11 XRPD patterns of 4' showing its chemical stability in different pH media. 

5.3.4 Thermal stability 

 TGA of 4 and 4' revealed that 4 and 4' are thermally stable up to 300 °C under an air 

atmosphere (Figure 5.12). In the TGA curve of 4, initially from 25-130 °C, 1.9% of weight loss 

is observed due to the removal of 3 water molecules per formula unit (calculated: 1.9%). 

Another weight loss (5.4%) for 2 DMF molecules per formula unit is observed in the range of 
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130-300 °C (calculated: 5.2%). These DMF molecules were trapped inside the pores of the 

material during its solvothermal preparation. Afterward (from 300 °C), the decomposition of 

compound starts due to the loss of organic linker. During the storage after desolvation, some 

water molecules were adsorbed by 4'. The loss of these water molecules was observed in case 

of 4' as the first weight loss step.  

 

Figure 5.12 TG curves of as-synthesized 4 (red) and activated 4' (black) recorded in an air 

atmosphere in the temperature range of 25-1000 °C at a heating rate of 5 °C min-1. 

 The TGA data might provide some quantitative information about the linker defects in 

the structure. To quantify the linker defects, the previously reported calculation method was 

applied.74 The molecular weight of an ideal, solvent free, dehydroxylated hexanuclear Zr6 

cluster is 3.51 times higher than 6ZrO2. Thus, if the end weight of a TGA run is normalized to 

100%, the theoretical plateau (WIdeal. Plat.) should be found at 351% on the TGA trace. The 

experimental plateau (WExp. Plat.) was found to be at 311% (Figure 5.13). Thus, the framework 

is lighter than that formulated by idealized equation. As seen in Figure 5.14, no additional 

broad peaks in the low 2-theta region suggested the absence of any missing-cluster defect.75-76 

The observed tendency hence suggests that the presence of only missing linker defects in the 

framework which helped in the catalytic reaction. The number of linker defects per Zr6 formula 

unit has been calculated to be 0.96. 

TH-2526_166122011



Chapter 5 
 

182 
 

 

Figure 5.13 Calculation of missing linker defects from the TG curve of activated 4'. The 

vertical dashed line pinpoints TPlat., the temperature at which the plateau (WExp. Plat.) is reached. 

The horizontal dashed lines pinpoint the relevant TGA plateaus. 

 

Figure 5.14 Low angle (2θ = 3-10°) region of the XRPD patterns of 4 and 4'. 

5.3.5 Nitrogen sorption study 

 The permanent porosity of activated compound 4' was investigated by N2 sorption 

studies. It showed type-I N2 sorption isotherms (Figure 5.15). The sorption isotherm shown by 

4' is the characteristic property of microporous open network materials. The BET surface area 

was found to be 1105 m2 g-1. The value of micropore volume at p/p0 = 0.5 was estimated as 

0.60 cm3 g-1. As anticipated, the BET surface area value of our compound is lesser than the 
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parent compound, i.e. Zr-DUT-52 (1399 m2 g-1).62 Nevertheless, this value is quite higher than 

previously reported dinitro functionalized Zr-DUT-52 MOF (SBET = 330 m2g−1).77 Density 

functional theory (DFT) pore size distribution analysis data revealed that, the pore size 

distribution of 4' is mainly distributed below 1 nm (Figure 5.16) and with average pore radius 

is 1.09 nm. 

 

Figure 5.15 N2 adsorption (black circles) and desorption (red circles) isotherms of thermally 

activated 4' recorded at –196 °C. 

 

Figure 5.16 Density functional theory (DFT) pore size distribution analysis based on the N2 

adsorption data of 4' recorded at –196 °C. 
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5.3.6 Hydrophobicity study 

 The functionalization of the NDC linker with a trifluoroacetamido group led to a highly 

hydrophobic framework. The hydrophobicity of the framework was demonstrated by the water-

contact angle (WCA) measurement (Figure 5.17). Materials with contact angles below 90° are 

considered as hydrophilic, in between 90-150° are considered as hydrophobic and above 150° 

are considered as superhydrophobic.78 The advancing contact angle of 4' was measured to be 

163° with a contact angle hysteresis of 7°. This result confirmed that our material is 

superhydrophobic in nature. 

 

Figure 5.17 Water contact angle (WCA) measurement of 4'. 

5.3.7 Luminescence sensing of CN- 

 The H2NDC-NHCOCF3 linker was selected to build LMOFs, which was targeted for 

sensing application due to its conjugated napthelene ring and trifluoroacetamido group as 

binding sites with CN- ion. As shown in Figure 5.18, after dispersing 4' into deionized water, 

it showed strong emission peak at 430 nm when we excited at 350 nm. The room temperature 

luminescence properties of 4' and free H2NDC-NHCOCF3 linker were studied in the solid state 

(Figure 5.19). As expected, upon excitation at 350 nm, H2NDC-NHCOCF3 linker showed a 

weak and wide emission band as compared to 4' under the same measurement conditions.79 A 

slight blue shift was observed in case of 4' from free H2NDC-NHCOCF3 linker (emission 

centered at 490 nm and 512 nm, respectively). The fluorescence intensity of 4' is mainly due 

to the fluorescence emission of the organic linker. The enhancement of fluorescence intensity 

occurred upon the formation of the ordered 3D MOF structure.80  
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Figure 5.18 Fluorescence excitation and emission spectra of 4'. 

 

Figure 5.19 Fluorescence emission spectra of 4' and H2NDC-NHCOCF3 linker in the solid 

state (λex = 350 nm). 

 Due to its high stability in water as well as non-toxic nature of 4', we decided to explore 

the detection capacity of CN- ion by 4' in water. The CN- ion detection behaviour of 4' in water 

was examined by monitoring the emission spectrum of stable aqueous dispersion of 4' after 

addition of 10 mM solution of NaCN in water. A sudden increase in the emission intensity was 

noticed after continual addition of CN- ion solution. As shown in Figure 5.20, upon addition of 

200 μL of 10 mM aqueous NaCN solution, almost 3-fold increment was observed for 

fluorescence emission intensity. On further addition of CN- ion solution (10 mM), no further 

increase in the emission intensity observed. As shown in Figure 5.20, upon excitation at 350 
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nm, the emission band of compound 4' was found at 427 nm. After addition of cyanide solution 

to 4', the emission intensity increased as well as a significant bathochromic shift of 63 nm was 

observed. This emission band at 490 nm indicated that the nucleophilic addition at 

trifluoroacetamide group took place by cyanide anion.81  

 

Figure 5.20 Fluorescence emission spectra of 4' (in water) after incremental addition of 

aqueous CN- solution (10 mM). Inset: digital images of cuvettes containing 4' dispersion with 

and without CN- solution under a UV lamp. 

 A time dependent study was carried out in which the fluorescence of 4' dispersion was 

checked as a function of time after the addition of 200 μL of 10 mM cyanide solution. A gradual 

enhancement of fluorescence was observed up to 2 min. After that, there was no further 

increase in intensity as shown in Figure 5.21. Hence, we can state that saturation point for 

fluorescence intensity was achieved after 2 min. The result proved that 4' is a promising 

fluorescent “turn-on” probe for CN- with short response time. This response time is comparable 

with the previously reported MOF based CN- sensors (Table 5.2).38, 45, 47  
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Figure 5.21 Turn-on fluorescence response of 4' (in water) towards gradual addition of 200 

μL of 10 mM cyanide solution at a regular time interval of 1 min up to 6 min. Inset: time 

dependence of the fluorescence emission intensity. 

Table 5.2 Comparison of response time and detection limit of various fluorescent probes for 

cyanide sensing. 

Sl. 

No. 

Name of  MOF Medium  

Used 

Response 

Time 

Detection 

Limit 

Ref. 

1 DUT-52-NH-COCF3 water 2 min 0.23 µM this work 

2 CAU-10-N2H3 water 2 min 0.48 µM 45 

3 carbazole-

functionalized UiO-

67 

water - 0.14 µM 46 

4 M-ZIF-90 DMSO/water - 2 µM 39 

5 Bio-MOF-1⊃DAAC HEPES buffer - 5.2 ppb 49 

6 Tb-ADP-Bipy water 10 s 30 nM 47 

7 hemicyanine-

functionalized 

mixed-ligand PCN-

700 

water 1 min 0.05 µM 38 
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8 P-1' THF/water 5 min 0.35 µM 82 

 

 The selectivity of compound 4' towards CN- ion was also investigated. The 

fluorescence spectra of 4' were recorded after addition of 200 μL of other competitive anions 

(10 mM) like NO3
-, HCO3

-, SO4
2-

, F
-, ClO4

-, SCN-, I-, AcO-, NO2
-, CH3O

-, Br-, Cl- and S2O3
2-. 

For all other anions except CN-, the increase in fluorescence intensity was negligible (0.7-0.9 

fold) relative to CN- (Figure 5.22). It is clearly noticed that the competitive anions have very 

little impact on the fluorescence of the probe. Hence, the selectivity of the MOF sensor for CN- 

over other intrusive anions in aqueous medium is noticeable. We also examined the effect of 

turn-on behaviour of 4' for CN- ion when other interfering anions are present in the medium. 

For that purpose, fluorescence spectra were recorded by adding the same amount (200 μL of 

10 mM solutions) of selected anions and cyanide sequentially to the stable dispersion of 

compound 4'. Figure 5.23 revealed that after the addition of aqueous CN- solution to the 

mixture containing other anions, the fluorescence intensity of 4' drastically increased along 

with a bathochromic shift of the emission band up to 63 nm. The bathochromic shift in the 

fluorescence emission maximum of 4' in the presence of CN- ion provides evidence of 

nucleophilic addition at the trifluoroacetamide group by CN- ion.81 All these results imply that 

the probe maintained high specificity for CN- even when the sensing medium contained other 

competing anions.  

 
Figure 5.22 Fluorescence turn-on response of 4' dispersion towards different anions (200 μL 

of 10 mM in water). 
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Figure 5.23 Comparison of fluorescence turn-on response of 4' dispersion towards CN- (200 

μL of 10 mM solution in water) in presence of other potentially competitive anions (200 μL of 

10 mM solutions in water). 

 To estimate the limit of detection (LOD) of 4' as an efficient fluorescent probe for the 

sensing of CN- ion, fluorescence titration experiments were conducted using low 

concentrations of aqueous NaCN solution. The LOD value was calculated by using formula:  

LOD = 3σ/K, where σ is the standard deviation of the blank dispersion and K is the slope of the 

graph drawn between the fluorescence intensity and concentration of CN- solution (Figure 

5.24).45 The final LOD value was found to be 0.23 µM, which is lower than the maximum 

acceptable concentration of CN- ion in drinking water as permitted by WHO.5 

 
 

Figure 5.24 Fluorescence intensity of 4' in water as a function of NaCN concentration. The 

error bars indicate the standard deviations of three measurements. 
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 We also examined the fluorescence responses of 4' at different pH ranging from 2 to 

11. As shown in Figure 5.25, the fluorescence intensities of the MOF before and after CN- 

addition are almost similar in the pH ranging from 3 to 9. These results indicate that our probe 

can be used for cyanide detection in the pH range from 3 to 9. At highly acidic pH (pH = 2), 

the –NH proton may undergo protonation and thus the deprotonation by CN- ion is prevented. 

Thus, the fluorescence intensity of the probe did not increase upon CN- addition. After pH 9, 

the hydroxide ion deprotonates the –NH proton and hence the probe already showed turn-on 

fluorescence before addition of CN- ion. Thus, after pH 9, the fluorescence intensity of the 

probe did not increase significantly after the addition of CN- solution. The visual changes 

(under UV lamp) in fluorescence intensity of the probe after addition of CN- solution in 

different pH media are shown in Figure 5.26. 

 
Figure 5.25 Effect of pH on the fluorescence emission intensity of 4' before and after the 

addition of 10 mM cyanide solution (400 µL). 

 
 

Figure 5.26 Visual changes (under UV lamp) observed for the dispersion of 4' upon addition 

of 400 µL of 10 mM CN- solution at different pH. 
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5.3.8 Sensing of CN- in real water samples and paper strips 

 The practicability of the method was demonstrated by detection of CN- ions directly in 

four different environmental water samples (tap, drinking, lake and river water). As shown in 

Figure 5.27, different water samples containing 4' were spiked with different concentrations of 

CN- solution. After addition of CN- solution, the fluorescence intensity increased effectively in 

all different water samples. With increase in the concentration of CN- solution, the fluorescence 

intensity also increased. These experimental results suggest that 4' can be used for the 

recognition of CN- ion in environmental water samples. Subsequently, to investigate the on-

site detection of CN- ion in real field, a portable paper strip method was developed. The MOF 

dispersion in water was coated on a paper strip (using Whatman filter paper) and the paper strip 

was dried completely. Then, 200 μL of 10 mM CN- solution was applied using micropipette. 

As shown in Figure 5.28, the fluorescence colour of the MOF-coated paper strip (under UV 

lamp) gradually changed from colourless to bright blue with the addition of 10 mM of CN- 

solution. Thus, this portable paper strip can be easily used by people for the on-site detection 

of CN- at any moment.  

 

Figure 5.27 Fluorescent detection of CN- ion in drinking, lake, tap and river water samples by 

4'. The error bars suggest the standard deviations of three measurements. 
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Figure 5.28 Fluorescence changes of 4'-coated portable paper strips for detecting aqueous 

NaCN solution under UV lamp at room temperature. 

5.3.9 Mechanism for turn-on detection of CN- ion 

 It has been previously reported for trifluoroacetamido functionalized organic molecules 

that the presence of strong electron-withdrawing trifluoroacetyl moiety makes the 

trifluoroacetamide as electron-withdrawing group.83-84 Hence, the electron-withdrawing 

trifluoroacetamide group attached to aromatic ring weakens the emission intensity due to 

photo-induced electron transfer (PET) process from the aromatic system towards the 

trifluoroacetamide group.35, 71, 81 Therefore, the aqueous dispersion of 4' showed fluorescence 

weak emission band at 427 nm upon excitation at 350 nm. After addition of CN- to 4' 

dispersion, a notable increase in emission intensity with a significant bathochromic shift of 63 

nm (Figure 5.20). It has been reported in the literature that the trifluoroacetamide functionalized 

organic molecules have strong affinity towards cyanide ion and the trifluoroacetamide group 

is easily converted into cyanohydrin adduct through nucleophilic addition by cyanide ion.50, 71, 

81, 85-86 The trifluoroacetamide group becomes strong electron-donating moiety after 

nucleophilic addition of CN- ion (Scheme 5.2). Thus, the PET process is inhibited. As a result, 

the drastic increment of fluorescent intensity as well as significant red shift (63 nm) of emission 

band. As a control experiment, we performed the same fluorescence experiment with 

unfunctionalized DUT-52 MOF (Figure 5.29). After incremental addition up to 400 μL of 10 

mM CN- solution, there was a slight decrease in fluorescence intensity for parent DUT-52 

whereas a remarkable increase in fluorescence intensity was observed for the present probe. 

To investigate the possible mechanism, 1H NMR titration experiments were carried out with 

digested 4' at room temperature (Figure 5.30). With increase in the equivalent concentration of 

CN-, the intensity of the peak at 11.79 ppm for –NH proton decreased and gradually shifted 
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towards the up-field region. After the addition of one equivalent of CN- solution, the peak for 

the –NH proton almost vanished. At the same time, the peaks for the aromatic region protons 

also shifted towards up-field after the addition of CN- solution. In the 13C NMR spectrum of 

digested 4' (Figure 5.31), the peak for the carbonyl carbon of trifluoroacetyl group was highly 

up-field at 57.95 ppm, indicating the formation of cyanohydrin adduct.35 The bathochromic 

shift in the fluorescence emission maximum of 4' in the presence of CN- ion also provides the 

evidence of nucleophilic addition at the trifluoroacetamide group by CN- ion (Figure 5.20). It 

can be seen from Figure 5.25 that, under highly basic conditions, 4' shows enhancement of 

fluorescence intensity even before the addition of cyanide solution. This enhancement may be 

due to the deprotonation of –NH proton by the hydroxide ion. Thus, based on the obtained 

experimental results, we can conclude that the possible mechanisms of CN- detection by 4' are 

the nucleophilic addition of CN- to the trifluoroacetamide group and the deprotonation of the 

–NH proton of trifluoroacetamide group. 

 

Scheme 5.2 Possible mechanisms of CN- sensing by 4'. 
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Figure 5.29 Change in the fluorescence intensity of DUT-52 MOF dispersed in water after the 

addition of 10 mM aqueous NaCN solution. 

 

Figure 5.30 Extended view of stacked 1H NMR spectra of NaCN-treated 4' after digestion in 

DMSO-d6/HF.  
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Figure 5.31 13C NMR spectrum of digested 4' after treatment with CN- ion. 

5.4 Aerobic oxidation of cyclohexane 

 Aerobic oxidation of cycloalkanes with very high selectivity of their respective 

alcohols/ketones is one of the challenging reactions in organic chemistry. In particular, aerobic 

oxidation of cyclohexane has received tremendous attention due to the commercial importance 

of its products as the feedstock for the preparation of polymers. Although many efforts have 

been made to increase the selectivity of alcohol/ketone during the oxidation of cyclohexane, 

one of the strategies to functionalize the linker with fluorine atoms is to create hydrophobic 

cavities within the pores of MOFs. This idea was successful in accommodating high population 

of hydrophobic cyclohexane molecules by increasing the close proximity between the redox 

sites and cyclohexane. In one of the examples, PCN-222(Fe)-F7 showed 50% conversion of 

cyclohexane with 90% selectivity of alcohol/ketone in the presence of TBHP as initiator at 80 

°C in acetonitrile with AgBF4 as cocatalysts.87 Very recently, another strategy was developed 

for the aerobic oxidation of cyclohexane. PCN-224(Mn) was subjected to linker exchange 

reaction with 2,2'-bis(trifluoromethyl)-4,4'-diphenyl phthalate (L) to introduce hydrophobic 

cavities in PCN-224(Mn)-L. The aerobic oxidation of cyclohexane was performed with PCN-

224(Mn)-L solid and observing 51% conversion with 90% selectivity of alcohol/ketone using 

TBHP as initiator at 80 °C in acetonitrile using AgBF4 as cocatalyst.88 The conversion of 

cyclohexane was reduced to 16% with PCN-224(Mn) with 79% selectivity of alcohol/ketone 

under identical conditions. This significant decrease in the conversion and selectivity is due to 
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the lack of hydrophobic cavities, thereby decreasing the contact between the redox sites with 

cyclohexane since most of the cyclohexane molecules remains on its surface.  

 These interesting precedents prompted us to prepare 4' and to evaluate its catalytic 

activity in the aerobic oxidation of cyclohexane under similar conditions followed in these 

precedents. The catalytic data of cyclohexane conversion and the selectivity of cyclohexanol 

and cyclohexanone are presented in Table 5.3. The aerobic oxidation of cyclohexane was 

negligible (1%) using 4' as solid catalyst in the absence of TBHP as a radical initiator. In 

contrast, the conversion of cyclohexane in the presence of 4' was boosted to 21% with 84% 

selectivity of alcohol/ketone with 8 µL of TBHP under similar conditions while the conversion 

was two-fold lower in the absence of AgBF4 (Figure 5.32). On other hand, the conversion of 

cyclohexane was doubled with slight difference in the alcohol/ketone selectivity (81%) with 

20 µL of TBHP using 4' as solid catalyst under identical conditions. Furthermore, the aerobic 

oxidation of cyclohexane was performed with 8 µL of TBHP by purposely adding pyridine as 

a catalytic poison. As it can be seen from Table 5.3, the addition of pyridine to the reaction 

mixture completely stopped the reaction. This observation is due to the poisoning of 

uncoordinated metal sites due to the missing linkers as evidenced from TGA studies, which is 

primarily responsible for the activation of TBHP to initiate the radical oxidation process. On 

the other hand, the activity of the metal precursor and the functionalized linker was also tested 

under identical conditions. Although the conversion of cyclohexane was relatively lower than 

4', the milder activity of the metal precursor arose due to its mild Lewis acidic nature to activate 

TBHP. Furthermore, the activity of the metal precursor was inhibited after 12 h, while the 

conversion still progressed with 4'. These results clearly indicate the advantage of installing 

the metal nodes within the MOF without undergoing deactivation. 
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Figure 5.32 Time conversion profile for the aerobic oxidation of cyclohexane. (■) without 

catalyst (blank), (▲) in the presence of ZrOCl2·8H2O, (●) in the presence of DUT-52 (identical 

linker without –NHCOCF3 group), (►) in the presence of 1′ and (♦) upon filtration of 4' solid 

after 5 h and the reaction mixture stirred without catalyst under identical conditions. Reaction 

conditions: cyclohexane (1 mmol), catalyst (20 mg), CH3CN (2.5 mL), AgBF4 (26 mg), O2 

Purging, 60 °C, Reflux, 24 h. 

Table 5.3. Aerobic oxidation of cyclohexane using 4' and analogous catalysts.a 

 

Entry Catalyst TBHP 

(µL) 

Conversionb 

(%) 

Selectivityb 

(%) 

ol one 

1 4' 0 1 - - 

2 4' 8 21, 19,c 17d 29, 32,c 33d 55,51,c 47d 

3 4' 20 42 33 48 

4e 4' 8 - - - 

5 DUT-52 8 6 32 48 

6f ZrOCl2·8H2O 8 5 34 49 
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7g H2NDC-NHCOCF3 8 3.5 36 46 

8h 4' 8 11 36 47 

9i 4' 8 15 25 51 

10j 4' 8 11 28 47 

a Reaction conditions: cyclohexane (1 mmol), catalyst (20 mg), CH3CN (2.5 mL), AgBF4 (26 

mg), O2 Purging, 60 °C, 24 h. 

b Conversion and selectivity were determined by GC. Selectivity corresponds to the mixture of 

cyclohexanol and cyclohexanone. Other products are 2-hydroxycyclohexanone and adipic 

acid. 

c First reuse. 

d Second reuse. 

e Pyridine (50 µL). 

f 14 mg of ZrOCl2·8H2O. 

g 15 mg of H2NDC-NHCOCF3. 

h Without AgBF4. 

iCycloheptane as a substrate. 

jCyclooctane as a substrate. 

 In order to prove the influence of hydrophobic fluorinated groups in 4' to promote 

cyclohexane oxidation, adsorption of cyclohexane was performed with 4' and DUT-52 under 

identical conditions employed for catalytic experiments (Table 5.4, Supporting Information). 

These results clearly indicate that 4' favours more adsorption of cyclohexane facilely compared 

to DUT-52 due to the presence of hydrophobic groups in the former solid. On the other hand, 

the activity of DUT-52 was tested in the aerobic oxidation of cyclohexane as a control 

experiment under identical conditions. DUT-52 exhibited much lower activity (6%) under 

similar conditions (Figure 5.32) due to the lack of hydrophobic cavities as well as poor 

adsorption of cyclohexane compared to 4'.  These experimental results are in good agreement 

with earlier reports,87-88 thus demonstrating the facile diffusion of cyclohexane within the pores 
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of 4' due to the assistance provided by hydrophobic cavities to enhance the conversion of 

cyclohexane. 

Table 5.4 Adsorption of cyclohexane over 4' and DUT-52 under similar conditions used for 

catalytic experiments. 

Time  

(h) 

mmol of 

cyclohexane 

adsorbed by 

DUT-52 

mmol of 

cyclohexane 

adsorbed by 4' 

1 0.015 0.17 

3 0.1 0.33 

5 0.19 0.5 

7 0.28 0.62 

Reaction conditions: cyclohexane (1 mmol), catalyst (20 mg), CH3CN (2.5 mL), O2 Purging, 

60 °C. 

 

Scheme 5.3 Proposed mechanism for the aerobic oxidation of cyclohexane by 4' with TBHP. 

 The observed experimental results shown in Table 5.3 prompted us to propose a 

reaction mechanism as shown in Scheme 5.3. The aerobic oxidation of cyclohexane was 

negligible with 4' as solid catalyst in the absence of TBHP. In contrast, the oxidation of 

cyclohexane with 4' in the presence of TBHP promoted the oxidation reaction. The 

uncoordinated metal sites due to the missing linkers (from TGA results) in 4' activate TBHP52, 

89 to produce t-BuOO, which later abstracts hydrogen to afford cyclohexyl radical. This upon 

reaction with molecular oxygen gives oxygen based radical intermediate, followed by 
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hydrogen abstraction from cyclohexane affords to the corresponding hydroperoxide. Finally, 

this hydroperoxide decomposes to cyclohexanol and cyclohexanone in the presence of 4'. 

Although these processes are similar with DUT-52 and 4' solids, the superior activity of the 

later catalyst is due to the facile diffusion of cyclohexane with the assistance of hydrophobic 

groups. Further to support these observations, two control experiments were carried out with 

TEMPO and hydroquinone as radical trapping agents under similar conditions. The catalytic 

results of cyclohexane oxidation using 4' with these radical trappers suggested that the 

conversion (<2 %) is significantly suppressed, thus supporting the above.56, 88 

 Besides the oxidation of cyclohexane, other cycloalkanes were also tested to study the 

influence of molecular dimension of these substrates for size-selective.90 From the results 

shown in Table 5.3 and Figure 5.33, the conversion of cycloalkane is decreased upon increasing 

the ring size from cyclohexane to cyclooctane. These results prove that the molecular 

dimension of a cycloalkane plays an important role in the oxidation reaction. Furthermore, a 

more bulky substrate like phenylcyclohexane was tested under similar conditions and 

observing 2% conversion with no desired oxidation products. Interestingly, this substrate 

exhibited long induction period compared to other cycloalkanes tested under similar conditions 

(Figure 5.33). Thus, the poor conversion along with long induction period clearly indicates the 

diffusion limitation of phenylcyclohexane. These results prove that the size of a substrate is 

one of the factors influencing the final conversion of cycloalkanes and size-selective catalysis 

is operative with cyclohexane due to its smaller dimension (0.6 nm) than the average pore size 

of 4' (1.09 nm) (Figure 5.16). 

 

Figure 5.33 Time conversion profile for the aerobic oxidation of a) phenylcyclohexane, b) 

cyclooctane, (c) cycloheptane and (d) cyclohexane. 
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 Comparing the data obtained in the present study with those reports in the literature 

clearly indicate some superiority of this work. The comparable catalytic activity in the 

oxidation of cyclohexane was achieved in the present work even at 60 °C while earlier reports87-

88 required 80 °C. On other hand, the increase of TBHP concentration showed gradual increase 

in cyclohexane conversion while decreasing alcohol/ketone selectivity in these two reports.87-

88 However, the present catalyst showed two-fold increase in conversion of cyclohexane 

without affecting the selectivity of the oxidized products. This is due to the milder redox ability 

of Zr than Fe and Mn-based MOFs without favouring the oxidation of the primarily formed 

oxidation products. Interestingly, the present catalyst clearly proved that the conversion of 

cyclohexane was enhanced with 4' due to its fluorinated linker as well as afforded higher 

selectivity to alcohol/ketone due to mild oxidizing ability of Zr by controlling the over-

oxidation of the primary products. 

 Catalyst stability is often checked by reusing the recovered solid in repeated cycles 

under the optimized reaction conditions. In this context, the stability of 4' was tested by reusing 

the solid in subsequent runs and the observed results are shown in Table 5.3 These catalytic 

results clearly indicate that the catalyst retains its activity mostly and the minor decrease in its 

activity may be due to the loss in the recovery step. This hypothesis was further confirmed by 

performing a control experiment with the recovered solid after second reuse using a 

proportionate amount of cyclohexane under similar catalytic conditions. The conversion of 

cyclohexane in the third reuse is identical to the second reuse, thus confirming that the minor 

decrease in the 1st and 2nd reuse experiments is not due to the loss of structural integrity (Table 

5.5). Furthermore, ICP analysis of the fresh and two times reused solids showed no change in 

the Zr content, thus confirming the integrity of the solid. This result was also in correlation 

with the leaching experiment showing the inhibition of the reaction upon removal of the 

catalyst (Figure 5.32).  These results were further proved by XRPD and FE-SEM analysis 

(Figure 5.34-5.35). The structural integrity of the two times reused solid remained identical to 

the fresh catalyst. On the other hand, the surface morphology of the two times reused crystals 

was mostly similar to the fresh solid. Although SEM micrograph of the two times reused solid 

showed the formation of significant amounts of smaller crystallites due to the mechanical 

stress, this does not hinder the conversion of cyclohexane. 
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Table 5.5 Recovery rate of 4' in reuse experiments and conversion of cyclohexane. 

Run Recovery of 

4' 

Conversion 

(%) 

Fresh - 21 

1st reuse 18 19 

2nd reuse 17 17 

3rd reusea 16 17 

 

 

 

Figure 5.34 XRPD patterns of 4' before and after catalysis. 

 

Figure 5.35 FE-SEM images of 4' (a) before and (b) after two reuses. 
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5.5 Conclusions 

 In summary, a Zr(IV) MOF bearing rigid H2NDC-NHCOCF3 linker was 

successfully designed, synthesized and conducted comprehensive characterization. Both 4 

and 4' were stable in different chemical environments and also exhibited very high thermal 

stability. They are thermally stable up to 300 °C. The N2 sorption experiment showed that the 

BET surface area of 4' is 1105 m2 g-1. The fluorescence titration experiments showed that probe 

4' can act as a turn-on fluorescent probe for CN- ion in aqueous medium. The probe showed 

excellent selectivity for CN- ion even in presence of other potentially competitive anions in 

aqueous medium. The MOF can detect CN- ion in water very quickly (response time = 2 min). 

The detection limit was 0.23 µM, which is lower than the maximum acceptable concentration 

of CN- ion in drinking water as regulated by WHO. 4' can also be effectively used for CN- 

sensing in real water samples and on-site detection of CN- by using portable paper strips. The 

experimental studies about the possible sensing mechanisms revealed that the deprotonation of 

–NH proton of the functional group of linker as well as nucleophilic addition of CN- to the 

trifluoroacetamide moiety play key roles in increasing the fluorescence intensity after the 

addition of CN-. The catalytic activity of 4' was tested in the aerobic oxidation of cyclohexane 

and the observed catalytic data are comparable to earlier reports even at lower temperature. 

This work clearly highlighted the benefits of functionalizing the linker with fluorine atoms to 

increase cyclohexane conversion and mild redox behaviour of Zr to increase alcohol/ketone 

selectivity. The catalyst was reusable for two times with no appreciable change in its 

conversion/selectivity. Also, the structural integrity and morphology of two-times reused solids 

remained similar to the fresh solid. In addition, ICP analysis indicated no change in the Zr 

content before and after the oxidation reaction, thus showing the stability of the framework. 
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Conclusions 

 In Chapter 1, we have discussed the literature study, design and synthetic strategies of 

water-stable MOFs. In 1995, Yaghi and co-workers coined the term ‘MOF’. These porous 

materials are formed by strong bonds between metal ions and organic linkers. They have some 

outstanding properties like very high surface area, high porosities, high thermal and chemical 

stability, various pore size and shape, etc. Because of their excellent chemical and physical 

properties, this remarkable class of porous materials has a wide range of applications like 

catalysis, gas storage, separation, polymerization, sensing, proton conductivity, drug delivery, 

bioimaging, etc. MOFs have a high degree of customizability because they can be tailored by 

selecting different linkers and metal ions. Because of the tunable nature, MOFs can be tailored 

with precisely controlled pore size, shape and functionality for the specific application. Here, 

we have discussed the various synthesis methods of MOFs. The solvents, temperature, 

modulators and reaction time play very important roles in determining the crystallinity, 

porosity and stability of MOFs. During the synthesis of MOFs, we should be more concerned 

about the stability of the framework.  The unsatisfactory chemical stability of most of the MOFs 

hinders some of the fundamental studies and also hinders the implementation of MOFs for 

practical applications. In many areas, MOFs have shown excellent advantages over traditional 

materials and potential values for commercialization. Water stability is a crucial property for 

any kind of material to be applicable in the real world. Hence, water-stable MOFs have been 

in great demand among the scientific community. In the last few decades, a great deal of effort 

has been devoted to explore the feasibility of luminescent MOFs (LMOFs) for sensing 

applications. MOF-based sensors have been directly used for the detection of gases, vapors, 

small molecules, metal ions, nitroaromatics, nerve agents and pesticides. The novel class of 

MOFs consisting of d10 or rare-earth metal centers and conjugated organic linkers can be 

potentially employed as photoluminescent materials to sense specific metal ions and small 

organic molecules because of their excellent luminescence emission properties. The 

frameworks can be judiciously functionalized by specific functionality with the specially 

functionalized linker, which in turn can act as recognition sites for the targeted analytes. In 

catalysis, MOFs are promising heterogeneous catalysts due to the presence of unsaturated 

coordinated metal sites and/or special functional groups of linkers. The unsaturated coordinated 

metal sites can be prepared by some special treatment like heating at high temperature and 

linker exchange which in turn activate the metal nodes by removing the weakly coordinated 
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linkers from the nodes.  The activated catalytic sites can also be made by introducing a specific 

modification of linker such as bipyridine, porphyrin etc. 

 In Chapter 2, a 3D zinc-organic framework [Zn(QDA)]∙0.7DMF∙0.5H2O was 

synthesized under solvothermal conditions. The single crystal X-ray diffraction analysis 

reveals that the 3D framework structure has PtS topology and contains Zn(II) ions having 

distorted square pyramidal geometry with ZnO4N configuration. The bulk compound was 

thoroughly characterized using several analytical tools. The activated compound (1') is stable 

up to 440 °C and also shows excellent chemical stability. Compound 1' exhibited a very quick 

fluorescence quenching response after the addition of Fe3+ solution. This quenching was not 

affected by the presence of other competitive metal cations. A very low detection limit of 9.2 

ppb was observed for Fe3+, which is among the lowest values documented in the literature for 

MOF-based fluorescence probes. Both fluorescence resonance energy transfer (FRET) as 

well as photo-induced electron transfer (PET) processes play major roles in the selective 

detection of Fe3+. The recyclability experiment suggested that 1' can be used for the long-term 

detection of Fe3+. 

In Chapter 3, a MOF with Zr(IV) ion containing 2,3,5,6-tetrakis(4-

carboxyphenyl)pyrazine (H4L) linker was prepared by a solvothermal method. ZrOCl2∙8H2O 

was employed along with H4L linker and benzoic acid (modulator) in DMF to synthesize the 

title compound. The as-synthesized compound has the formula [Zr6(µ3-O)4(µ3-

OH)4(OH)4(H2O)4(L)2]∙3H2O∙2DMF (2). The activation of 2 was carried out by using methanol 

exchange and subsequent heating under a high vacuum at 130 °C. Both 2 and activated samples 

(2') were characterized by X-ray powder diffraction (XRPD), Fourier transform infrared (FT-

IR) and thermogravimetric analysis (TGA). They displayed high chemical stability and thermal 

stability. Both 2 and 2' are stable up to 440 °C. Compound 2' has a very high BET surface area 

(1419 m²/g) and CO2 adsorption capacity (4.4 mmol/g at 1.4 bar and 0 °C). Being highly water-

stable, luminescent 2' can selectively recognize dichromate (Cr2O7
2-) in water and picric acid 

(PA) in dimethyl sulfoxide (DMSO), by fluorescence quenching mechanism. The detection 

limits were found to be 13.08 and 8.58 ppb for PA and Cr2O7
2-, respectively. Moreover, the 

mechanisms behind this selective detection of all three analytes were also investigated. In both 

the cases, the compound showed reusability up to five cycles without any loss of sensing 

efficacy. These experimental data vividly depict that 2' can be considered as a promising 

sensing material for PA and Cr2O7
2-. 
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In Chapter 4, we synthesized an azide functional group containing Zr(IV) based metal-

organic framework (MOF) with DUT-52 (DUT = Dresden University of Technology) topology 

via a solvothermal process. Acetic acid was used as a modulator to increase crystallinity. The 

synthesized compound (3) was activated by exchanging occluded molecules with methanol and 

heating at 80 °C for 5 h. Both 3 and activated compounds (3') were characterized by X-ray 

powder diffraction (XRPD), Fourier transform infrared (FT-IR) and thermogravimetric 

analysis (TGA). Both 3 and 3' are thermally stable up to 320 °C and chemically stable in 

solvents like methanol, acetic acid, 1 (M) HCl and water. The Brunauer-Emmett-Teller (BET) 

surface area of 3' was found to be 505 m2 g-1. The data from fluorescence experiments 

suggested that 3' exhibits sensitive and selective detection of H2S in an aqueous medium. The 

limit of detection (LOD) value was found to 0.50 µM. This value lies in the lowest range of 

H2S detection by known MOFs. Moreover, the possible mechanism behind the enhancement 

of fluorescence intensity after addition of Na2S in 3' was also examined. 

In chapter 5, a zirconium (Zr) metal-organic framework having DUT-52 (DUT stands 

for Dresden University of Technology) structure with face-centred cubic (fcu) topology and 

bearing the rigid 1-(2,2,2-trifluoroacetamido) naphthalene-3,7-dicarboxylic acid (H2NDC-

NHCOCF3) linker was prepared and its solid structure was characterized with the help of X-

ray powder diffraction technique. Other characterization methods like thermogravimetric 

analysis (TGA) and Fourier transform infrared (FT-IR) spectroscopy were applied to verify the 

phase purity of the compound. In order to get the solvent-free compound (4'), 4 was stirred 

with methanol for overnight and subsequently heated at 100 °C for overnight under a vacuum. 

As-synthesized (4) and activated (4') compounds are thermally stable up to 300 °C. The BET 

surface area of 4' was found to be 1105 m2 g-1. Fluorescence titration experiments showed that 

4' exhibits highly selective and sensitive fluorescence turn-on behaviour towards cyanide (CN-

) anion. The interference experiments suggested that other anions did not interfere in the 

detection of CN-. Moreover, a very short response time (2 min) was shown by probe 4' for CN- 

detection. The detection limit was found to be 0.23 µM. 4' can also be effectively used for CN- 

detection in real water samples. The mechanism for the selective detection of CN- was 

investigated systematically. Furthermore, the aerobic oxidation catalysis was performed with 

4' under mild reaction conditions, observing higher activity than analogous DUT-52 solid 

under identical conditions. These experiments clearly indicate the benefits of hydrophobic 

cavities of 4' in achieving higher conversion and selectivity. Catalyst stability was proved by 
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two consecutive reuses and comparing the structural integrity of 4' before and after reuses by 

XRPD study. 

The thesis work mainly focuses on the design and synthesis of water-stable MOFs. We 

explored the synthesis and comprehensive characterization of water-stable MOFs and utilized 

the luminescence property of MOFs for selective and sensitive detection of toxic ions like Fe3+, 

Cr2O7
2-, CN- and nitroaromatic explosives.  The thesis also explored the application of the 

hydrophobic cavity of a water-stable MOF for the heterogeneous catalysis reaction. 

Future prospects: 

 In the future, we are planning to prepare MOFs based on the paramagnetic Co2+, Cu2+, 

Mn2+ and Ni2+ ions and polycarboxylate linkers, which are expected possess interesting 

magnetic properties. We have planned to prepare water-stable MOFs with the relatively 

unexplored multicarboxylate linkers having functional groups like acetoxy, maleimide, 

phthalimide etc. which can be utilized for the detection of toxic compounds. We are also 

planning to prepare MOFs with nitrogen-rich linkers such as amines, imidazoles, pyridines, 

triazoles, tetrazoles, which can show significantly high capability for CO2 adsorption. The 

hydrophobic property of MOFs containing fluorine as the functional group in the linker can be 

used to form composites with fabric, sponge or reduced graphene-oxide. These hydrophobic 

composites can be used for oil-water separation. We are also planning to prepare MOFs with 

organic linkers which contain hydrophilic acidic functional groups such as sulfonate, 

phosphinate, etc. These types of MOFs can show good proton conductivity as hydrophilic 

acidic functional groups serve as effective proton conduction sites. The defect-containing 

MOFs always provide better catalytic sites. Hence, the creation of defects (on purpose) at metal 

nodes can improve the catalytic activity of MOFs in many organic catalysis reactions.  
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