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Chapter 1: Historical Evolution of Metal-Organic Frameworks (MOFs) and their 

Prospective Applications in Targeted Sensing and Adsorption 

This chapter provides an overview of the historical development of coordination compounds 

and the discovery of metal-organic frameworks (MOFs). It explores the synthetic revolution in 

creating aqua-stable robust MOFs, driven by the imperative to address modern environmental 

pollution resulting from industrialization, urbanization, population-driven socioeconomic 

development, modern agricultural practices, and the excessive use and arbitrary disposal of 

pharmaceutical wastes. Within this thesis, my focus lies on utilizing MOFs as potential 

fluorescent sensors for various toxic cations, anions, and organic molecules, as well as 

adsorbents for oil spills. Aqua-stable MOFs are exceptionally versatile materials capable of 

exhibiting fluorescence properties through the electrical communication between metal ions 

and conjugated polytopic organic linkers. Furthermore, they can adsorb toxic pollutants using 

their porous structures. Thus, the introduction comprehensively outlines the synthesis methods 

for aqua-stable MOFs, elucidates the origins of their fluorescence properties, and delves into 

the mechanistic aspects of diverse sensing processes. The central theme of this thesis revolves 

around the creation and applications of various aqua-stable MOFs based on Zr(IV) ions. 

Detailed discussions are provided on the structures of different Zr(IV)-based MOFs. The 

introduction also summarizes the pivotal role of aqua-stable MOFs in combating water 

pollution stemming from drugs, antibiotics, herbicides, pesticides, toxic heavy metal ions, 

volatile organic compounds, oil spills, and other emerging pollutants over the past few decades. 

This thesis primarily employs two approaches to monitor water pollution and mitigate 

environmental risks using MOFs: measuring pollutant concentrations and removing toxic 

substrates from water. I strategically employed fluorescence sensing for the rapid and accurate 

measurement of the concentration of foreign substrates in water. The thesis introduces 

functionalized, target-specific, fluorescent MOFs designed for the selective sensing of organo-

toxins and bio-molecules. Additionally, a porous hydrophobic MOF is presented for the 

efficient and selective removal of oil spills from water, offering substantial reusability. 

 

Chapter 2: A Functionalized MOF for Selective Fluorometric Detection of Sodium Dodecyl 

Sulphate and Vitamin B12 using MOF@Cotton Composite 

 

This chapter provides detailed insights into the synthesis and analytical characterization of a di 

-NH2 functionalized aqua-stable metal-organic framework (MOF) (1) and the application of its 

activated forms (1′) for the sensing SDS surfactant and vitamin B12. Notably, this MOF 

represents the pioneering instance of a MOF-based sensor for SDS and vitamin B12, boasting 

remarkable features such as the lowest reported limits of detection (LOD) values of 108 and 

45.3 nM for SDS and vitamin B12, respectively. The sensor exhibits a swift response time, 

exceptional selectivity, and noteworthy reusability. 
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Figure 1 Cubic structure of 1 (a), and its tetrahedral (b) and octahedral (c) cages. 

 

 
Figure 2 Selectivity test of 1′ for the sensing of SDS (error bars represent the standard 

deviations of three individual measurements). 

 

 
Figure 3 Selectivity test for the sensing of vitamin B12 in the presence of other competitors 

(error bars represent the standard deviations of three individual measurements). 

 

  To assess the practical utility of the sensor, its sensing capability was evaluated across various 

real-water specimens and biofluids. MOF@cotton composites were ingeniously crafted for on-
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field detection of both targeted analytes. Even upon treatment with nanomolar concentrations 

of analyte solutions, observable alterations in the color of the composites were evident. The 

sensor's selective turn-on sensing of SDS is attributed to electrostatic interactions between the 

–NH2 groups in the linker and the –SO3
- group of SDS. In the case of vitamin B12, fluorescence 

resonance energy transfer (FRET) from the probe to vitamin B12 leads to the quenching of the 

MOF's fluorescence. 

 

 
Scheme 1 Schematic representation of SDS sensing by 1′. 

 

  In summary, this research not only introduces a novel aqua-stable MOF but also showcases 

its exceptional sensing capabilities for SDS and vitamin B12, demonstrating promising potential 

for practical applications, particularly in the realm of real-world water specimens and biofluids. 

The fabrication of MOF@cotton composites further extends the sensor's utility, enabling 

visible color changes in response to low concentrations of the target analytes. 

 

Chapter 3: A Fluorescent Zirconium Organic Framework Displaying Rapid and Nanomolar 

Level Detection of Hg(II) and Nitroantibiotics 

In this chapter, a zirconium (Zr) metal-organic framework (MOF) bearing the rigid benzo[1,2-

b:4,5-b’]dithiophene-2,6-dicarboxylic acid linker was prepared and its solid structures were 

characterized with the help of X-ray powder diffraction (XRPD) and Rietveld refinement 

techniques. Other characterization methods like thermogravimetric analysis, FE-SEM, EDX, 

Fourier transform infrared spectroscopy, and elemental analysis were applied to verify the 

phase purity of the compound. Both as-synthesized (2) and activated (2′) compounds are 

thermally stable up to 415 °C in N2 environment. The BET surface area of 2′ was found to be 

1228 m2 g-1. 
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Figure 4 Structure of compound 2 (a), its SBU (b), and corresponding linker (c). 

 

  Fluorescence titration experiments showed that 2′ exhibits highly selective and sensitive 

fluorescence turn-off behavior towards mercury (Hg2+) and nitroantibiotics (nitrofurazone and 

nitrofurantoin). The interference experiments suggested that other cations and antibiotics did 

not interfere in the detection of Hg2+ and nitroantibiotics. Moreover, rapid response times (1 

min) were shown by the probe 2′ for both the sensing experiments. Together with rapid 

response, very low limit of detections (LODs) were observed for the sensing of all the targeted 

analytes (LOD of Hg2+, nitrofurazone (NFZ) and nitrofurantoin (NFT) were 5, 156.7, and 96.3 

nM, respectively). The LOD values are lower than the value regulated by WHO and lower than 

most of the reported chemodetectors of Hg2+ and nitroantibiotics (nitrofurazone and 

nitrofurantoin). Activated MOF (2′) can also be effective for the on-site detection of the 

targeted analytes by using portable paper strips.  

 

 

Figure 5 Change in emission response of 2′ after the inclusion of 75 μL of 10 mM Hg2+ in the 

co-existence of 75 μL of 10 mM solutions (in H2O) of various competitor metal ions (λex = 320 

nm, λem = 420 nm). 

TH-3430_196122037



                                                                                                 Ph.D. Synopsis Report 

V 
 

 

Figure 6 Switch-off in fluorescence emission intensity of 2′ after addition (100 µL) of 10 mM 

of NFZ and NFT solutions in the presence of 100 µL of 10 mM solutions (in MeOH) of other 

competitor antibiotics (λex = 370 nm, λem = 442 nm). 

 

  The experimental studies about the possible turn-off sensing mechanism of Hg2+ revealed the 

energy transfer through the coordination of Hg2+ with the sulfur atoms of the linker was the 

reason behind the switch-off fluorescence response. The above-discussed reaction mechanism 

was proved by the PXRD, XPS, TRPL, EDX, and UV-Vis analysis. Furthermore, the resonance 

energy transfers from 2′ to the nitro-antibiotics were the possible reason behind the quenching 

in fluorescence intensity which was supported by the decrease in fluorescence lifetime value 

and maximum overlap between the absorption spectra of nitro-antibiotics and the emission 

spectra of 2′. A theoretical HOMO-LUMO energy calculation was also performed using 

Gaussian 09 software. The theoretical results displayed good agreement with the experimental 

results. The sensor showed reusability up to five times with no appreciable change in its 

selectivity and sensitivity. Also, the structural integrity and morphology after five-times reused 

solids remained similar to the fresh solid which was confirmed by the PXRD analysis. 

 

Chapter 4: MOF-Fabric Composites Based on a Multi-Functional MOF as Luminescent 

Sensor for a Neurotransmitter and an Anti-Cancer Drug 

This chapter contains the construction of a highly physicochemically stable, porous, thiourea-

functionalized zirconium metal-organic framework which was applied as a potential probe for 

the selective ‘turn-on’ fluorometric detection of adrenaline in HEPES buffer (pH = 7.4) 

medium and 6-mercaptopurine (6-MP) in aqueous medium. The probe displayed fast response 

times of 5 s for both the targeted analytes with the lowest ever reported detection limit of 1.9 

nM and 0.028 nM for the sensing of adrenaline and 6-MP, respectively. Furthermore, the probe 

was employed for the detection of adrenaline in different bio-fluids (human urine and blood 

serum) and 6-MP in real samples (environmental water specimens). Impressive performances 

TH-3430_196122037



                                                                                                 Ph.D. Synopsis Report 

VI 
 

were observed during all the detection experiments. Rigorous statistical analyses were 

performed to determine the reproducibility, originality, and precision of the measurements.  

 

 

Figure 7 Structure of 3. 

 

 
Figure 8 (a) Change in luminescence intensity of 3′ with respect to time. (b) Time-dependent 

saturation plot of fluorescence intensity of 3′ (change in fluorescence under UV-light is shown 

in the inset of Figure 8b). 

 

 
Figure 9 Selectivity of 3′ towards the sensing of 6-MP in the existence of other competitors 

(error bars signify the standard deviations of three individual measurements). 

  MOF-coated cotton composite was fabricated for the rapid and on-site detection of both the 

targeted analytes. The inexpensive, reusable cotton composite displayed nanomolar level 

sensing ability towards both the analytes. Systematic investigations were executed in search of 

plausible reasons for ‘turn-off’ behaviour of the probe in the presence of quenchers. Various 
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instrumental outcomes indicated that FRET in the presence of adrenaline and IFE in the 

presence of 6-MP are the most possible reasons behind the quenching of fluorescence 

intensities of the MOF. All the experimental results indicate that the newly developed sensor 

will help us for rapid monitoring of the concentrations of adrenaline in human bio-fluids and 

6-MP in real water. 

 

Chapter 5: A Self-Cleaning Hydrophobic MOF-Based Composite for Highly Efficient and 

Recyclable Separation of Oil from Water and Emulsion 

This chapter outlines an environmentally friendly, rapid, efficient, and cost-effective strategy 

for separating diverse oils from water and water-in-oil emulsions under varying challenging 

conditions. The approach demonstrates remarkable efficiency and high recyclability, offering 

a sustainable solution for oil separation. In this chapter, a Zr-UiO-66-OH metal-organic 

framework was post-synthetically modified with 2,2,2-trifluoroacetyl (-COCF3) group. Using 

the modified MOF (4′@CF3) hydrophobic 4′@CF3@melamine composite was prepared using 

a commercially available melamine sponge. Initially, the melamine sponge was coated with 

PDA followed by dipping into a mixture of 4′@CF3 and PDMS-co-PMHS polymer 

suspension. After the addition of 4′@CF3 the WCA of the 4′@CF3@melamine composite was 

increased from 106 ± 1° to 145 ± 1°.  

 

 

Scheme 2 Schematic representation for the preparation of 4′@CF3@melamine composite. 

 

  The hydrophobic 4′@CF3@melamine composite possesses remarkable efficiency towards 

both heavy and light oil separation from the oil-water mixture (95-99%) with 50 times 

reusability. The observed absorption capacity for different oils was found to be 27-40 g/g. The 

efficiency of oil-water separation has remained unaltered even in harsh conditions like in 

different environmental water samples and pH solutions. 
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Figure 10 Bar plot of separation efficiency (%) of 4′@CF3@melamine composite towards 

separation of (a) various oils from oil-water mixtures, and (b) EtOAc from different types of 

aqueous media. Each measurement was repeated six times. 

 

  The emulsion separation efficiency of the 4′@CF3@melamine composite was between 97-

99% for various water-in-oil emulsions with the flux range of 1461-2288 L/m2h. The emulsion 

separation efficiency of the composite remained almost the same up to 30 consecutive cycles 

of separation. Moreover, the hydrophobic surface of the 4′@CF3 MOF was also applied for 

the self-cleaning purpose. 

 

 
Figure 11 Digital photographs of selective separation of oil by gravity-driven method from 

water-in-oil emulsion. 

 

 
Figure 12 Digital image of polymer@4′@CF3 glass slide displaying self-cleaning nature. 
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Conclusion 

The main theme of this thesis is centered on the development of various aqua-stable MOFs and 

their utilization for environmental remediation and bio-molecules detection. It embraces 

comprehensive discussions on the intricate structures of diverse functionalized Zr(IV) metal 

ion-containing MOFs. Here, the functionality of a MOF was deliberately integrated into the 

MOF linker, enabling its practical application in the fluorescence-based detection and 

quantification of bioactive compounds and organo-toxins. Additionally, the thesis investigates 

the synthetic methodology of a hydrophobic MOF designed for the selective and efficient 

adsorption of oil spills. We assert that the findings presented in this thesis hold significant 

importance for promoting the sustainable development of a clean environment and contribute 

to the accurate diagnosis of certain diseases associated with the uncontrolled release of specific 

bio-molecules. 
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Historical Evolution of Metal-Organic Frameworks (MOFs) 

and their Prospective Applications in Targeted Sensing and 

Adsorption 

The discovery of a novel class of highly crystalline porous materials in the late 

90’s garnered significant attention, owing to their potential applications in gas 

storage and separation, as a heterogeneous catalysis, for drug delivery, as a 

luminescent sensor of bio-active and toxic chemicals, for carbon capture, and 

more. These materials were originated by the combination of metal clusters and 

organic linkers known as metal-organic frameworks (MOFs). Unlike other 

porous materials such as zeolites, activated carbons, and silica MOFs offer a 

distinct advantage as they can be purposefully designed by selectively choosing 

the metal ion and organic linker and their structural modification is possible even 

after its synthesis. This chapter provides a comprehensive overview of the brief 

history of MOFs, encompassing different synthesis procedures and highlighting 

diverse applications. This chapter also elucidates how the precise tuning of 

MOFs is achieved by including specific functionalities in the linker moiety which 

enhances their efficacy in detecting targeted applications. The discussion 

emphasizes the significance of fine-tuning MOFs for tailored applications in 

chemical sensing and toxic pollutant (oil) adsorption showcasing their potential 

capability in addressing specific analytical challenges and environmental 

sustainability. 
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1.1 Introduction 

Coordination compounds are the ions, or molecules that embrace one or more metal centers 

bonded to linkers through coordination bonds.1 The history of coordination chemistry started 

with the synthesis of blue-colored Cu(II) and ammonia complex (i.e., [Cu(NH3)4]
2+) by German 

chemist Prof. Andreas Libavius in the year 1597.2 Thereafter, slow but continuous development 

of various colorful coordination compounds continued in the different parts of the world. 

Synthesis of Prussian blue complex (KFe[Fe(CN)6]), yellow-colored K2PtCl6 and orange-

colored CoCl3·6NH3 by various rewound chemists in 18th century are a few examples of such 

coordination complexes.3-5 Famous German chemist Prof. Karl W. Hofmann first synthesized 

a coordination complex (properly known as Hofmann clathrate complex) with extended 2D 

network in 1897.6 Meanwhile, two important theories of coordination chemistry, i.e. chain 

theory (1869) by Swedish chemist Prof. C. W. Blomstrand and coordination theory (1893) by 

Prof. Alfred Werner were developed.7, 8 It is assumed that Prof. Alfred Werner's theory of 

coordination compounds is the first foundation of the coordination chemistry whatever we 

practice in modern day.9 This theory not only taught us to assign the oxidation state and 

coordination number of a complex but also inspired us to develop complexes with higher 

dimensions (2D and 1D) from the 0D molecular regime.6 Prof. Pedersen and his co-workers 

(in 1960) first showed that complementary small molecules might display intermolecular 

recognition via noncovalent interactions which led to the development of supramolecular 

polygons and polyhedra based on metal-linker coordination.10 Up to that point, all the 

synthesized compounds are purely inorganic and non-porous in nature. 

  In the year 1756, Swedish chemist Prof. Axel Frederik Cronstedt first discovered the porous, 

natural zeolites.11 But modification of pore radius and flexibility of incorporation of required 

functional groups are not possible for the zeolites. Thus, the application of such materials 

became limited. For a long time, chemists have been trying to rectify such issues. The wait 

came to an end when Prof. Robson and Prof. Hoskins synthesized the first functionalized 

microporous coordination polymer between the tetrahedral Cu(I) metal nodes and TCTPM 

(4,4′,4′′,4′′′-tetracyanotetraphenylmethane).12 This cage was porous in nature (pore volume = 

700 Å3) and BF4
- ions of the complex could be exchanged with PF6

-.6 They also showed that 

synthesis of similar coordination polymers with different porosity can be possible by using 

different sized linkers.12, 13 Two similar coordination networks with Cu(II) and bipyridine 

linker were published in 1995. The discovery of these complexes was very much essential for 

the synthesis of metal-organic frameworks (MOFs) by Prof. O. M. Yaghi. In the year of 1999, 

Yaghi and co-workers first discovered a solvothermal synthesis pathway for the synthesis of a 

porous, crystalline organic-inorganic combined framework, named as MOF-5 which had 

porosity comparable to the activated carbon and zeolite.6 The measured Langmuir surface area 

of MOF-5 was 3800 m2/g.6 It was a Zn-organic framework with pcu-topology, which was 

synthesized by heating a mixture of Zn(CH3COO)2 and benzene-1,4-dicarboxylic acid in DMF 

medium (Figure 1.1). Thus, the journey of beautiful reticular chemistry was inaugurated.6, 14 
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Figure 1.1 (a) The structure of MOF-5 is shown as ZnO4 tetrahedra (blue polyhedra) joined by 

benzene-1,4-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 (yellow sphere represents the pore). (b) The structure is shown as the envelopes of 

(Zn4O)O12 clusters (red truncated tetrahedron) and benzene-1,4-dicarboxylate (BDC) ion (blue 

slat). These images are collected with permission from ref. no. 14. Copyright 2003, Nature. 

 

  Now days, MOFs are defined as a class of organic-inorganic hybrid giant coordination 

polymers where organic linkers are surrounded by the positively charged metal ions in one, 

two, or three-dimensional manners.15, 16 After the synthesis of the first MOF (MOF-5) in the 

late 1990s by Prof. Omar Yaghi, over 90,000 different MOF structures have been reported to 

date.17 MOFs have attracted the attention of inorganic and materials science researchers 

because of their tuneable surface area, porosity, and functional group.18 Extremely high 

physicochemical stability, outstanding catalytic activity, and selective and fast detection of 

analytes have made them more interesting in the last few decades.19, 20 Together with these 

applications, MOFs can also be used for chemical separation, gas storage, drug delivery, etc.21-

24 Now-a-days, MOF materials are used for the separation of miscible and immiscible solids 

and liquids from water and a particular gas from a gas mixture.25-27 Among various 

applications, luminescence sensing based on luminescent MOFs has attracted immense 

attention due to their high selectivity, quick response, operability, and reversibility.28-31 Various 

cations, anions, bio-active molecules, reactive oxygen species, reactive nitrogen species, and 

volatile organic compounds, etc. have been successfully and selectively detected by various 

functionalized MOF materials in the past few years.32-35 

  MOFs are a special type of porous materials.36 The surface area values of MOF materials are 

typically within the range of 1000 to 10,000 m2/g.37 Their porosity can be tuned with the 

variation of organic linker size and the functional groups attached to the linker molecules.38 

Unlike other traditional porous materials (zeolites, mesoporous silica, carbon nanotubes, and 

activated carbons), MOF materials can be functionalized even after the synthesis of the 

materials.39 Such an easy scope to modify the linker molecules (as required) makes these 

porous materials different from other adsorbent porous materials. 

  Outstanding physicochemical stability is another fascinating feature of a MOF material.40 

Depending upon the different kinds of metal ions and organic linker’s combination, a large 

assortment of MOFs bear different types of porosity and physicochemical stability.41 From the 
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development of physicochemically stable MOFs in the past two decades, it can be concluded 

that the stability of the framework depends upon the oxidation state of the metal ions and the 

lability of metal-linker bonds. Highly robust MOF materials were synthesized by the use of 

metal ions with high oxidation states such as Cr(III), Fe(III), Ti(IV), Al(III), Zr(IV), and 

Hf(IV).42-46 Although different types of MOFs are still growing with date but their stability in 

various drastic conditions (in highly acidic and basic conditions, at high temperatures and 

sometimes in moisture) limits their applications at the industrial level. It is a challenge to 

synthesize ultra-robust physiochemically stable MOF materials which can survive in drastic 

industrial conditions. In recent times, the synthesis of superhydrophobic MOFs and their 

applications for oil-water separation, self-cleaning, dye-separation, anti-icing, and corrosion 

resistance have grasped a lot of attention from many famous material science research 

groups.47-52 Although over 90,000 different MOF structures have been reported to date, out of 

them, only around 100 are hydrophobic, few of them (~30) are superhydrophobic, and very 

few of them have been used for oil/water separation.53-55 Therefore, it is another new and 

interesting area of research. In this thesis, I focused on the synthesis, characterization, and 

application of Zr(IV)-based UiO (UiO = University of Oslo) series MOFs (UiO-66 and 67). 

These types of MOFs are always preferable for various application purposes due to the higher 

oxidation state of zirconium (for highly physicochemically stable MOF synthesis), and its non-

toxic and eco-friendly nature. Because of that, during the last decade, a significant number of 

research publications have been reported on ‘UiO’ series of MOF materials (Figure 1.2). 

Hence, I have focused on the synthesis, characterization and application of different ‘UiO’ type 

of MOF materials for the sensing of various analytes and oil/water separation. 

 

 
Figure 1.2 Number of research papers per year from 2013-2023 on the topics of “metal-organic 

framework” and “metal-organic framework for fluorescence sensing”. The figure was drawn 

according to the database of Scifinder. Search was conducted in November 2023. The search 

employed keywords such as "metal-organic framework" and "water-stable metal-organic 

framework" specifically focusing on applications in fluorescence sensing. 
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1.2 Modern-Day Water Pollution and Necessity of MOFs 

Environmental problems associated with industrialization, population-driven socioeconomic 

development, urbanization, intensified modern agricultural practices, and an increase in 

bacterial and viral diseases result in water quality being compromised by the pollution from 

drugs, antibiotics, herbicides, pesticides, toxic heavy metal ions, volatile organic compounds, 

oil spills, and other emerging pollutants.56, 57 The effect of such water pollution not only ends 

with a short-term notice of killing the fish and other aquatic animals, but it also can carry 

forward to higher class animals via the food chain which ultimately affects the biodiversity, 

atmosphere and economy.58, 59 Therefore, minimizing environmental pollution and assuring the 

comfort of the modern day is one of the great challenges of environmental science researchers 

in the 21st century. Thus, appropriate and regular monitoring of domestic and urban water 

pollution is highly necessary. 

  There are two best possible ways to monitor water pollution and nullify the environmental 

risks, i.e., by measuring the concentration of such pollutants and by removing such toxic 

substrates from water.60-63 One of the finest, fastest, and well-established ways to measure the 

concentration of such foreign substrates in water is fluorescence sensing.62, 64 Among the other 

possible sensing techniques, fluorescence-based sensing is one of the easiest, fastest, most 

economical, and most reliable ways to find out whether such contaminants are present in 

environmental water bodies.65 These good qualities have elevated the fluorescence-based way 

of sensing over the other conventional approaches. e.g., LC-MS, electrochemical detection, 

capillary electrophoresis, different types of chromatography, atomic emission, and absorption 

spectroscopy, HPLC, etc.29, 66, 67 For that fluorescence sensing in aqueous medium, we need a 

water-stable fluorescent probe which can selectively change its fluorescence emission signal 

in presence of targeted foreign species up to the safety level of living organisms. 

 

 

Figure 1.3 Graphical representation of MOF as a sensor and as an adsorbent. This image is 

collected with permission from ref. no. 63. Copyright 2021, Elsevier. 

 

  Aqua-stable MOFs are such a diverse materials that can display their fluorescence property 

through the electrical communication between the metal ions and the conjugated polytopic 

organic linkers and also can adsorb toxic pollutants using their pores.68-70 Therefore, an aqua 
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stable, porous and luminescent MOF has the potential capability to monitor or remove the 

pollutants from environmental water bodies. Because of significant porosity, physicochemical 

stability, diverse functionality and reusability, thousands of Zr(IV) MOFs have been employed 

for aqueous phase fluorescence detection and adsorption of various pollutants during the past 

twenty years.65, 70-72  

  Along with the pollution due to various micropollutants, the pollution of water due to oil spills 

has become a great threat to the environment which is continuously increasing with the 

upgradation of modern civilization.73, 74 Oil spill contamination does not just harm the water, 

it also has an impact on the neighboring land ecology, air humidity and the emission of 

greenhouse gases as a result of the burning of the oil.75 Every time there is an oil leak, the oil 

settles into a thin layer over the water, blocking the sunlight. The aquatic food chain producers 

are immediately interrupted by the decreased sunshine, which has an impact on the entire food 

chain.76 Due to the pollution caused by the oil spills, the seaside animals, fish nurseries, and 

birds are most dangerously affected.77 The consumption of seafood exposes individuals to the 

harmful and persistent component of oil that is introduced into an organism.78 It is also a huge 

loss from an economical point of view, since after mixing the oils with water, we can’t 

selectively separate the oils from water.79 It is one of the major reasons of hike in oil price in 

the world market.79  

  Therefore, it is urgently needed to develop a simple oil spill clean-up method to get rid of the 

aforementioned environmental and economic disturbances. The conventional techniques for 

cleaning up oil spills, such as in situ burning, bioremediation, dispersants, physical labour, etc., 

are insufficient,80 as harmful gases are released during in situ burning. Therefore, this process 

is not ecologically beneficial.80 A strategic design of porous hydrophobic MOFs can be 

effective for the selective removal of oil spills from water with huge efficiency and reusability. 

Lots of articles have been recently published where researchers have used hydrophobic 

polymers, MOFs, and other hydrophobic surfaces to resolve these environmental pollutions 

(Table 1.5). 

 

1.3 Fundamental Construction Strategies of MOFs 

As previously mentioned, MOFs consist of two components, i.e., inorganic metal ions/clusters 

and organic linkers. During the construction of a targeted MOF, the choice of a particular metal 

ion and linker is very crucial. Strong bonding between metal ions and organic SBUs (SBU = 

secondary building units) generates the final three-dimensional structures of MOFs.81 The 

organic linker and metal ions used for the construction of MOFs are defined as ‘primary 

building units’.81 During the formation of a MOF, the metal ion acts as a junction point and the 

organic linkers interconnect these metal nodes.81, 82 Therefore, the coordination number and 

oxidation state of the metal ion regulate the geometry of the constructed MOF.83 The selection 

of alkali metal ions, transition-metal ions, alkaline-earth metal ions, or rare-earth metal ions for 

a particular linker may construct MOFs with different porosity and geometry.81, 84 Since there 

are many vertices with distinct topologies and numerous possible ways to connect those 

vertices, there are an unlimited number of conceivable net topologies. Because of versatile 

coordination numbers and geometries, including octahedral, tetrahedral, trigonal-bipyramidal, 
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square planar, square-pyramidal, and linear coordination geometry of the transition metal ions, 

they are often utilized for the synthesis of a stable MOF. Figure 1.4 is an example, of how the 

geometry, porosity, and metal-linker linkage can be varied according to the availability of 

coordination sites of the metal clusters. 

 

 
Figure 1.4 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 lead to the desired topology. Each framework topology has its characteristic pore size 

and available surface. This image is collected with permission from ref. no. 84. Copyright 2019, 

MDPI. 

 

  The choice of the linker with definite coordination sites is also another important factor that 

controls the pore size, rigidity, stability and geometry of a MOF. The linker commonly used 

for the construction of a MOF can be categorized in two basic things i.e., according to its ionic 

nature (neutral, cationic, and anionic) and according to its accessible coordination sites (ditopic, 

tritopic, tetratopic, hexa, and octatopic) (Figure 1.5). Generally, a hard-soft acid-base theory is 

followed for the choice of a linker. Soft metal ions form a stable framework with the linker 

having soft binding sites (N-donor) and metal ions with high positive charge prefer the hard 

coordination centers (O-donor) (Figure 1.5).85 But there are some common fetches of a linker, 

such as rigidity, which will allow them to maintain the open pore structure even after the guest 

molecules have been evacuated from the pores of the MOF.86 Because of this, hard organic 

linkers with phenyl rings are frequently chosen for the construction of MOF instead of flexible 

long-chain compounds like alkanes. The linkers with multiple binding sites are always 

preferable for the synthesis of MOFs as they can link up with different metal centres to create 
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extensive networks.86 The longer oxygen (benzene-1,4-dicarboxylic acid) or nitrogen (4,4′-

bipyridine) donating organic linkers are generally utilized in the MOF synthesis process as 

longer linker facilities with more vacant space for adsorption in the synthesized MOF. Since 

the cationic linkers have poor affinity for positively charged metal ions, they are rarely used in 

the construction of MOFs.87 
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Figure 1.5 Different types of rigid organic linkers that have been used for the synthesis of 

MOFs. 
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Recognizing the concept of SBUs is very crucial when looking at the structures of MOFs, as it 

determines the ultimate topology of a framework. SBUs are mostly made of metal-containing 

clusters, which are produced when metal ions and multi-donating linkers combine to create a 

definite coordination geometry.88 Basically, SBUs are molecular complexes and cluster entities 

by the interconnection of which (by the polytopic organic linkers) the metal fragments convert 

into extended periodic porous networks.88 Prof. Yaghi and his co-workers first introduced the 

SBU strategy for the synthesis of MOFs.89 They also displayed that after the judicious 

construction of a particular SBU, it can be utilized for the construction of periodic ordered 

frameworks and the chemistry of the synthesized network can be easily predicted.89 The shape 

of a SBU depends on different factors i.e., coordination geometry of metal and linker, the used 

solvents and the used metal to linker ratio.90 Overall, the final topology of the constructed MOF 

is determined by the combination of both SBUs and organic linkers.90 This kind of MOF 

synthesis strategy is popularly known as “reticular synthesis” which is applied for the 

successful construction of many MOFs.14, 91, 92 Some of SBUs of different MOFs are 

summarized in Figure 1.6. 

 

 

Figure 1.6 Graphic illustration of common SBUs within MOFs. This image is collected with 

permission from ref. no. 92. Copyright 2018, Bentham Science. 

 

1.4 Different Synthesis Methods of MOFs 

With the continuous development of different types of MOFs with different crystal structures, 

porosity and functional groups, different types of MOF synthesis procedures were developed.93 

In most of the developed methods, synthesis of MOF was performed in liquid phase.93 Despite 

the challenges of the formation of single crystals, solid-state synthetic techniques have 
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occasionally been employed for the synthesis of MOFs.93 MOF crystals have frequently been 

grown via slow evaporation of the reaction solution.94 The traditional diffusion method 

produces single crystals of MOFs. However, this is a very slow process and often it takes a few 

weeks to a month for the synthesis of MOF with a very low yield. The majority of the time, 

MOFs are synthesized via solvo(hydro)thermal processes at high pressures and temperatures.93 

The solvothermal method is the "classic" way to prepare MOFs with high yield and 

crystallinity.93 In recent years, new synthetic techniques such as slow evaporation, 

electrochemical, mechanochemical, microwave, sonochemical and post-synthetic modification 

techniques have been developed (Figure 1.7). 

 

 
Figure 1.7 Different processes for the synthesis of MOFs. 

 

1.4.1 Slow Evaporation or Diffusion Method 

The slow evaporation technique is a traditional, zero energy consuming, room temperature 

synthesis procedure of a single crystal.93 In this process, a homogeneous solution of 

participating reagents is kept at room temperature for the evaporation of solvents, and single 

crystals are formed as the starting materials reach their critical concentration.93 Generally, low 

boiling solvents are preferred for this process to accelerate the crystal growing process. The 

homogeneous solutions of reagents are layered on top of one another, separated by a solvent 

layer, or progressively dispersed by descending physical barriers during the diffusion process. 

Gels are occasionally utilized as diffusers in the crystallization media. After the slow diffusion 

of the precipitating solvent into the separated layers, crystals are formed at the contact between 

the layers.95 Single crystals of MOF-5 were synthesized using this method. In that case, a small 

amount of Et3N was placed in between the solution of Zn(NO3)2 and H2BDC in DMF and 

chlorobenzene and a small amount of hydrogen peroxide was added to assist the formation O2- 

bound SBU.96  
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1.4.2 Solvothermal Method 

It is the most widely used MOF synthesis procedure.97, 98 This method was first developed for 

the synthesis of zeolites.99 Nowadays, it has become one of the most popular MOF synthesis 

methods. Solvothermal reactions are carried out in closed containers (sealed Pyrex tube or 

stainless-steel autoclaves) which can survive at autogenous pressures produced by solvent's 

evaporation. Polar, high boiling solvents are usually used for this method in between 50 and 

220 °C for several hours or even days. For reactions at very high temperatures greater than 150 

°C, Teflon-lined autoclaves are utilized. The shape of the crystals is also influenced by 

temperature and longer reaction durations might result in the decomposition of final product.100 

Solvents with high boiling points are most often employed. Dimethyl formamide (DMF), H2O, 

diethyl formamide (DEF), dimethylacetamide (DMA), MeOH, MeCN, EtOH, and 

methoxyformamide (Me2CO) or their combinations are the most often used. When such 

reactions are executed in water, they are often called hydrothermal reactions. If the ionic liquid 

is used as a solvent, it is known as an ionothermal method.101 At high temperature, the dielectric 

constant of the solvent increases which favours the solvation of the reacting components and 

the diffusion of the chemicals increases as the viscosity of the superheated solvent decreases.102 

Crystal growth by this process is also impacted by the cooling rate, which should be extremely 

slow. In solvothermal process, after the synthesis of MOF, the encapsulated solvent molecules 

need to be removed by stirring it with low boiling solvent. Further, the low boiling solvent 

needs to be removed by heating the MOF at a high temperature (Figure 1.8).103 This synthesis 

method has been widely explored in the recent past for the synthesis of UiO-66, BUT-30 and 

DUT-52 MOFs.104-106 

 

 
Figure 1.8 Conventional solvothermal synthesis of MOFs. This image is collected with 

permission from ref. no. 104. Copyright 2015, Elsevier. 

 

1.4.3 Microwave-Assisted Method 

This technique is frequently used to create organic and inorganic nanoporous materials.107 

Metal clusters and MOFs have been recently synthesised using this technique.108 In this type 

of synthesis, the reactants' dipoles line up with the electromagnetic radiation.109 As a result, the 

heat is produced by the collision of precursor molecules. The method's benefits include the 

quick reaction time, high yield and low cost. In comparison to its traditional hydrothermal 

synthesis, the microwave-assisted synthesis of MOFs enhances yield and crystallinity within a 

shorter reaction time. Even if the specific method cannot produce crystals, microwaves aid in 
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the mobility of the molecules, causing nucleation and the production of crystals with a 

regulated shape and size by correctly controlling the reaction's concentration and 

temperature.109 

 

1.4.4 Electrochemical Method 

The most common technique used to produce MOF powders on an industrial basis is 

electrochemical method.110 The method's advantages over solvothermal synthesis include low 

reaction temperature and rapid reaction times. An ion source and two conducting electrodes 

are necessary for this method. For the production of MOF materials, an electrolyte, an organic 

linker, and a protic solvent are required (Figure 1.9).111 Use of protic solvents prevents metal 

deposition from the cathode. The in-situ generation of metal ions close to the support surface 

reduces the unfavorable growth of crystals during membrane formation and causes a constraint 

in crystallization on a bulk scale.110 The electrochemical synthesis approach also has more 

parameters for fine-tuning than solvothermal procedures since it just requires a simple voltage 

change or the imposition of specific signals.110 After the first synthesis of MOFs in large scale 

by Mueller et al. using the electrochemical method, several MOFs (Al-MIL-53, ZIF-8 and 

MIL-100 (Fe)) were synthesized using this approach.112, 113 

 

 
Figure 1.9 Microwave-assisted synthesis of MOFs. This image is collected with permission 

from ref. no. 111. Copyright 2013, Springer. 

 

1.4.5 Mechanochemical Method 

It is a solid-state synthesis pathway for MOFs. In this procedure, chemicals are required to 

grind manually or more frequently in ball mills to create coordination bonds at room 

temperature without the use of any solvent.114 1D, 2D, and sometimes 3D coordination 

polymers can be synthesized by adding a small quantity of solvent to the solid reaction 

mixture.114 The mechanochemical approach speeds up the reaction time by facilitating mass 

transfer, reducing particle size, heating, and locally melting the chemicals. It is a process of 

green chemistry that is safe for the environment and generates materials with high efficiency 

and purity in a short amount of time.115 These facilities appealing the use of mechanical 

chemistry in the production of MOFs over the high-temperature and pressure solvothermal 

synthesis. The formation of unwanted products (in the solvothermal process) can be avoided 

by using this approach. This method is also suitable for the synthesis of thermal and solvent 

labile functional groups containing MOFs. James et al. first reported a Cu(II) MOF using this 
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method. Thereafter, this approach was adapted for the synthesis of HKUST-1, MOF-74 and 

ZIF-8, etc. MOFs.116, 117 Sometimes, the synthesis of MOFs with a different topology is 

possible by using this method. For example, the solvothermal reaction between 

Ni(OAc)2•4H2O with 2-methyl imidazole in the presence of ZnO produced BIT-12 MOF but 

BIT-11 was produced by using the mechanochemical method (Figure 1.10).118  

 

 
Figure 1.10 Schematic representation of the mechanochemical synthesis of BIT-11 and-11b, 

as well as the microscopic photo of BIT-12 single crystals synthesized solvothermally. This 

image is collected with permission from ref. no. 118. Copyright 2014, Royal Society of 

Chemistry. 

 

1.4.6 Sonochemical Method 

Intense ultrasonic radiation between 10 and 20 MHz is utilized in sonochemical synthesis of 

nanostructures. The major goal of this synthesis strategy is to develop an energy-effective, 

ambient-temperature, and ecologically responsible process for MOF synthesis.119, 120 In 

comparison to the traditional hydrothermal process, this technique can produce uniform 

nucleation centres, take less time to crystallize and provide a larger yield of MOFs. The first 

sonochemically fabricated MOF was described by Qiu et al. It is reported that altering the 

reaction temperature and time in sonochemical synthesis, morphologies and particle size of 

MOFs can be varied. Many more MOFs, including MOF-177, MOF-556, HKUST-1, have been 

produced recently utilizing sonochemical synthesis technique.121  

 

1.4.7 Microemulsion Method 

The technique has recently been employed to synthesize MOFs and is often used in the 

fabrication of nanoparticles. During this process, tiny nanometer-sized water droplets are 

immobilized on the organic phase of water microemulsions by a surfactant. The 

microemulsions' micelles serve as nanoreactors and regulate the kinetics of crystal 
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formation.122, 123 By adjusting the water-to-surfactant ratio and the kind of surfactant, the size 

and quantity of micelles in the microemulsion may be changed. The process has the benefit 

that it can regulate the dimensions of nanoscale materials, but it also has significant drawbacks 

due to its high cost and the fact that the majority of the surfactants it uses are harmful to the 

environment.93 

 

1.4.8 Post-Synthetic Modification  

The scope of post-synthetic modification (PSM) even after the synthesis of the framework has 

made the MOF materials more application-friendly than the other porous materials (zeolite, 

silica, and activated carbon). PSM strategy was first introduced by Hoskins and Robson in the 

early 90’s but the detailed implication of such an idea in IRMOF-3 was executed by Wang and 

Cohen in 2007.124 They modified the free amine groups of the MOF by acetic anhydride and 

corresponding acetamide derivative was synthesized.124 Afterwards, along with MOF synthesis 

with pre-synthesized linkers, PSM became a widely acceptable, interesting, and useful 

synthesis strategy. Sometimes the functional groups aren’t able to tolerate the typical 

solvothermal synthesis conditions of the MOF. In that case, PSM is the only way to introduce 

the required functional group for the application purpose. 

  PSM strategy increases the functional group scope of MOFs. PSM can take many different 

forms, but there are primarily two approaches: (i) covalent PSM and (ii) coordinative PSM.125 

In covalent PSM, the organic linkers of the MOF are modified with a reagent to produce new 

functional groups.126 Generally, the –NH2 or –OH functionalized MOFs are modified using 

this approach after reacting with some electrophilic centres (aldehydes, isocyanates, 

anhydrides, acyl chlorides, and alkyl bromides).126, 127 Sometimes, more complicated reactions 

like the modification of azide group by click reaction is also reported.128 PSM strategy is also 

crucial in the synthesis of MOF-polymer matrix.129 

  In the case of coordinative PSM, organic molecules containing metal ligating groups are 

incorporated into the secondary building units (SBUs) of the MOF. Moreover, hierarchal 

MOFs, porous liquids based on MOFs, as well as other unique MOF materials have been 

developed via covalent and coordinative PSM. MOF containing open N-donor sites (2,2′-

bipyridine (bpy)) may be post-synthetically modified by a soft metal ion i.e., Cu2+ and Pd2+.130 

Sometimes, to enhance CO2 absorption, the empty coordination sites in certain Cr and Cu-

based MOFs are altered with alkane amines. Through straightforward acid/base interactions, 

the coordinatively unsaturated Zr6-clusters can also bond to carboxylates.130 For instance, the 

coordinatively unsaturated Zr-cluster of NU-1000 was altered to improve CO2 adsorption using 

the solvent-assisted linker incorporation (SALI) approach.131 Coordinative PSM was also 

employed by Mirkin and colleagues to adhere phosphate-modified nucleic acids to MOF 

surfaces (Figure 1.11). It has been demonstrated that the SBU of nine distinct MOFs with a 

range of metals (Zr4+, Cr3+, Fe3+ and Al3+) can coordinate with oligonucleotides with terminal 

phosphate linkers.132 All MOFs were examined both before and after PSM and revealed a thick 

DNA surface coating.132 Importantly, following coordinated PSM, the particles' porosity and 

crystallinity were preserved. Along with these two types PSMs, various other approaches e.g., 

metal exchange, metal incorporation, linker exchange, linker installation, guest incorporation 

TH-3430_196122037



   Chapter 1  

15 
 

inside the pores of the MOF and linker removal have been reported.133 With the use of PSM, 

MOFs may be functionalized with substances that change the properties of the finished MOFs, 

such as hydrophobicity, hydrophilicity, porosity, luminescence property, catalytic activity and 

other properties.125 

 

 
Figure 1.11 Illustrative schematic of MOFs and PSM. Depiction of covalent PSM using 

reactive groups on the MOF linker (blue spheres representing amine groups) for modification 

by an organic reagent (blue lines: acid chloride reagent). Depiction of coordinative PSM using 

a coordinating organic molecule (red lines: acid reagent) to bind to the MOF SBU. This image 

is collected with permission from ref. no. 125. Copyright 2020, American Chemical Society. 

 

1.5 Parameters Controlling Synthesis of MOFs 

Acquiring the proper synthesis conditions is one of the primary goals during the synthesis of a 

predictable crystalline structure. MOFs are a type of crystalline compounds. Thus, the synthesis 

of MOFs is also influenced by plenty of factors, including reaction time and temperature, molar 

ratio of metal and linker, solvent type, pressure, pH of the reaction medium and the kinetics of 

crystallization, which should result in nucleation and crystal growth with definite shape and 

size. Therefore, mixing of metal ion and linker with proper stoichiometric ratio, choice of 

appropriate solvent and setting of exact temperature are highly necessary for the synthesis of 

the desired MOF structure. The aforementioned parameters can be categorized into parts. The 

solvent, molar ratio of starting materials, pH and concentration of counter ions are within the 

compositional parameters, and time of reaction, pressure and temperature are considered as 

process parameters.134 

 

1.5.1 Effect of Solvent 

The choice of proper solvent for the MOF synthesis is very crucial. Generally, solvents are 

chosen according to their reactivity, basicity, solubility of the reacting components and redox 

behaviour. The reaction's thermodynamics and activation energy are significantly influenced 

by the solvent. For the synthesis of MOF materials, high boiling amide solvents (DMF, DEF 

or DMA) are mainly used. The use of amide solvents has mainly two advantages, (i) their 

boiling point is very high which is required for a solvothermal reaction and (ii) amide solvents 

are converted to their corresponding amines which are basic in nature. They favour the 

deprotonation of acidic hydrogen atoms which enhances the coordination process.135  
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In 2012, Luo’s group found three different MOF structures after reacting Cd(NO3)2·4H2O with 

biphenyl tricarboxylic acid (H3BPT) in three different solvents like DMF, DEF and DMA.136 

The chemical composition and coordination networks of these compounds are completely 

different. In DMF, a 3D framework with vast Cd-O-Cd chains was observed where DMF made 

a bridge with neighbouring Cd1 and Cd2 centers. In the case of DMA, 3D compound with many 

metal-carboxylate chains was found. Here, the DMA molecule coordinated with one of the 

Cd(II) centres. In the presence of DEF, a 2D honeycomb-type net is formed by the mononuclear 

metal ion with the BPT linker, which is then layered to create a 3D supramolecular 

architecture.136 There are many other reports where solvent molecules take a vital role in the 

formation of framework structure.137-139 

 

1.5.2 Effect of Molar Ratio of Reacting Components 

Since the topological structure of MOFs depends on the stoichiometry of the reactants, the 

molar ratio of the reactants is another crucial component in the synthesis of MOFs. Luan et al. 

were able to synthesize three different Cu-based coordination polymers with interlaced triple-

stranded molecular braid topologies by regulating linker-to-metal molar ratios. The chemical 

composition, geometry, properties and ratio of metal ions and linkers in the synthesized 

compound are completely different.140 

  Carlucci et al. discovered two different Mn(II) complexes by the reaction of flexible linker 

1,4-bis(imidazol-1-ylmethyl)benzene (bix) and Mn(NO3)2. Complex with molecular formula 

[Mn2(1,4-bix)3(NO3)4]n2n·CHCl3 was formed after the reaction of metal ion and linker with 

1:3 ratio but the complex with molecular formula [Mn(1,4-bix)1.5(NO3)2]n was produced after 

varying the ratio to 1:1.5.141 

 

1.5.3 Effect of Reaction Temperature 

Since most of the MOFs are synthesized under solvothermal conditions, reaction temperature 

has some crucial roles in the successful formation of a desired MOF. The temperature range of 

80-200 °C is generally used for the synthesis of MOFs. At high temperatures, the dielectric 

constant of the solvent increases and viscosity decrease which favours the solvation of the 

interacting components and increases the collision between the metal ions and linkers.102 

  The complex formed between Ho(III) ion and succinic acid under solvothermal conditions 

and room temperature is a classic example of the effect of temperature in MOF synthesis. Narda 

and his co-workers were able to prepare two Ho(III) complexes i.e., 

[Ho2(C4H4O4)3(H2O)2]·H2O and [Ho2(C4H4O4)3(H2O)4]·6H2O under solvothermal and 

ambient conditions, respectively. These two complexes are not only different in their chemical 

compositions, but their magnetic property and thermal stability are also completely different.142 

  Similarly, the synthesis of Zn(II) MOF with 5-iodoisophthalic acid was possible both in 

hydrothermal and room-temperature synthetic conditions. It was observed that under the 

solvothermal conditions, the more thermodynamically stable conformer formation occurs at 

high temperatures, and kinetics at low temperatures would result in distinct kinetically stable 

conformer.143 The research showed that hydrothermal conditions are more suited for producing 
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denser, less-hydrated, higher-dimensional solids with expanded M-O-M networks and superior 

thermal stability. 

 

1.5.4 Effect of pH of Reaction Medium 

A proper understanding of the acidity or basicity of a coordinating linker is very important for 

the synthesis of the required MOF. The acidity or basicity of the reaction medium has a 

significant impact on the crystallization and development of inorganic-organic hybrid 

materials. A polycarboxylate linker will be more likely to be connected to a metal ion based on 

the acid-base principle depending on the degree of deprotonation of an organic linker. 

Numerous research teams have reported different works addressing the impact of pH on the 

synthesis of MOFs.144, 145 For example, Hu et. al. reported two different Cd(II)-coordinating 

frameworks at two different pH media (5.5 and 7.5) by using 4-carboxy-4,2′,6′,4″-terpyridine 

(CTPy) and oxalic acid as binding linkers. It was observed that the MOF obtained at pH = 7.5 

coordinated with the oxalate group but no such coordination was observed for the MOF 

synthesized at pH = 5.5. It was evident that at a highly basic pH (7.5), the carboxylic acid 

groups of oxalic acid were completely deprotonated and it participated in the coordination bond 

formation.146 

  By adjusting the pH level, three distinct Co-BTC-L (L = 3,3′,5,5′-tetra(1H-imidazole-1-yl)-

1,1′-biphenyl) MOFs were reported by Luo et al. Pink coloured crystals with the molecular 

formula [Co(L)(HBTC)2(μ2-H2O)(H2O)2]·3H2O was obtained at pH = 5. The colour of the 

crystal converted to purple at pH = 7 and the corresponding molecular formula became 

[Co3(L)2(BTC)2]·4H2O. Upon further increasing the pH to 9, the molecular formula became 

[Co2(L)(BTC)(μ2-OH)(H2O)2]·2H2O and the colour turned brown.144 According to the above 

discussions, it can be concluded that MOF synthesis with different coordination environments, 

topology, and physicochemical behavior is possible just by adjusting the pH of the synthesis 

medium. 

 

1.5.5 Effect of Modulator 

From the very basic theory of crystallography, we know that crystal formation is a slow 

process. Without making the process slow, the synthesis of ordered crystalline compounds is 

not possible. Here the modulator chemistry is generally applied for the synthesis of MOFs 

containing metal ions with highly positive oxidation states (Zr(IV), Al(III) or Hf(IV)), as there 

is a possibility of rapid reaction between the highly positive charged hard metal ion and the 

hard carboxylate groups (generally used for the synthesis of these MOFs) of the linker. Rapid 

nucleation often produces amorphous products. Before the development of modulators, these 

types of MOFs were often obtained in gel form. Therefore, a modulator not only controls the 

kinetics of MOF formation process, but also has a vital role in the formation of the final texture 

of the product, its porosity, yield, crystallinity, and coordination geometry. 

  In general, modulators frequently consist of a single carboxylic acid coupled to a carbon chain 

with the formula R-COOH, where R is any one of the following: -Ph, -CH3, -H, or -CF3 (acetic 

acid, benzoic acid, trifluoroacetic acid, and formic acid). The binding affinity of these 

monocarboxylic acids with the metal ion is faster than the dicarboxylate group containing 
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organic linkers but this type of binding is reversible in nature. Although these lone carboxylate 

groups rapidly interact with the metal nodes, the crystal structure cannot develop since there 

isn't another carboxylate group. As a result, a balance is preserved during coordination with the 

linker molecules and the crystal formation process becomes sluggish, which is necessary for 

proper crystal formation.147 But, the use of excess modulators can entirely stop the 

crystallization process.147 Moreover, modulators facilitate the crystal formation process for the 

formation of M(IV) based MOFs through the formation of M6O4(OH)4 SBUs.148 

  The critical role of modulators in the synthesis of various MOFs was judiciously investigated 

by many famous research groups all over the world. The term "coordination modulation" was 

first introduced by the Kitagawa group in 2009 to describe the employment of modulators to 

regulate the size and grow crystals of HKUST-1 and [Cu2(NDC)2(dabco)]n.
149, 150 

  Recently, De Vos and his co-workers synthesized the terephthalic acid containing Zr(IV) 

based UiO-66 MOF by using different amounts of TFA modulator (0-20 equivalent concerning 

the linker). Although the crystallinity and particle size of the synthesized MOFs did not widely 

vary after using the different modular concentrations, their reactivity as a catalyst towards 

“ene”-type cyclization dramatically increased with the gradual increase in the concentration of 

TFA.151 

  A thorough investigation of the modulator effect on the synthesis of Zr(IV)/Hf(IV) MOFs 

with fumarate linker was executed by Zhao et al.148 They used acetic acid, trifluoroacetic acid 

and formic acid with different concentrations for the synthesis of these MOFs. The effect of 

the modulator on the resulting MOFs' crystallinity, morphology, yield, pore size, CO2 

separation ability, defects and stability were examined in detail in this study. They discovered 

that the underlying parameters dictated by the acidity rather than the kind of modulators have 

a remarkable influence on the crystallinity and yield of MOFs. According to this study, both 

increasing and reducing modular acidity had the same impact on the crystallinity of synthesized 

MOF.148 

 

1.5.6 Template Strategies 

Novel MOFs, which are challenging to produce using conventional synthetic techniques, can 

be produced by using template molecules in the reaction mixture.152 Small organic molecules, 

such as organic solvents, carboxylic acids, organic amines, N-heterocyclic aromatic 

compounds, surfactants, ionic solutions, and other organic molecules have been often utilized 

as templates. Different organic molecules in this class have different effects on the production 

and crystallization of the MOF.93 For instance, organic amines regulate reaction solution pH 

and make it easier for organic linkers to deprotonate. Aromatic heterocyclic compounds act as 

counter ions when they are protonated as weak organic bases. Carboxylate compounds bind to 

metal centers and can fill MOF pores and sometimes bind with metal ion and slow down the 

crystallization process. Ionic liquids function as solvents as well as counter ions and surfactants 

form micelles in solvent and can capture a specific ion. With mesoporous and microporous 

channels for hosting big molecules like proteins and enzymes, the template synthesis approach 

is employed to create hierarchical porous materials. However, the most popular method for 
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making hierarchical MOFs is reticular chemistry, which involves employing linkers of varying 

lengths to create MOFs with the same topology but different pore sizes.93 

 

1.6 Synthesis of Aqua-Stable MOFs via Linker Design 

The development stages of MOFs over the past three decades can be categorised into three 

important parts.153 The early research on MOF stability was primarily concerned with its 

mechanical and thermal stability. The second stage of MOF development began with a 

thorough knowledge of the framework collapse of MOFs in the air. To overcome such issues, 

several air and water-stable MOFs have been developed. In the third stage, several highly 

physicochemical stable MOFs were synthesized using various crystal growth and crystal 

structure determination techniques, greatly expanding their potential applications and assisting 

in their commercialization.153 

  Under typical circumstances, the stability of a MOF depends on mainly thermodynamic and 

kinetic factors.154 The thermodynamic factor mainly depends on the strength of the 

coordination bonds between the metal ion and the coordinating linker.155 The hard soft acid-

base (HSAB) theory of Pearson may be able to forecast the coordination bond strength.155 

However, the stability of a framework can be widely varied, even if, the thermodynamic factors 

are the same. The chemical stability of ‘UiO’ and SUMOF-7 series MOFs gradually declines 

with the lengthening of the linker and the widening of pore size.156, 157 This is mostly caused 

by kinetic considerations, which are primarily connected to the linker's stiffness, surface 

hydrophobicity, coordination number and framework interpenetration. Various innovative 

approaches have been adopted by many researches over the last 20 years for the synthesis of 

aqua-stable MOFs.153 Some of them are enlisted below. 

 

1.6.1 Synthesis of MOF with High Connectivity  

In the early stage of MOF synthesis, soft divalent metal ions were generally considered for the 

synthesis of MOFs with hard carboxylate groups. As a result, the basic principle of HSAB 

theory was violated which ultimately generated MOFs with low chemical stability. The 

stability of the MOFs completely has become reverse after using high-valent hard metals (Zr4+, 

Al3+, Cr3+ and Fe3+) with hard O-donor linkers. The large number of metal cluster connections 

and the reduction of several structural defects may take the major responsibility for improving 

the stability of the resulting MOFs.158 From the kinetic perspective, the gradual replacement of 

coordinating moieties by small nucleophiles (water) is the primary cause of the disintegration 

of MOFs in solutions. For a defective structure, the formation of aqua-complex with the metal 

ion is much more favourable which eventually results in the breakdown of the whole 

structure.158 On the other hand, a framework with more connectivity (for the metal ions with a 

high coordination number) slows the linker dissociation process which increases the stability 

of the framework. Using this principle, Férey and his co-workers synthesized Cr(III)-based 

MIL-101(Cr) MOF which has a large BET surface area (~4000 m2/g) and pore sizes (2.9 and 

3.4 nm) with high chemical stability. It is capable to resist the attack of alkali and acid. 

Moreover, it retains its crystalline nature in wide ranges of pH (0-12) for 2 months. 159 
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Fabrication of a stable framework with low valent metal ions is also possible by using soft (N-

donor) coordinating linkers. For example, the zeolitic imidazolate framework (ZIF-8), formed 

by the coordination of imidazole with tetra-coordinated Zn2+ ion, displays its structural 

integrity even in 8 M aqueous NaOH for a day at 100 °C.160 

 

1.6.2 Synthesis of Mixed-Metallic MOF 

The stability of a MOF can also improve by using mixture of metal ions, instead of using a 

single metal ion. This strategy is mainly applied to bivalent metal ions. For example, the 

stability of MOF-5 in an aqueous medium can be increased by doping Ni2+ in the pristine 

MOF.161 Appling similar strategy, synthesis of hydrolytically stable STU-1 MOF was possible 

by doping of various metal (Cd2+, Fe2+ and Cu2+). All metal-doped STU-1 MOFs were observed 

to maintain their crystallinity and morphology even after soaking in boiling water for seven 

days.162 There might be several reasons responsible behind these observations: formation of 

stronger coordination bonds in the MOFs than pristine MOF, improvement of inertness in the 

metal cluster, or increase of surface hydrophobicity of the metal-doped MOF.153 

 

1.6.3 Use of Rigid Linker for Synthesis of MOF 

The stiffness of the coordinating linker plays a vital role in the formation of a stable framework. 

The stability of the framework is inversely proportional to the flexibility of the linker.163 This 

is one of the main reasons for using aromatic conjugated linkers for the preparation of MOFs 

instead of flexible aliphatic linkers. As the flexibility of the linker increases, the number of 

degrees of freedom increases and its bending ability increases which reduces the stability of 

MOFs. For examples, ‘UiO’ and SUMOF-7 series of MOFs have the same coordination 

geometry and coordinating ions are also same. But, with increasing the coordinating linker size, 

the stability of the MOFs gradually decreases.156 According to the literature reports, the MOF 

with a longer linker has lower activation energy of solvation. Therefore, shorter and more rigid 

linkers are always preferable for the construction of aqua-stable frameworks.164 

 

1.6.4 Use of Hydrophobic Linkers 

Most of the metal ions form stable hydroxides with water. Therefore, it is very difficult to 

prepare an aqua-stable MOF. One of the most popular ways to keep the framework free from 

nucleophilic attack by water is to use hydrophobic linkers for the synthesis of MOFs. The weak 

coordination bonds between the metal ion and the linker can be protected by the introduction 

of water-repellent functional groups through linker modification around the metal cluster. Such 

hydrophobicity in a MOF can also be incorporated by the PSM technique. Long-chain alkyl, 

long-chain fluorine-containing groups, -CF3, -F, -CH3, -C2H5 or –Ph groups are very effective 

in introducing hydrophobicity in a MOF.165 Sometimes, the use of a pyrene linker also makes 

a MOF hydrophobic.166 The introduction of hydrophobicity in a MOF not only enhanced the 

stability of a MOF in an aqueous medium but also increased its stability in highly acidic and 

basic pH media for a long time.166  

  A copper-based MOF, USTC-6, containing 4,4′-(perfuoropropane-2,2-diyl)diphthalic acid 

linker was reported by Jiang's group.167 Due to the hydrophobicity of the corrugated -CF3 
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surface, USTC-6 demonstrates extraordinary endurance to water and in the pH range of 2 to 

10, even though the majority of Cu-O coordination bonds in MOFs are susceptible to 

hydrolysis. The position of the hydrophobicity-introducing functional group also takes a vital 

role in making a MOF aqua stable. For example, Li and his co-workers reported bipyridine 

containing MOF-508 and its two analogous MOFs i.e., SCUTC-18 and SCUTC-19 where -

CH3 groups are in ortho and meta position to the coordinating N atoms, respectively. After 30 

days of exposure to humidity, it was observed that only in the case SCUTC-18, the porosity 

was preserved due to the presence of methyl substituents closer to the metal clusters.165 

  Many other chemists reported various methods e.g., insertion of stabilizing pillars and 

generation of interpenetrated frameworks for the synthesis of aqua-stable MOFs.153 

 

1.7 Zr(IV)-Carboxylate Frameworks 

One of the frequently available transition metal atoms on earth is zirconium, which is mostly 

produced from the mineral zircon.168 Zr(IV) is a hard metal ion and it has a very strong affinity 

towards the hard oxygen atoms of carboxylate groups. Sometimes, it has been found that the 

carbon-carbon bonds in the organic compounds break down before the Zr-O coordination 

bonds.169 This extraordinary stability of Zr-O coordination bonds helped Lillerud et al. for the 

first synthesis of ultra-stable UiO-66 MOF material in the year 2008 (UiO = University of 

Oslo).156 Zr6(μ3-O)4(μ3-OH)4(CO2)12 is present as an inorganic building unit in the UiO-66 

MOF structure.169 It contains an inner Zr6O4(OH)4 core in which the triangular faces of Zr6 

octahedron are alternatively coordinated with μ3-O and μ3-OH groups. Carboxylate groups of 

the linker molecules interconnect all the polyhedral edges and form a cluster. In that cluster, 

each Zr-atom resides in a square anti-prismatic coordination environment with a coordination 

number of 12. The framework structure has larger-sized octahedral and smaller-sized 

tetrahedral cages. In the cluster, one square face is formed by the two carboxylate groups of 

the linker molecules and another square face is formed by the μ3-O and μ3-OH groups.156 In 

the first synthesized Zr-MOF, the synthesis was carried out without using any modular. This 

type of synthesis condition often results in an amorphous material than crystalline product. 

Thereafter, the research started in order to convert the amorphous material to a crystalline 

material.147 

  In the year of 2011, Schaate et al. first reported a highly crystalline, powdered Zr-UiO-66 

MOF material.169 They achieved the result after using a modulator during the synthesis of 

MOF. In that work, they studied the effects of a modulator (benzoic acid, acidic acid and H2O) 

during the synthesis of Zr-UiO-66 MOF. It was observed that, with the increase of 

concentration of modulators, the synthesis of the MOF materials can be controlled. The larger 

size crystals were obtained after using more concentration of modulators. It is now understood 

that modulators may be used to competitively and reversibly bind to the metal node, slowing 

the crystallization process and allowing for crystal nucleation and controlled growth.147 These 

modulators are often a single carboxylic acid connected to a carbon chain with the formula R-

COOH (where R = -Ph, -CH3, -H and -CF3). These single carboxylate groups bind with the 

metal nodes but due lack of another carboxylate group, the crystal structure can’t propagate.147 

Thus, a balance during coordination with the linker molecules was maintained and the 
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formation of the crystal process became slow which is required for a good crystal formation. 

However, the use of more amount of modulators can completely inhibit the crystal formation 

process.169 Using a similar modular strategy in the same year, Schaate et al. reported the first 

single crystal of -NH2 functionalized UiO-66 MOF.147 The first synthesized UiO-66 MOF had 

a BET surface area of 1187 m2/g.147 Just after the discovery of UiO-66 MOF, two other 

isoreticular MOFs e.g., Zr-UiO-67 (using H2BPDC linker) and Zr-UiO-68 (using H2TPDC 

linker) were developed (Figure 1.12).154 The UiO-67 and UiO-68 MOFs were obtained by 

extending two to three benzene rings with the increased surface area of 2400 and 3000 m2/g, 

respectively.170, 171 Thereafter, during a short period, several Zr(IV) and Hf(IV) based ‘UiO’ 

series of MOFs were synthesized by various prominent research groups of reticular chemistry 

and their versatile applications were investigated.172-174 

 

 

Figure 1.12 (a) Structures of (a) UiO-66, (b) UiO-67 and UiO-68 based on the connection of 

[Zr6O4(OH)4]
12+ clusters via BDC2−, BPDC2− and TPDC2−, respectively. Color code: ZrO8 

polyhedra: pink; O: red; C: grey and H atoms are omitted. This image is collected with 

permission from ref. no. 171. Copyright 2017, Elsevier. 

 

  Kaskel et al. in 2013 reported another single crystal of 12-connected Zr(IV) MOF by using 

2,6-naphthalene dicarboxylic acid linker (named as DUT-52) (DUT = Dresden University of 

Technology).105 Structure of DUT-52 is closely similar to the ‘UiO’ series MOFs. Similar to 

the UiO MOFs, in DUT-52, hexanuclear [Zr6O4(OH)4]
12+ are present as secondary building 

units (SBUs).105 These SBUs are interconnected by 12 dicarboxylate linker molecules.105 

Thereafter, the use of different types of carboxylic acid linkers generated Zr-MOFs with 

different topologies and network connectivities (Table 1.1). Ten-coordinated Zr-MOF was 

obtained (MOF-802) after using 1H-pyrazole-3,5-dicarboxylate linker.171 Similarly, the 

coordination number became six in MOF-808 when 1,3,5-benzenetricarboxylate was used as a 

linker.171, 173 The 1,3,6,8-tetrakis(p-benzoate)pyrene based NU-1000 MOF has eight linked 

clusters (Figure 1.13).171, 173  
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Figure 1.13 Crystal structures of (a) MOF-802, (b) MOF-808 and (c) NU-1000 (c) Colour 

code: ZrO8 polyhedra: pink; O: red; C: grey; N: blue. H atoms are omitted. This image is 

collected with permission from ref. no. 171. Copyright 2017, Elsevier. 

 

  There are some Zr-based MOFs where the framework connectivity of is 3 or 4 (DUT-84, 

PCN-94, Zr-AP-2 etc.).173 Recently, Biswas et al. reported one 10-connected benzo[1,2-b:4,5-

b′]dithiophene-2,6-dicarboxylate containing Zr-MOF with cubic space group.175 In most of the 

reported Zr(IV)-based MOFs, [Zr6O4(OH)4]
12+ is present as a SBU.173 There are some Zr-

MOFs which has some other SBU units. For instance, the Zr-MOFs of MIL-140 series are 

made up of polymeric double chains of ZrO7 polyhedra with shared edges that are joined by 

linear linkers.176 Devic et al. reported MIL-153 and -154 MOF where Zr(IV) is present as ZrO8 

coordination geometry with network connectivity of 8.177 A few of Zr-MOFs (e.g. Zr-TPDC) 

with [Zr12(μ3-O)8(μ3-OH)8(μ2-OH)6(COO)18] clusters have been reported in recent past.178 In 

these MOFs, six μ2-OH groups interconnect two Zr6 clusters that are face-to-face in these 

frameworks. The cooperation of different linkers with different shapes and coordination 

numbers of metal ions regulates the crystal structure and porosity of various Zr-MOFs.178 In 

Table 1.1, a summary of clusters, topology and network connectivity of some popular, 

physicochemically stable, and porous Zr-MOFs are presented.  

 

Table 1.1 Summary of clusters/cores, linker used, coordination number and topology and 

surface area of some previously reported Zr(IV)-MOFs. 

MOFs Clusters Linker 

Used 

Topology and 

Connectivity 

BET Surface 

Area (m2/g) 

Ref. 

UiO-66 Zr6(μ3-O)4(μ3-OH)4  BDC fcu, 12-connected 1187 156 

UiO-67 Zr6(μ3-O)4(μ3-OH)4 BPDC fcu, 12-connected 3000 156 

UiO-68 Zr6(μ3-O)4(μ3-OH)4 TPDC fcu, 12-connected 4170 156 

NU-1000 Zr6(μ3-OH)8 TBAPy csq, (4,8)-connected 2320 179 

NU-1100  Zr6(μ3-O)4(μ3-OH)4 PTBA ftw, (4,12)-connected 4020 180 

MOF-801 Zr6(μ3-O)4(μ3-OH)4 FUM fcu, 12-connected 990 181 

MOF-802 Zr6(μ3-O)4(μ3-OH)4 PZDC bct, 10-connected <20 181 

MOF-808 Zr6(μ3-O)4(μ3-OH)4 BTC spn, (3,6)-connected 2060 181 

MOF-812 Zr6(μ3-O)4(μ3-OH)4 MTB ith, (4,12)-connected 2335 181 

MOF-841 Zr6(μ3-O)4(μ3-OH)4 MTB flu, (4,8)-connected 1390 181 

MOF-525 Zr6(μ3-O)4(μ3-OH)4 TCPP ftw, (4,12)-connected 2620 182 

MOF-545 Zr6(μ3-O)8 TCPP csq, (4,8)-connected 2260 182 

DUT-51 Zr6(μ3-O)6(μ3-OH)2 DTTDC reo, 8-connected 2335 183 

DUT-52 Zr6(μ3-O)4(μ3-OH)4 2,6-NDC fcu, 12-connected 1399 105 

DUT-84 Zr6(μ3-O)8 2,6-NDC (4,4)IIb, 6-connected 637 105 

DUT-67 Zr6(μ3-O)6(μ3-OH)2 TDC reo, 8-connected 1064 184 

DUT-68 Zr6(μ3-O)6(μ3-OH)2 TDC 8-connected 891 184 
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PCN-221  Zr8(μ4-O)6 TCPP ftw, (4,12)-connected 1936 185 

PCN-222 Zr6(μ3-OH)8 TCPP csq, (4,8)-connected 2223 186 

PCN-223  Zr6(μ3-O)4(μ3-OH)4 TCPP shp, (4,12)-connected 1600 187 

PCN-224 Zr6(μ3-O)4(μ3-OH)4 TCPP she, (4,6)-connected 2600 188 

Zr-TPDC Zr12(μ3-O)8(μ3OH)8 

(μ2-OH)6(COO)18 

TPDC - 1967 178 

IITG-5 Zr6(μ3-O)4(μ3-OH)4 
C12O4H4S2 

10-connected 1228 175 

MIL-140A Zr(μ3-O)3O4 BDC - 415 189 

MIL-140B Zr(μ3-O)3O4 2,6-NDC - 460 189 

Zr-BTBA Zr6(μ3-O)4(μ3-OH)4 BTBA ftw, (4,12)-connected 4342 190 

MIL-153 ZrO8 pgal - - 177 

MIL-154 ZrO8 Hgal, Hsal - - 177 

 

BDC = terephthalate; BPDC = biphenyl-4,40-dicarboxylate; TPDC = [1,1′:4′,1′′-terphenyl]-

4,4′′-dicarboxylate; TBAPy = 1,3,6,8-tetrakis(p-benzoate)pyrene; PTBA = 4-[2-[3,6,8-tris[2-

(4-carboxylatephenyl)-ethynyl]-pyren-1-yl]ethynyl]-benzoate; FUM = fumarate; PZDC = 1H-

pyrazole-3,5-dicarboxylate; BTC = benzene-1,3,5-tricarboxylate; MTB = 4,4′,4′′,4′′′-

methanetetrayltetrabenzoate; TCPP = meso-tetrakis(4-carboxylate-phenyl)porphyrin; DTTDC 

= dithieno[3,2-b;20,30-d]-thiophene-2,6-dicarboxylate; 2,6-NDC = naphthalene-2,6-

dicarboxylate; TDC = 2,5-thiophenedicarboxylate; TCPP = meso-tetrakis(4-carboxylate-

phenyl)porphyrin; BTBA = 4,4′,4′′,4′′′-(biphenyl-3,30,5,50-tetrayltetrakis(ethyne-2,1-

diyl))tetrabenzoate; C12O4H4S2
 = benzo[1,2-b:4,5-b′]dithiophene-2,6-dicarboxylic acid; 

H3Pgal = pyrogallol; gal = gallate; sal = salicylate.  

 

1.8 Origin of Luminescence in MOFs 

The photophysical process by which the electrons of a material absorb photons, leap to a higher 

energy state, subsequently re-radiate the photons and then return to the lower energy state is 

known as luminescence. It is a conversion process of absorbed energy in the form of light. 

Concerning the required time of the process and energy states involved in this conversion 

process, it can be categorized into two parts: fluorescence and phosphorescence. In the case of 

fluorescence, the electronic transition occurs between two electronic states of the same spin 

multiplicity value but in the case of phosphorescence, such transition happens with the 

electronic states having different spin multiplicity values. The average time required for 

fluorescence (~10 ns) is much less as compared to phosphorescence (microseconds to seconds) 

(Figure 1.14a).191 There are a few MOFs reported in the literature that display phosphorescence 

whereas thousands of fluorescent MOFs are explored. In MOFs fluorescence properties can 

arise due to the presence of highly π-conjugated fluorescent organic linkers, the antenna effect 

of lanthanide metal ions, the electronic communication between the metal ions and π-

conjugated polytopic organic linkers (LMCT and MLCT), aggregation-induced emission and 

diffusion of guest molecules in the framework (Figure 1.14b). 
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Figure 1.14 (a) Jablonski diagram of fluorescence and phosphorescence. This image is 

collected with permission from ref. no. 191. Copyright 2021, Springer. (b) Schematic diagram 

showing the different sources of fluorescence signals in MOF-based fluorescence sensors. CT: 

charge transfer, RET: charge transfer, MLCT: metal-to-linker charge transfer, LMCT: metal-

to-linker charge transfer, LMRET: linker-to-metal resonance energy transfer. This image is 

collected with permission from ref. no. 29. Copyright 2014, Royal Society of Chemistry. 

 

1.8.1 Linker-Based Fluorescence 

Except for the f-block metal ion-containing MOFs, in most of the fluorescent MOFs the origin 

of fluorescence is due to the presence of highly π-conjugated fluorescent organic linkers. In the 

free linker, the electronic circulation through π-bonds makes them fluorescent and after the 

formation of coordination complexes with the metal ion, its fluorescence property is further 

enhanced due to the reduction of unwanted relaxation of the linker in the excitation state. The 

formation of strong coordination bonds also makes a change in the quantum efficiency and 

fluorescence lifetime of the linker. For example, Li and his co-workers synthesized a Cd-based 

N-2-aryl-triazole (NAT) linker containing MOF. They displayed that the MOF’s fluorescence 

intensity (Φ = 26%) was much higher than the corresponding linker (Φ = 6.7%).192 Zhou and 

his team synthesized Zr-based PCN-94 using H4ETTC (H4ETTC = 4′,4‴,4‴″,4‴‴″-(ethene-

1,1,2,2-tetrayl)tetrakis(([1,1′-biphenyl]-3-carboxylic acid)) linker and displayed that after 

rigidifying the fluorescent linker by the formation of MOF, the fluorescence intensity and 

quantum yield of the linker can be improved.68 Twisted linker conformation, framework 

stiffness and intramolecular hindrance are thought to be the causes of these peculiar 

photoluminescence characteristics.68 The observed spectral property, color of the linker and 

MOF are also completely different from each other. The solid-state photoluminescence 

spectrum of H4ETTC linker has a broad absorption profile with two distinct peaks, whereas 

PCN-94 displays a significantly sharper absorption profile. H4ETTC linker shows a brilliant 

yellow color after absorbing blue light, but PCN-94 displays a white color with a minor 

decolouration since it only absorbs UV radiation but reflects all visible light.68 
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1.8.2 Metal-Based Fluorescence 

Lanthanide-based MOFs frequently exhibit metal-based fluorescence because of the f-f 

transition. Such transition of 4f orbital electors is responsible for the origin of various colours 

of lanthanide ions. Because of the f-f transition, Eu3+, Sm3+, Tb3+ and Tm3+ ions emit red, 

orange, green and blue color lights, respectively. But these f-f transitions are spectroscopically 

forbidden. As a result, lanthanide ions exhibit low luminescence efficiency. In MOF, through 

the "antenna effect," organic linkers can make lanthanide ions more fluorescence active. During 

this process, the organic linkers first absorb the energy from the light and transfer the energy 

via its triplet state to the closely lying energy state of the lanthanide ion through an intersystem 

crossing mechanism. Moreover, to maximize the energy transfer process, the triplet state of 

lanthanide should stay in such a position that it can reduce the back-transfer process. Therefore, 

the location of energy states of the metal ions and the organic linkers are very crucial for the 

production of particular fluorescence color emissive MOF. Although many of the fluorescent 

f-block metal-containing MOFs are reported, Eu(III) and Tb(III)-based MOFs are frequently 

used for sensing applications. Distinctive fluorescent color at different excitation wavelengths 

is the main reason behind such selection (Figure 1.15).193-195 

 

 
Figure 1.15 Digital image of the fluorescence emission of aqueous solutions (0.01 M Tris 

buffer (10-4 M), pH = 8.5) of the various lanthanide organic complexes illuminated by a 

standard laboratory UV lamp (λex = 354 nm). This image is collected with permission from ref. 

no. 195. Copyright 2003, American Chemical Society. 

 

1.8.3 Charge Transfer Fluorescence 

In MOFs, two different kinds of charge transfers are generally observed: metal-to-linker charge 

transfer (MLCT) and linker-to-metal charge transfer (LMCT).196, 197 For MLCT, transfer of 

electron occurs from an excited state of a metal ion to the ground state of an organic linker. In 

the case of LMCT, the exact opposite scenario is observed.196, 198  

  The fluorescence emission maxima and nature of the spectrum of a MOF closely resemble 

that of the original linker when there isn't any charge transfer or resonance energy transfer 

between the metal ion and the linker. The emission maxima of the linker can be shifted to a 
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higher wavelength if there is any MLCT and for LMCT, that is shifted to the lower 

wavelength.29 Sometimes, linker-to-linker charge transfer (LLCT) is also observed within 

different linkers or the different parts of the same linker. Similar to the MLCT and LMCT, a 

change in emission intensity and wavelength of the MOF was observed in LLCT.29  

 

1.8.4 Guest-Induced Fluorescence 

The porosity of MOF allows the loading of certain fluorescent compounds inside its cavity. 

The most often utilized guest fluorescent molecules include precious metal complexes,199 

organic and inorganic dyes200 and lanthanide ions.29 A MOF can enhance the stability of guests 

and avoid their agglomeration with various interactions. Sometimes, the fluorescence of MOF 

is found to be increased through charge transfer or resonance energy transfer between MOF 

and the guests. By combining numerous fluorescent sources into one MOF, many MOF-based 

fluorescent sensors have been developed for multiple fluorescent signals. Two distinct 

fluorescence signals based on two separate fluorescent linkers can also be observed in the 

fluorescence spectrum of a MOF. It is an interesting and useful technique to create a multi-

responsive fluorescent MOF-based sensor by loading a guest fluorescent molecule without 

hampering the linker and metal-based fluorescent signals. Additionally, partial sensitization 

can be used to create multiple fluorescence signals. For instance, an imperfect "antenna effect" 

causes the sensors to exhibit both linker-based and metal-based fluorescence signals when the 

energies of the linkers and the lanthanide ions are not well matched.29, 201 

 

1.8.5 Aggregation-Induced Fluorescence 

Due to the unique emission feature of aggregation-induced emission (AIE), AIE-based 

luminescent MOFs have become attractive candidates for various sensing applications. In 

reality, the introduction of AIEgens in MOFs is very difficult. It was observed that the AIEgen 

sites become rigid after the formation of a coordination bond with the metal ions.202 However, 

the significant tuning of electronic transitions was observed in some of the reported AIE 

(tetraphenylethene)-based MOFs. Rapid rotation of phenyl rings and twist vibrations of 

ethylenic C–C bond in tetraphenyl ethane-based MOFs should cause the fluorescence 

quenching, but the reduction of such rotation and twist in the aggregated state results in 

fluorescence turn-on. Utilizing this concept, Omary et al. prepared a Zr-based MOF using 

tetrakis(4-carboxyphenyl)ethylene as a binding linker. The synthesized MOF was highly 

fluorescent and displayed a high quantum yield due to the AIE of the binding linker.68 

Likewise, Yang et al. were able to fabricate Hf-based 2D layer based on AIE effect of the 

H4ETTC (4',4'',4''',4''''-(ethene-1,1,2,2-tetrayl)tetrabiphenyl-4-carboxylic acid) linker. Because 

of the AIE effect, a 27.6% increase in electrochemiluminescence (ECL) efficiency of the layer 

was observed which is due to the inhibition of the intramolecular motions of the linker, 

shortened diffusion distances of metal ions and electron density of the linker.203 
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1.9 Mode of Fluorescence Response and its Reasons 

The fluorescence signal of a fluorophore can be changed due to a change in the pathway of 

electronic transition of the fluorophore or by the change in the excited state energy of the 

fluorophore.29 Four types of fluorescence responses are reported in the literature: (i) increase 

in emission signal (turn-on), (ii) decrease in emission signal (turn-off), (iii) shift of emission 

signal and (iv) combination of third one with any of the first two.29 Among the aforementioned 

responses, the quenching (turn-off) of fluorescence in the presence of an external analyte is 

very common. However, due to poor recyclability, loss of signal and vulnerability issues, turn-

off response is not user-friendly. On the other hand, the turn-on response is more responsive 

and instinctive than the turn-off type. Because the of short range of change in emission signals, 

poor linearity and low sensitivity the wavelength-shift type responses are not much 

investigated. However, the combination type has shown enough potential and significant 

interest in the scientific community since both wavelength and emission intensity are changed 

at the same time. Several reasons are reported in the literature which can be responsible for 

these observations. Some of them are summarized below: 

 

1.9.1 Structural Change of the Fluorophore 

In the presence of external molecules, some organic or inorganic reactions can take place 

between the fluorophore and the foreign substrate which can make a change in the signal output 

of the fluorophore. These types of reactions can occur in the ground state (ground state 

complexation) and can also occur in the excited state of the molecule (exciplex).175, 204, 205 Such 

reaction-based changes in fluorescence can be irreversible and can also be reversible. In 

reversible cases, the fluorophore (MOF) recovers its fluorescence after removing the external 

analyte which is not possible for reversible case. 

 

1.9.2 Resonance Energy Transfer 

Resonance energy transfer (RET) is a pathway of a non-reaction-based energy transfer process 

by which excess energy is transferred from an excited molecule to an energy-deficient 

molecule. Proper distance and orientation are mandatory for this type of energy transfer. 

Fluorescence resonance energy transfer (FRET) is one of the widely acceptable energy transfer 

mechanisms of MOF-based sensing. FRET is a dipole-dependent, long-range, intermolecular 

energy transfer process.206 The efficiency of FRET is inversely proportional to the sixth power 

of intermolecular distance. The typical FRET distance is 10–100 Å.206 This type of energy 

transfer can directly occur from MOF to analytes and vice-versa. For this process, a significant 

overlap between the emission spectrum of the MOF and the absorption spectrum of the analyte 

is required.206 The resulting emission response is turned off when the energy transfer takes 

place from the MOFs to the analytes and it will be turned on when the reverse occurs.206 

 

1.9.3 Photo-induced Electron Transfer (PET) 

It is an excited state redox process.207 During this process electron transfer occurs from an 

excited state molecular orbital of a molecule to a low-lying vacant orbital of another molecule. 

Moreover, PET can also occur in between two parts of the same molecule. Through this 
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process, both an increase and decrease in fluorescence emission intensity of the fluorophore 

can occur.207 When the excited state orbital energies of the sensor (LUMO) lie above the lowest 

unoccupied orbital (LUMO) of the analyte, then electrons in the excited state can be shifted 

from the LUMO of the sensor (MOF) to the LUMO of the analyte. In this typical case, a turn-

off in the fluorescence response of the MOF can be noticed. Similarly, the transfer of electrons 

from the LUMO of the external analyte to the LUMO of MOF results turn-on in 

fluorescence.208, 209 

 

1.9.4 Internal Filter Effect (IFE) 

IFE can be responsible for quenching of fluorescence intensity of a fluorophore if the excitation 

wavelength of the MOF is nearly close to the absorption maxima of the analyte.210 In this 

scenario, there is a possibility of absorption of a part of the excitation beam of light by the 

external analyte. This phenomenon can interrupt the complete excitation of the probe, which 

eventually results in less emission signal output of the probe.211 IFE can also occurred if the 

part of emitted light of a probe is absorbed by the external analyte. Based on these phenomena, 

IFE can be categorized into two parts: competitive absorption and resonance energy transfer 

(RET). RET arises when the analyte's UV-Vis absorption overlaps with the sensor's emission, 

whereas competitive absorption occurs when the analyte's UV-Vis absorption overlaps with 

the sensor's excitation.29 The fluorescence of the sensor is turned off by both RET and 

competitive absorption. Although the IFE was once believed to be a fault in fluorescence 

measurement, it has now been revealed to be a non-irradiative energy transformation model in 

the spectroscopic approach and has been used in the development of several photoluminescent-

based detection systems.212, 213 

 

1.10 Applications of MOFs 

Like the other commercially available porous materials the applicability of MOFs did not end 

with gas adsorption and separation. Structural diversity and tenability, physicochemical 

stability and scope of introducing required functional groups have made MOF materials 

applicable in miscellaneous fields. Because of the huge internal surface areas, high degree of 

crystallinity and vast porosity, MOFs are frequently compared to zeolites. But, modern-day 

research displays that MOFs are capable of fulfilling more requirements of upgrading 

civilization. Now-a-days, MOFs are used for different industrial, technological, environmental 

and biological applications including gas storage and separation, separation of miscible and 

immiscible liquids and solids from water, proton-conductivity, ion exchange, drug delivery, 

heterogeneous catalysis of various organic reactions, sensing of toxic or biological important 

molecules, etc. (Figure 1.16). 
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Figure 1.16 Different applications of MOFs. 

 

The spontaneous development of modern civilization, socioeconomic growth, 

industrialization, urbanization and intensification in the use of modern agricultural practices 

and uncontrollable increase in bacterial and viral diseases have drastically increased the water 

and environmental pollution caused by toxic heavy metal ions, drugs, herbicides, antibiotics, 

pesticides, toxic anions, volatile organic compounds, oil spills, and other emerging pollutants. 

Detection and quantification of such pollutants in an aqueous body is one of the finest, easiest 

and popular ways to remote such pollution. The critical diagnosis of various human diseases, 

pharmacokinetics study of various drugs and forensic science require the determination of the 

exact concentration of various biomolecules in body fluids is very crucial. For the remediation 

of the aforementioned environmental pollution and measurement of the concentrations of 

biomolecules, various quantification techniques have been developed by the scientific 

community. Among them, fluorescence-based sensing is one of the most accessible, cost-

effective, swiftly responsive and consistent methods for the determination of various pollutants 

present in environmental water bodies and biomolecules in living organisms. These qualities 

have made the fluorescence-based method a better and more promising sensing technique than 

most of the other traditional techniques e.g., HPLC, LC-MS, capillary electrophoresis, atomic 

emission and absorption spectroscopy etc. The detection of the targeted analytes can be enabled 

by the selective selection of suitable fluorophore molecules. A fluorescent MOF can act as a 

fluorophore and nullify the above-mentioned issues. In this thesis, I have mainly focused on 

developing some functionalized MOFs to control water pollution and biological diseases by 

sensing and adsorption of environmentally toxic and biologically important molecules. 

 

1.10.1 Toxic Heavy Metal Sensing 

Water pollution due to toxic, non-decomposable, soft and heavy metals is one of the premium 

concerns in 21st century. The world already has faced many disasters due to the harmful effects 

of lead, arsenic, cadmium and mercury. Japan's Minamata disease in 1956 is only one example 
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of such a disaster that occurred due to toxic effects of mercury.175, 214 Now-a-days, the presence 

of excess amounts of arsenic in drinking water is one of the major reasons behind the crisis of 

drinking water in South Asia (India and Bangladesh).214 Cardiovascular disease, incidence of 

hypertension, increased blood pressure and decreased function of kidneys can occur due to the 

abnormal presence of lead in drinking water.214 Symptoms of Itai-Itai disease can be observed 

by cadmium contamination in water. Realizing such urgency, several MOF-based fluorescence 

sensors have been developed for the detection and quantification of heavy metal ions during 

the last 10 years. 

  As mercury is the softest heavy metal and in the biological environment, inorganic Hg2+ 

readily converts to more soft and lipophilic methyl mercury, pollution due to soft mercury is 

one of the major concerns among the pollution caused by various metals.175 When a trace 

quantity of mercury interacts with soft, sulfur-containing amino acid molecules the 

immunological and central neurological systems are quickly damaged. Higher mercury 

concentrations can induce a variety of health problems such as nephrotic syndrome, respiratory 

problems, cancer, motion disorders, renal failure and transient blindness.175 

 

 
Figure 1.17 (a) Sensing and adsorption of toxic heavy metal ions by MOF and (b) sensing of 

Hg2+ by a fluorescent Zn-MOF. This image is collected with permission from ref. no. 215 and 

31. Copyright 2016 and 2019, American Chemical Society. 

 

  Several research groups in the world have developed MOF-based fluorescent sensors of Hg2+. 

For instance, Li and his co-workers developed a series of sulfone-functionalized, water-stable, 

fluorescent Zn-MOFs for the detection of Hg2+ up to ppb level.215 Another Zn(II)-MOF was 

developed by Mandal et al. for the selective sensing of the same metal ion (Figure 1.17).31 A 

Ni(II) containing MOF with the molecular formula [Ni(3-bpd)2(NCS)2]n was developed by Roy 

et al. for the detection of Hg2+. A porphyrinic zirconium framework with an exposed pyrrole 

Lewis basic site was prepared by Safarifard and his co-workers for the fluorescence sensing of 

Hg2+. A butyne-functionalized UiO-66 MOF was synthesized by Ghosh et al. for the nanomolar 

detection of Hg2+.in water. They showed that the interaction between the triple bond and Hg2+ 

was the reason behind the selective sensing of Hg2+ by the MOF. G. Qian and his co-workers 

developed a Tb(III) MOF for the fast and selective sensing of mercury. The reported response 

time of the probe was only 3 s and LOD was 47.8 nM. Recently, Biswas et al. developed two 

sulfur-containing MOFs named IITG-5 and Hf-UiO-66-NHCSNHCH3 for the ultrafast and 

nanomolar level detection of Hg2+ in various environmental waters.216 Many other reports are 

TH-3430_196122037



   Chapter 1  

32 
 

available in the literature for the specific fluorometric sensing of Hg2+ by utilizing MOFs. Some 

of them are summarized in Table 1.2. 

 

Table 1.2 Examples of some literature reported fluorescent MOFs and their response time, 

detection limit and sensing media used for the sensing of Hg2+. 

 

1.10.2 Toxic Anion Sensing 

The contamination of water by toxic anions, such as CN-, PO4
3-, AsO4

3-, CrO4
2-, SO3

- and 

MnO4
- etc. from various industrial, environmental and human activities create several problems 

that harm both the environment and human health.227  The Development of highly effective 

and widely applicable methods for detecting toxic anions is urgently needed since it is very 

necessary to monitor the concentration of toxic anions in various environmental water bodies 

and wastewater to prevent their penetration into the human body. Numerous MOF-based 

sensors for the detection of harmful anions have been developed during the last few decades.227 

  Along with these purely inorganic anions, excessive use of some lipophilic groups containing 

anions (e.g. surfactants) becomes a great treat for aquatic animals and indirectly for human 

beings. Recent reports evidenced that around 15 million tons of surfactants are synthesized 

worldwide every year to use as an emulsifier, cleaning agent and in the cosmetic industry. Most 

of the used surfactants are anionic surfactants (e.g., sodium dodecyl sulfate: SDS). Overusing 

these surfactants causes their discharge into the environment, which negatively impacts both 

human health and the health of aquatic species. Because surfactants may permeate the lipid 

barrier of the skin and other cells, prolonged contact with them can irritate and damage the 

skin.228 When the concentration of surfactants in the water is very high, they can enter the gills, 

pancreas, kidneys, gallbladder, blood, and liver, which can impair the activities of these 

organs.229 To monitor such pollution several polymers, organic molecules, carbon nanotubes 

and polymeric membranes have been developed for the colorimetric, potentiometric and 

electrochemical sensing of SDS. However, no fluorescent MOF-based sensors are reported. 

Sl. 

No. 

Sensor Material Sensing 

Medium 

Detection 

Limit (nM) 

Response 

Time (min) 

Ref. 

1 [Ni(3-bpd)2(NCS)2]n water - 120 217 

2 [PCN-221] water 10 1 218 

3 [Cu(Dcbb)(Bpe)]·Cl HEPES 

buffer 

3.2 and 3.3 30 219 

4 UiO-66@ Butyne water 10.9 3 220 

5 Ln(TATAB)⋅(DMF)4(H2O)(MeOH)0.5 water 4.4 - 221 

6 Eu3+/CDs@MOF-253 water 47.88 3 222 

7 [Cu(Cdcbp)(H2O)2·2H2O]n water (2.3 ± 0.8) 2 223 

8 Al-MOF (TAM) water 2.94 0.5 224 

9 [Cu(Cbdcp)(Dps)(H2O)3]·6H2On HEPES 

buffer 

2.6 10 225 

10 Cd−EDDA water 2 0.25 226 
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For the first time Biswas et al. developed a diamine functionalized UiO-66 MOF for the 

fluorescent-based, nanomolar level detection of SDS.230 The electrostatic interaction between 

the –NH3
+ (produced after proton abstraction from water) of the MOF and -SO3

- of SDS is the 

reason behind this selective and reusable sensing. 

 

1.10.3 Pharmaceutical Waste Sensing 

The development of synthetic pharmaceuticals marks a significant turning point in the 

healthcare industry, altering the general public's overall health, aging and lifestyle.231 These 

medications have become increasingly prevalent as possible environmental contaminants in 

water and soil samples due to the growth in their manufacturing and usage. These antibiotics 

have detrimental impacts on both human health and the ecology because of their high toxicity 

and poor biodegradability.231 These medicinal substances are poisonous to microbes and 

aquatic animals and their presence in the aquatic environment also increases the growth of 

green algae. In addition to the environmental risks, the introduction of pharmaceutical residues 

into our ecosystem can promote the development of bacteria that are resistant to antibiotics.231 

This will decrease the effectiveness of present antibiotics by making common bacteria less 

susceptible to them. 

  Recent reports suggested that the use of various pharmaceutical drugs and antibiotics has 

increased by 10-15 times after the COVID-19 pandemic, directly enhancing the concentration 

of pharmaceutical waste in environmental water bodies.232 The concentrations of these 

pharmaceutical wastes and their metabolized side products in urban wastewater have risen by 

more than 70% due to their misuse and careless disposal in the past 2-3 years.231 It has become 

a worrying worldwide issue since the concentrations of these medications and their metabolites 

are rising so rapidly. These reasons make it essential to develop selective and sensitive sensor 

systems that continuously check the concentration of synthetic drug residues in our 

surroundings. 

  Several recent studies were executed for the development of rapid, reliable and reusable MOF 

sensors to monitor the pollution caused by antibiotics and other pharmaceutical drugs. For 

example, Pan et al. developed HNU-52 MOF for the micromolar level detection of nitrofuran 

antibiotics in DMF medium.67 For the sensing of the same antibiotics in DMAc medium a 

Zn(II) MOF was developed by Zhao and his co-workers and a Cd(II) based MOF was 

synthesized by Teng et al. (Figure 1.18a).233, 234 A double-walled bimetallic MOF was 

synthesized by Du et al. for the selective sensing of metronidazole (MDZ) in DMF medium.235 

Another lanthanide MOF was developed by Li and his co-workers for the detection of MDZ.236 

A sensor of tetracycline antibiotics was developed by Tan and his co-workers, and a sensor for 

the same antibiotic was also developed by Zheng and his co-workers.237, 238 Along with the 

antibiotics, many other sensors for the detection of various pharmaceutical drugs have been 

also developed. Among them, favipiravir sensing by Serre et al. (Figure 1.18b), penicillamine 

sensing by Yang et al., alendronate sensing by Xu et al. and carbamazepine sensing by Li and 

his co-workers are only a few examples.239-242 Some of the other reports are summarized in 

Table 1.3. 
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Figure 1.18 (a) Sensing of toxic antibiotics by MOF and (b) sensing of the drug (favipiravir) 

by a fluorescent Tb-MOF. This image is collected with permission from ref. no. 233 and 239. 

Copyright 2019, Elsevier and 2022, Wiley and Sons. 

 

Table 1.3 Examples of some literature reported fluorescent MOFs and their response time, 

detection limit and sensing media used for the sensing of nitro antibiotics. 

 

1.10.4 Biomolecules Sensing 

First MOF based bio-sensor was developed by Asefa et al.in the year 2008.249 After that, a 

huge number of MOFs were employed for the sensing of various macromolecules 

(protein/enzyme and nucleic acid) and small bioactive molecules (adrenaline, dopamine, amino 

acids and glucose).249 Better biodegradability and compatibility, adaptable networks, scope of 

nanoscale design and topological diversity make MOFs a popular choice for sensing of 

biomolecules. According to toxicological research, some metals, such as Ca, Fe, Mn, Zn, Zr 

and Mg are considered to have extremely high fatal dosage limits of at least 1g/kg.249 Therefore, 

MOFs with the aforementioned metal ions are generally preferred for biological application 

purpose. The science of biomolecule sensing has greatly benefited from the recent development 

of functional MOFs. Not only sensing and measuring the concentration of biomolecules in 

various bio-fluids, the in vitro study (inside the biological cell) of biomolecules is also possible 

using a fluorescent MOF. 

 

Sl. 

No 

Sensor Material Name of 

Antibiotic 

Sensing 

Medium 

Detection 

Limit  

(nM) 

Response 

Time 

(min) 

Ref. 

1 CNDs NFT - 1400 - 243 

2 (Me2NH2)1.5[In1.5(FBDC) 

(BDC)]2.5DMF.CH3CN 

NFT water 1900 60 244 

3 

 

[Cd3(DBPT)2(H2O)4]· 

5H2O 

NFT methanol 5000 - 245 

4 Tb(ĲTCPB)·DMF NFZ 

NFT 

water 55000 

120000 

120 246 

5 [Cd3(TDCPB)·2DMAc]·DMAc

·4H2O 

NFT 

NFZ 

DMAc 60000 1.25 247 

6 4⊃DEASM NFZ water 208 - 248 
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Figure 1.19 (a) Sensing of bilirubin by MOF and (b) sensing of dopamine by a fluorescent Cd-

MOF. These images are collected with permission from ref. no. 250 and 251. Copyright 2017, 

American Chemical Society and 2018, Royal Society of Chemistry. 

 

  There are many fascinating MOF-based sensors for biomolecules reported in the literature. 

For example, Mirkin et al. first developed a nucleic acid-MOF hybrid by functionalizing UiO-

66 MOF with oligonucleotides for the selective detection of DNA/RNA. Here, the DNA/RNA 

has been integrated on MOF surface.252 In the year 2013, Chen et al. proposed a Cu(II) 

containing MOF which was able to detect HIV-1 DNA via quenching of fluorescence of the 

MOF.253 A peptide nucleic acid modified ‘MIL’ MOF was synthesized by Mejia-Ariza et al. 

for the sensing of DNA.254 Xie’s group designed an aqua-stable Cu(II) MOF for the detection 

of Zika virus RNA.255 Together with bio-macromolecule sensing, there are many reports of 

small biomolecule sensing. A ratiometric fluorescence boric-acid-functional Eu-MOF was 

developed by Yin et al. for the selective sensing of glucose and H2O2.
256 Turn-on in 

fluorescence was observed after the addition of the targeted analytes. LOD of the reported 

probe was at micromolar level for both the targeted analytes. A water-stable homochiral 

pyrene-tetraacetic acid containing Zn-MOF was synthesized by Moorthy et al. that 

demonstrated enantioselective distinction of histidine based on fluorescence quenching.257 

PSM strategy was adopted by Jia et al. and Biswas et al. for the selective sensing of bilirubin 

in various bio-fluids (Figure 1.19a).250, 258 In both cases, quenching in fluorescence was 

observed after the addition of bilirubin in the MOF suspension. Ultra-fast response time and 

microlevel detection ability are the specialty of these probes. An Eu(III)-MOF of honeycomb 

topology was developed by Janczak and his co-workers for the nanomolar level detection of 

dopamine.259 A Cd(II) containing MOF for dopamine sensing in various body fluids was 

developed by Y. Li and his co-workers (Figure 1.19b).251 Another dopamine sensor was 

recently reported by Biswas et al. The sensor was capable of detecting dopamine in human 

serum and urine samples. Fast response and nanomolar level detection ability are the other 

specialties of this Al-based CAU-10 MOF.260 A Tb(III)-metal ion containing MOF was 

recently reported by Yan and co-workers for the selective fluorometric detection of adrenaline. 

The reported sensor was able to detect adrenaline up to micromolar concentration level via 

turn-off pathway.261 A ratiometric serotonin MOF sensor was reported by Liu et al. The sensor 

displayed good selectivity and rapid detection ability for the sensing of serotonin up to the 

micromolar level.262 Many more MOF-based sensors for biomolecules are reported in the 

literature. A few of them are summarized in Table 1.4. 
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Table 1.4 Examples of some literature reported MOFs and their response time, detection limit 

and sensing media used for the sensing of different biomolecules. 

Sl. 

No. 

Sensor Material Name of  

Biomolecule 

Linear Range Detection 

Limit 

Ref. 

1 PHIV/MIL-88B DNA 0-5 nM 10 pM 263 

2 Cu3 (1,3,5-benzene 

tricarboxylicacid)2 /GCE 

dopamine 5.0 × 10-7 - 1.0 × 10-4 M 1.5×10-7 M 264 

3 P-DNA@ZIF-8 HIV-1 ds-DNA 10 nM-100 nM 1.2 nM 265 

4 NiCo-MOFNs array glucose 1-8 mM 0.29 μM 266 

5 AChE-ChO/Pt/MOF/Au acetylcholine 0.01-500 μM 0.01-500 μM 267 

 

1.10.5 Adsorption of Oil Spills from Water 

Pollution of environmental water by oil spills is one of the primary levels of water pollution 

which continuously increasing day by day. Such pollution may occur due to the disposal of 

oily waste to the environmental water bodies from oil-based industries, from the waste of the 

kitchen, during the collection and transport of oils through water roots.268 After mixing the oil 

spills with water, it develops a layer of oil above the water which frequently blocks the sunlight 

from coming inside the water. The aquatic food chain producers are immediately impacted by 

the decreased sunshine, which has an impact on the entire food chain. Due to the oil transported 

by the waves, seaside animals, fish nurseries and birds become most defenceless. The 

consumption of seafood exposes individuals to the harmful and persistent component of oil 

that is introduced into an organism. The mixing of crude oil spills with water can also enhance 

the oil price in the world market.269 

  Many industrial-level procedures, such as gravity separation, air flotation, centrifugation and 

coagulation have been developed for the separation of oil-water mixture. But, they are 

frequently ineffective, complex, time-consuming and expensive. Zeolites, linoleum, cotton and 

other porous adsorbents have also been used to separate oils from water. However, they often 

have low adsorption capacity, selectivity and limited reusability and can result in secondary 

contamination.270 In recent times, material chemists have been looking to develop alternative 

materials that can resolve the pollution caused by oil spills. 

  Some of the recent reports suggested that a hydrophobic MOF can be a potential candidate to 

resolve the pollution caused by oil spills. The hydrophobic MOFs are appropriate for the 

selective separation of oil from oil/water mixture. Flexible absorbents made of MOFs can also 

be recycled. The recovery of absorbed oil by mechanical squeezing is also possible as the 

materials are stable enough to sustain the external pressure. Considering the aforementioned 

advantages, a huge number of hydrophobic MOFs have been developed for the selective 

separation of oil spills from oil/water mixture. 

  Since fluorides and alkyls have low surface free energies, therefore, long chain alkylated and 

highly fluorinated linkers are used for the building of hydrophobic MOFs. Due to the lack of 

free-standing ability of MOF powder, several hydrophobic MOF-based composites were 
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developed to make the separation process more user-friendly. For instance, a 

dialkoxyoctadecyl-oligo-(pphenylene ethynylene)dicarboxylate (OPE-C18) linker containing 

Zn(II)-MOF (NMOF-1) was developed by Roy and co-works in 2016.271 This developed MOF 

was superhydrophobic in nature. The measured water contact angle (WCA) of the MOF was 

162° and it was utilized for the self-cleaning and oil-water separation application. In the same 

year, a Cu(II) containing ultrahydrophobic MOF with WCA of 176° was developed by Ghosh 

et al. and they used that MOF for oil separation from oil-water and water-in-oil emulsion. By 

spraying a cross-linked mixture of polydimethylsiloxane and UHMOF-100 onto a 

polypropylene fabric a polypropylene-based membrane was fabricated. The membrane 

displayed an oil absorption capacity of 40-70 wt% with 10 times reusability (Figure 1.20).272 

Du and co-workers synthesized four highly stable hydrophobic Zr/Hf-UiO-66 MOFs by adding 

fluoroalkyl chains of various lengths (C6-C10) and using them for the same application.273 Zhu 

et al. reported long-chain hydrocarbon containing Zr-UiO-67 MOF and applied the MOF for 

the separation of oil.274 Another hydrocarbon chain containing Zr-UiO-66 MOF was 

synthesized by Rana et al. The developed MOF showed high absorption capacity towards 

various oils and the developed composite displays 70 times reusability. The observed 

separation efficiency for all the used oils was above 99%.268 The one-pot synthesis of a ZIF-8 

MOF with highly fluorinated graphene oxide (HFGO) was developed by Jayaramulu and his 

team which resulted in the formation of a hydrophobic ZIF-8@HFGO composite. The resultant 

superhydrophobic hybrid MOF with micro- and meso-porosity displayed a WCA of 162°. By 

utilizing the HFGO@ZIF-8 based sponge, a superb oil and polar/nonpolar organic solvent 

absorption capacity of 150-600 wt% was attained.275 The same group reported a hydrophobic 

MIL-100(Al) MOF and prepared a composite with fluorinated graphene oxide which displayed 

oil absorption capacities of 200-500 wt%.276 A superhydrophobic (WCA = 158°) ZIF-

8@rGO@sponge composite was developed by Gu and his colleagues. The composite displayed 

an impressive oil absorption capacity of 1400-2900 wt% with excellent recyclability of 100 

times.277 Many other reports of superhydrophobic MOFs and their composites are available in 

the literature. Some of them are presented in Table 1.5. Increasing absorption capacity, 

reusability and improving composite stability was the main focus of the reported hydrophobic 

MOF composite based oil/water separators. 

 

Table 1.5 Examples of some hydrophobic MOFs, functional groups responsible for 

hydrophobicity, their WCA, oil separation efficiency and flux of separation. 

Sl. 

No. 

MOF Used Wettability Response 

Unit 

WCA 

(°) 

Separation 

Efficiency 

Flux Ref. 

1 ODPA-ZIF-

8(n)@ZIF- 

8/PDMS 

octadecylphosphonic 

acid 

163 separation 

factor = 

17.4 

0.64 kg m-2 h-1 278 

2 Ni2(L-asp)2 

bipy@PDMS 

polydimethylsiloxane 137.1 separation 

factor = 

73.6 

27.6 kg m-2 h-1 279 

3 ZIF-8/PAN surface roughness 153 99.92% 2550 L kg m-2 h-1 280 

4 MXene@UIO-66- 

(COOH)2 

hierarchical roughness & 

hydrophilicity of 

composite 

>150 >99% 713.3 L m-2 

h-1 bar-1 

281 
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5 PAN@ZIF-8 surface roughness 155 >99.98% >900 L m-2 h-1 282 

6 ZIF-90 membrane Fluorinated alkyls and 

the ZIF-90 layer 

170 99.98% 1260 L m-2 h-1 283 

7 ZIF-8-DMBIM hydrophobic 5,6-

dimethyl-benzimidazole 

linker 

141.7 >99.9% 1411.8-1643.1  

L m-2 h-1 bar-1 

284 

 

 

Figure 1.20 Selective separation of oil spills by superhydrophobic MOF. This image is 

collected with permission from ref. no. 272. Copyright 2016, John Wiley and Sons. 

 

1.11 Conclusions and Outlook 

This chapter provides an in-depth explanation of the historical development of highly 

physicochemically stable porous MOFs and their various implications. This introduction offers 

a comprehensive overview of the possible synthesis methods for MOFs, the underlying origins 

of their fluorescence properties and the mechanistic aspects underlying diverse sensing 

processes. The primary focus of this thesis revolves around the creation and applications of 

various MOFs based on Zr(IV) ion. Consequently, extensive discussions are presented on the 

detailed structures of different Zr(IV)-based MOFs. Moreover, the thesis delves into the 

applications of recently synthesized fluorescent MOFs, particularly in the context of 

fluorescence-based detection and quantification of bioactive compounds and organo-toxins. 

Additionally, it explores the synthetic approach for designing hydrophobic MOFs, tailored to 

selectively and efficiently adsorb oil spills. We firmly believe that the research encapsulated in 

this thesis is of utmost importance for fostering sustainable, environmentally friendly 

development and aiding in the precise diagnosis of certain diseases stemming from the 

uncontrolled secretion of specific neurotransmitters. 

  Fluorescent MOFs offer several advantages in the detection of drug molecules. But, they also 

come with certain challenges that need to be overcome for practical use. One primary drawback 

of MOFs is their stability in various environmental conditions, such as water, acidic, or alkaline 

mediums. Typically, MOFs based on metal-nitrogen coordination remain stable in alkaline pH 
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but tend to lose structural integrity in acidic environments, while MOFs based on metal-oxygen 

coordination are stable in acidic pH but less stable in alkaline pH. Achieving stability in both 

acidic and alkaline conditions can be addressed by utilizing hard Lewis acids (high-valent metal 

centers) with hard Lewis bases (polycarboxylates), or vice versa. Moreover, enhancing the 

hydrophobic properties of the linker can improve MOF stability in water. Robustly structured 

MOFs can be reused for sensing drug molecules over multiple cycles. Another challenge is the 

insolubility of MOFs in aqueous media, limiting their practicality for drug detection. This issue 

can be circumvented by designing MOF-based films or composites, making them suitable for 

real-world applications. 

  Furthermore, some fluorescent MOFs lack selectivity, limiting their usefulness for drug 

detection. To address this, researchers can synthesize pre-functionalized linkers or incorporate 

suitable functionalities into the MOF framework through post-synthetic modification or 

solvent-assisted linker installation. Additionally, introducing guest molecules into MOF pores 

can enhance selectivity for specific drug molecules. In cases of drug sensing, chirality is 

crucial, and the design of chiral luminescent MOFs becomes essential to detect the exact 

enantiomer of the clinically significant drug molecule. Numerous research groups, including 

our own, are actively developing functional luminescent MOFs to create selective, sensitive, 

reusable, and cost-effective MOF sensors that can address these challenges. Therefore, I 

believe that the idea developed in this thesis will be helpful to future researchers in the fields 

of materials science, pharmaceutical chemistry, environmental chemistry, metal-organic 

frameworks, fluorescence sensing, and related areas. 
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A Functionalized MOF for Selective Fluorometric Detection 

of Sodium Dodecyl Sulphate and Vitamin B12 Using 

MOF@Cotton Composite 
 

This chapter contains the synthesis and characterization of 2,5-

diaminoterephthalic acid (H2BDC-(NH)2) linker containing porous (SBET = 504 

m2 g-1) zirconium(IV)-based metal-organic framework (MOF) which serves as a 

fluorophore for sodium dodecyl sulphate (SDS) surfactant and vitamin B12. This 

is the first ever reported MOF-based dual optical sensor of SDS and vitamin B12. 

Along with the lowest ever reported LOD values (LOD for SDS = 108 nM and 

LOD for vitamin B12 = 45.3 nM), the sensor displayed short response time for 

SDS (50 s) and vitamin B12 (5 s) detection. The MOF was able to detect SDS in 

various real water samples and vitamin B12 in various bio-fluids (human urine 

and serum) and pH media. A MOF-coated, reusable cotton composite was 

fabricated which displayed a visible color change under UV-light even after 

treating it with a nanomolar concentration of both the analytes. 
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2.1 Introduction 

Metal-organic frameworks (MOFs) are a class of crystalline, porous coordination polymers 

made up of an vast number of nodes (metal ions) which are interconnected by organic linkers.1 

In these crystalline porous materials, molecular building blocks are joined by coordinative 

bonds.1 The electronic communication between the metal ions and the π-conjugated polytopic 

organic linker makes MOF fluorescence active.2 Such fluorescent MOFs become useful and 

well-established senor materials in the past few years for the sensing of various metal ions, 

anions, bio-active molecules, toxic organics and gas molecules.3-5 The heterogeneous nature 

and large surface area of the MOFs favor the transformation of various organic starting 

materials into their desired product.6, 7 The presence of a definite pore facilitated the selective 

formation of the anticipated product.8, 9    

  Surfactants are organic molecules that contain two components, i.e., hydrophilic (polar) and 

hydrophobic (non-polar) parts.10 These are used all over the world as industrial cleaners, 

detergents, emulsifiers in cosmetics, etc.10, 11 Around 15 million tons of surfactants are 

produced worldwide every year because of the excessive demand for surfactants.12 Among the 

various types of surfactants, anionic surfactants (such as sodium dodecyl sulphate or SDS) are 

the most frequently used.13 The overuse of these surfactants results in the release of these 

materials into the environment, which directly affects the health of aquatic animals and 

indirectly human beings. Long-term exposure to surfactants can irritate and harm the skin 

because they can penetrate the lipid barrier of the skin and other cells.14 Surfactants can enter 

the gills, kidneys, blood, gallbladder, pancreas and liver when their concentration in the water 

is very high, which can hamper the functions of these organs.15  

  Cyanocobalamin (vitamin B12) is a very important bio-molecule that plays a crucial role in 

metabolic cycles.16 It helps to transfer a -CH3 group from 5-methyltetrahydrofolate to 

homocysteine (Hcy). During this process, tetrahydrofolate is generated which is important in 

the DNA synthesis of intestinal wall cells and red blood cells.16 Tetrahydrofolate level drops 

and Hcy level rises when this mechanism is compromised. Elevated Hcy levels can be harmful 

to cognitive health.16, 17 Vitamin B12 participates in the conversion reaction of methylmalonyl-

coenzyme A to succinyl-coenzyme A which is a crucial step in the extraction of energy from 

fats and proteins.17, 18 In the blood serum inside a healthy human body, the concentration of 

vitamin B12 is 200-900 ng/mL.16 Lower concentration of vitamin B12 can cause anemia, 

paleness, fatigue, weakness, dizziness and shortness of breath. A severe deficiency of vitamin 

B12 can damage nerves, also cause sensation in the hands and feet, loss of reflexes, muscle 

weakness, difficulty in walking, dementia and confusion.16, 18 However, higher concentrations 

of vitamin B12 can also cause some life-threatening diseases. Hematologic disorder, leukemia, 

hypereosinophilic syndrome and polycythemia vera can also result in higher concentrations of 

cobalamin.16, 18 

  Hence, we need to develop efficient detection methods for hazardous surfactants and 

important bio-molecules (e.g. vitamin B12). There are several techniques for the determination 

of concentrations of these targeted analytes i.e. high-performance liquid chromatography, light 

scattering detection, mass spectrometry, charged aerosol detection and titration, etc.19-21 But, 
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the majority of used techniques demand complicated and expensive instrumental support and 

professional technical experts for the preparation of the sample.19, 22 Selection of sensing 

solvents, accuracy of measurement and high limit of detection (LOD) are the other drawbacks 

of most the available sensors of SDS and vitamin B12.
19, 22 In contrast, the equipment used in 

fluorescence-based detection is very simple, user-friendly, less expensive and less time-

consuming and accurate.23, 24 The aforementioned advantages made luminescent-based sensing 

a widely accepted way of sensing of various analytes. 

  Herein, we strategically architected a diamino-anchored Zr-based MOF (1′) for the selective 

sensing of the most widely used anionic surfactant such as SDS. Anionic surfactant SDS 

contains a free -SO3
- group. Therefore, electrostatic interactions are possible between the -SO3

- 

functional group of SDS and -NH2 functional groups of the linker of 1′. Such interaction may 

result in the increase or decrease of the fluorescence emission output of the fluorophore. In 

practice, the increase in fluorescence emission of 1′ was observed in the presence of SDS. 

Previous literature suggested that the absorption maxima of vitamin B12 are centered at 361 

and 550 nm,25 which is within the range of the emission spectrum of 1′. Therefore, the energy 

transfer is possible between the MOF and vitamin B12. Besides the lowest ever reported LOD 

value, the reusable probe displayed excellent fluorescence enhancement (~18.9 fold) within 50 

s of the addition of SDS solution. This sensor can also sense the presence of SDS in various 

real water samples. In case of vitamin B12, >99% quenching in fluorescence intensity was 

observed within 5 s of the addition of vitamin B12. The sensor displayed almost equal sensing 

efficiency in various bio-fluids (human serum and urine) and a wide range of pH media. 

Moreover, inexpensive and portable MOF@cotton composites were developed which 

displayed the sensing of both the targeted analytes up to nanomolar level under UV light.  

 

2.2 Experimental Section 

 

2.2.1 Synthesis and Characterization Procedure of 2,5-Diaminoterephthalic Acid Linker 

The 2,5-diaminoterephthalic acid linker was synthesized according to the previously reported 

procedure (Scheme 2.1).26 The purity of the linker was again confirmed by 1HNMR, 13C NMR 

and mass spectrometric analysis. 1H NMR (400 MHz, DMSO-d6): δ = 7.24 (s, 2H) ppm 13C 

NMR (100 MHz, DMSO-d6): δ = 169.24, 140.47, 119.18, 117.73 ppm. ESI-MS (m/z): 

196.0566 for (M-H)+ ion (M = mass of 2,5-diaminoterephthalic acid linker). In Figures 2.1-

2.3, the NMR and mass spectra of the synthesized linker are shown. 

 

 

Scheme 2.1 Reaction scheme for the preparation of 2,5-diaminoterephthalic acid linker. 
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Figure 2.1 1H NMR spectrum of 2,5-diaminoterephthalic acid linker in DMSO-d6. 

 

 

Figure 2.2 13C NMR spectrum of 2,5-diaminoterephthalic acid linker in DMSO-d6. 
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Figure 2.3 ESI-MS spectrum of 2,5-diaminoterephthalic acid linker measured in methanol. 

The spectrum shows m/z peak at 197.0566, which corresponds to (M-H)+ ion (M = mass of 

2,5-diaminoterephthalic acid linker). 

 

2.2.2 Synthesis of [Zr6O4(OH)4(C8H6N2O4)6]·7H2O·2DMF (1) 

The H2BDC-(NH2)2 linker containing Zr(IV) based UiO-66 MOF was already synthesized in 

some of the previously reported literature.27, 28 Yin et al. recently synthesized the MOF using 

HCl as an additive in a mixed solvent of DMF and water after heating ZrCl4 salt and linker at 

a temperature of 100 °C for 48 h.27 A mixed-linker MOF using H2BDC(NH2)2 and 

H2BDC(NH2) linkers was synthesized by Li et al. in DMF solvent by using ZrCl4 salt.28 Xu et 

al. also synthesized the same MOF using ZrCl4 salt in DMF medium by heating the 

homogeneous mixture of metal salt, linker and acetic acid modulator at 80 °C for 12 h.29 Herein, 

we used an easy and straightforward procedure for the synthesis of the MOF. For the synthesis 

of the MOF, in a Pyrex tube, 24 mg of ZrCl4 (0.1 mmol), 20 mg of H2BDC(NH2)2 linker (0.1 

mmol), 3 mL of N,N-dimethyl formamide (DMF) and 388 µL (3 mmol) of formic acid were 

poured. After that, the tube was sonicated for 15 min to homogenize all the reacting 

components. After 15 min of sonication, the Pyrex tube was placed on a pre-heated heating 

block at 150 °C and it was kept at 150 °C for 24 h. After 24 h, the tube was allowed to come 

to the ambient temperature. When it came to room temperature, the precipitate was filtered off 

and washed three times with acetone. Finally, the compound was dried for 8 h at a temperature 

of 80 °C. Yield of 1 was 24 mg (0.01 mmol, 67% with reference to metal salt). Anal. calcd. for 

C54H68N14O41Zr6 (2108 g mol-1): C, 30.74; N, 9.30; H, 3.22. Found C, 30.58; N, 9.16; H, 

3.12.%. IR (cm-1): 3462 (br), 3200 (br), 1654 (s), 1594 (vs), 1526 (s), 1437 (vs), 1364 (s), 1275 

(w), 1250 (w), 1110 (w), 910 (w), 790 (s), 654 (s). 

 

TH-3430_196122037



   Chapter 2 

55 
 

2.2.3 Activation Procedure of As-synthesized 1 

To eliminate the DMF molecules from the pore of 1, 50 mg of 1 was first stirred for 6 h in 100 

mL of methanol. The recovered material was then filtered and dried for 12 h at 60 °C in an air 

oven. Finally, the low boiling MeOH solvents were removed by heating the compound for 12 

h under vacuum at 100 °C using an oil bath. After all the above processes, the thermally 

activated 1′ was achieved. 

 

2.2.4 Preparation of MOF (1′) Suspension for the Fluorescence Sensing Experiments  

The probe 1′ (3 mg) was taken in a 5 mL glass vial containing 3 mL deionized water/HEPES 

buffer. Then, the suspension was sonicated for 15 min and kept it for overnight to make the 

suspension stable. During the fluorescence experiment, 200 µL of above-mentioned suspension 

of 1′ was added to 3000 µL of deionized water/HEPES buffer in a quartz cuvette. All the 

fluorescence spectra were collected in the range of 380-600 nm by exciting the suspension at 

365 nm for SDS sensing and in the range of 350-600 nm (λex = 335 nm) for vitamin B12 sensing. 

For competitive experiments, the solutions of the different competitive analytes (concentration 

= 10 mM for SDS sensing and 5 mM for vitamin B12 sensing) were added to the suspension of 

1′ and spectra were collected in the aforementioned ranges. 

 

2.2.5 Sensing of Vitamin B12 in Human Blood Serum Samples 

10 mL of blood sample was collected from the right arm vein of a healthy person (blood group 

A+) and the blood plasma was separated by centrifuging the sample at 10,000 rpm for 15 min. 

The light-yellow blood serum was collected in a Falcon tube and stored at -20 °C in a 

refrigerator. For fluorescence detection experiments, aliquots of different concentrations of 

vitamin B12 spiked into the human blood serum sample, which contained HEPES buffer 

suspension of the MOF. 

 

2.2.6 Sensing of Vitamin B12 in Human Urine Sample 

10 mL of the first morning urine sample from a healthy person was taken and 500 mL of HNO3 

was added to the sample to kill any interfering living things. After that, the sample was 

centrifuged at 8000 rpm for 10 min. For the sensing experiments, the supernatants of the 

vitamin B12-spiked urine solution were taken. Different vitamin B12 aliquots were added into 

urine samples containing HEPES buffer suspensions of the probe and fluorescence spectra 

were recorded. 

 

2.3 Results and Discussion 

 

2.3.1 Structural Characterization 

The reaction between ZrCl4 and H2BDC-(NH2)2 linker molecule resulted in the formation of 

UiO-66 framework. The measured peak locations and intensities in the PXRD pattern of 1 were 

similar to the simulated PXRD pattern (Figure 2.4). The closeness between the measured and 

simulated PXRD data was further confirmed by the Pawley refinement (Figure 2.5a) and 

indexing of the slow scan PXRD data of 1 (Table 2.1). The framework contains 

[Zr6O4(OH)4]
12+ secondary building units (SBUs) and the core Zr(IV) ions are coordinated with 
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four µ3-OH and four µ3-O sites. Six [BDC-(NH2)2]
2- linkers are employed in the framework to 

join the SBUs resulting in 1 (Figure 2.5b-d). The framework structure has two different types 

of structural voids: larger size octahedral voids and smaller size tetrahedral voids. The 

closeness of PXRD patterns (Figure 2.4) of 1 and 1′ confirms the integrity of the framework 

after the thermal activation process. 

 

 
Figure 2.4 PXRD patterns of (a) simulated Zr-UiO-66 (blue), (b) as-synthesized 1 (red) and 

(c) activated 1′ (black). 

 

 

Figure 2.5 Fitted Pawley plot of the experimental PXRD data of 1 (a), cubic structure of 1 (b) 

and its tetrahedral (c) and octahedral (d) cages. 
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Table 2.1 Unit cell parameters of 1′ obtained by indexing its PXRD data. The obtained values 

have been compared with parent UiO-66 MOF. 

Compound Name 1′ UiO-6630 

crystal system cubic cubic 

a = b = c (Å) 20.755 (22) 20.890 (2) 

V (Å3) 8940.6 (23) 8870.03 (2) 

 

2.3.2 Morphology and EDX Analysis 

The homogenous distribution of particles in the FE-SEM images of 1′ (Figure 2.6) validated 

the phase purity and crystalline nature of the activated MOF (1′). The EDX spectrum of 1′ 

(Figure 2.7) ensured the presence of the desired elements (Zr, C, N and O) in the framework. 

 

 

Figure 2.6 FE-SEM images of as-synthesized 1′. 

 

 

Figure 2.7 EDX spectrum of 1′. 
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2.3.3 IR Spectroscopy 

We used IR spectroscopy (Figure 2.8) to confirm the existence of different functional groups 

and the complete elimination of DMF (solvent) molecules from the pores of the framework 

structure. Both 1 and 1′ displayed two distinct absorption bands at 1586 and 1440 cm-1, which 

originated from the Zr-coordinated asymmetric and symmetric stretching of the carboxylate 

groups of the linker molecules. In the linker, these peaks were located at 1591 and 1492 cm-1, 

respectively. The shift of asymmetric and symmetric stretching peaks in MOF, ensures the 

formation of coordination bonds between Zr(IV) and the carboxylate groups of the linker. The 

absorption band around 1658 cm-1 was present in 1, which was due to the carbonyl stretching 

vibration of DMF molecules present inside the pore of as-synthesized MOF. Such peak at 1658 

cm-1 was not observed in 1′, which indicated that all guest DMF molecules had been removed 

from the pore of 1 after thermal activation. 

 

 

Figure 2.8 ATR-IR spectra of (a) 2,5-diaminoterephthalic acid (H2BDC-(NH2)2) linker (b) 1 

(as-synthesized) (c) 1′ (activated). 

 

2.3.4 Chemical Stability 

To determine the chemical stability of 1′ in the sensing media (H2O and HEPES), in various 

organic solvents and different pH, compound 1′ was stirred in the sensing media (H2O and 

HEPES), in various organic solvents (methanol, ethanol and ethyl acetate) and different pH 

solutions (pH = 2-12) for 6 h at room temperature. After that, the MOF materials were 

recovered by filtration and dried at temperature of 80 °C. Then, the PXRD analysis was 

performed using the recovered MOF materials (Figure 2.9-2.10). The PXRD pattern of the 

recovered MOF materials remained the same as that of fresh 1′ even after stirring in the 

different solvents. Moreover, the crystallinity of the MOF was completely lost after stirring it 
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at pH = 12, which implies the MOF is unstable at highly basic pH. This observation proved the 

integrity of the framework structure after stirring in the aforementioned solvents, which opens 

the scope of using 1′ as a sensor in a wide range of solvent media. 

 

 

Figure 2.9 PXRD patterns of 1′ in different forms: (a) activated 1′, after stirred with (b) MeOH, 

(c) EtOAc (d) EtOH, (e) H2O and (f) HEPES buffer (pH =7.4). 

 

 
Figure 2.10 PXRD patterns of 1′ in different forms: (a) activated 1′, after stirred in (b) pH = 

2, (c) pH = 4, (d) pH = 6, (e) pH = 8, (f) pH = 10 and (g) pH = 12. 
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2.3.5 Thermal Stability 

Thermal stability of both 1 and 1′ was determined using thermogravimetric analysis. Both 1 

and 1′ displayed thermal stability up to 230 °C under N2 atmosphere (Figure 2.11). Three 

sequential weight losses were observed for 1. An initial weight loss of 5.7% was observed in 

the temperature range of 35-130 °C, which was due to the loss of 7 H2O molecules per formula 

unit (cal.: 5.7 wt.%). In the middle, within the temperature range of 130-230 °C, the weight 

loss of 6.8% corresponds to the removal of 2 DMF molecules (per formula unit) from 1 (cal.: 

6.8 wt.%). Finally, the framework structure decomposed after reaching the temperature of 230 

°C. TGA analysis of 1′ displays two steps of weight loss. The initial weight loss is due to the 

removal of water molecules absorbed during the storage of 1′. After 230 °C, the final weight 

loss was observed due to the disintegration of the framework structure. Therefore, both 1 and 

1′ have thermal stability up to 230 °C.  

 

 

Figure 2.11 Thermogravimetric analysis curves of as-synthesized 1 (black) and thermally 

activated 1′ (red) recorded under N2 atmosphere in the temperature range of 25-700 °C with a 

heating rate of 4 °C min-1. 

 

2.3.6 Nitrogen Sorption Analysis 

N2 sorption study was performed at a temperature of -196 °C to determine the surface area 

(BET) and pore volume of 1′ (Figure 2.12). The measured N2 surface area of the MOF is 504 

m2g-1 with a pore volume of 0.6 cm3 g-1 (measured at p/p0 = 0.5). The pore-size distribution 

plot displayed that most of the micropores of 1′ are concentrated at 8.04 Å (Figure 2.13). 
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Figure 2.12 N2 adsorption (black squares) and desorption (red circles) isotherms of thermally 

activated 1′ recorded at –196 °C. 

 

 

Figure 2.13 Density functional theory pore-size distribution of compound 1′ as determined 

from its N2 adsorption isotherms at -196 °C. 

 

2.3.7 Fluorescence Response Towards SDS 

With the continuous development of modern civilization, the use of various surfactants 

gradually increases. Surfactants play a crucial role as wetting, cleaning, emulsifying, 

dispersing, foaming and anti-foaming agents in various practical applications, including fabric 
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softeners, detergents, motor oils, soaps, emulsions, paints, inks, adhesives, anti-fogs, 

snowboard waxes, ski waxes, deinking of recycled papers, etc.31 Due to the excessive use and 

toxic nature of the surfactants, determining the presence of surfactants in environmental water 

bodies is highly necessary.  

  The high physicochemical stability, non-toxic nature and presence of –NH2 functionality in 

1′ inspired us to verify the fluorogenic sensing ability of 1′ towards the SDS in H2O. The MOF 

material was excited with a light of 365 nm wavelength and a weak fluorescence emission with 

an emission maximum of 483 nm was observed (Figure 2.14). After the addition of 350 µL of 

10 mM aqueous solution of SDS solution, an enhancement of photoluminescence of 18.9 fold 

was noticed (Figure 2.15). 

 

 

Figure 2.14 Excitation (black) and emission (red) spectra of 1′ in water. 

 

 

Figure 2.15 Turn-on in the fluorescence spectrum of 1′ with step-wise addition (0 to 400 µL) 

of 10 mM SDS solution. 
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In search of the response time of the probe, we added 350 µL of SDS solution at a time in the 

MOF suspension and continuously collected the emission spectra with an interval of 5 s. After 

50 s, the increment of emission response was diminished. Hence, 50 s was considered as 

saturation time (Figure 2.16a-b). 

 

 
Figure 2.16 (a) Quenching in the fluorescence spectrum of 1′ in water as a function of time 

after the addition of 400 µL of 10 mM SDS solution. (b) Time-dependent saturation plot 

(luminescence colour change of 1′ under UV-lamp after injection of SDS displayed in inset of 

the figure 2.16b). 

 

  A sensor of SDS should be selective even in the presence of other competitors. To verify the 

same, we determined the selectivity of the probe in the presence of other competitors (urea, 

CTAB, tween-80, triton-100, NO3
-, Ca2+, Na+, Zn2+, NH4

+, I-, K+, Cl-, Co2+, Br-, Mg2+ and Al3+). 

Figures 2.17-2.18 clearly evidence the selectivity of the MOF for the sensing of SDS. To ensure 

the reproducibility and originality of all the measurements, statistical analysis of all the 

measurements were performed and errors after three individual measurements were 

determined. The accuracy and precision of sensing in intra-day (Table 2.2) and inter-day (on 

three different days) were also determined. 

 

 

Figure 2.17 Selectivity test of 1′ for the sensing of SDS. 
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Figure 2.18 Selectivity test for the sensing of SDS in the presence of other competitors (error 

bars represent the standard deviations of three individual measurements). 

 

Table 2.2 Evaluation of intra-day, inter-day accuracy and precision study of change in 

fluorescence intensity of 1′ after incremental addition of 10 mM aqueous solution of SDS. 

Parameter Amount of SDS 

Added (µL) 

Fluorescence Intensity (cps) at λmax 

= 483 nm 

Average PL 

Intensity (cps) 

SD RE% 

repeatability 

intra-day 

precision 

0 63785.4 63260.8 63401.9 63482.7 271.5 0.004 

50 171477.6 170242.5 168969.3 170229.8 1254.2 0.007 

100 358518.4 357020.7 358102.3 357880.5 773.1 0.001 

150 576539.7 574396.3 574787.6 575241.2 1141.5 0.003 

200 735926.9 736439.4 734860.0 735742.1 805.8 0.002 

250 874541 875929.5 875918.6 875463.0 798.5 0.001 

300 1196550 1196980 1195840 1196457 575.7 0.007 

350 1198180 1199400 1197350 1198310 1031.2 0.001 

reproducibility 

inter-day 

precision 

0 70049.03 70061.7 63401.93 72170.89 7610.2 0.031 

50 169921.7 165487.6 168969.3 168126.2 2334.2 0.011 

100 356638.3 353672.9 358102.3 356137.8 2256.7 0.004 

150 571330.7 567742.3 574787.6 571286.9 3522.9 0.001 

200 728285.4 724655.7 734860 729267 5172.5 0.002 

250 862681.8 864084.2 875918.6 867561.6 7271.3 0.001 

300 1199450 1192240 1195840 1195843 3605.0 0.018 

350 1312950 1303990 1297350 1304763 7828.7 0.001 

 

  To calculate the limit of detection (LOD) value of the probe for SDS sensing, six fluorescence 

spectra of the MOF suspension were collected. After that, fluorescence emission spectra were 

recorded with the incremental addition of low concentration of SDS to the MOF suspension. 

A linear plot was obtained after plotting the intensity value against the concentrations of SDS 

(Figure 2.19). By using the 3σ/k equation, the assessed LOD and LOQ values from this 

experiment were 107.8 ± 12.4 and 357 ± 43.2 nM, respectively. Rigorous statistical details of 

three individual measurements are summarised in Table 2.3. The obtained LOD value is the 

lowest ever among all the reported sensors of SDS (Table 2.4). 
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Figure 2.19 Change in the fluorescence emission intensity of 1′ in H2O as a function of 

concentration of SDS. 

 

Table 2.3 Statistical details of different analytical parameters for the sensing of SDS by 1′. 

Concentration

Range (nM) 

Slopes Intercepts Correlation 

Coefficient (R2) 

Sy/x 
a LODb 

(nM) 

LOQc
 

(nM) 

Regression 

Equation 

0-447 1222.1 61526.6 0.992 49500.2 121.5 405.0 1222.1x + 

61526.6 

1447.5 61601.8 0.993 50635.1 104.9 346.2 1447.5x + 

61601.8 

1522.0 62696.4 0.998 49346.8 97.2 320.8 1522.0x + 

62696.4 

Average 1397.2 61941.6 0.994 49827.4 107.8 357.3 1397.2x + 

61941.6  

SD 156.1 654.7 0.003 703.7 12.4 43.2 (1397.2 ± 

156.1)x + 

(61941.6 ± 

654.7)  
a Standard deviation of the residuals, b Limit of detection, c Limit of quantification 

 

Table 2.4 Comparison of the present probe (1′) with some previous probes of SDS. 

Sl. 

No. 

Sensor  

Material 

Type of 

Material 

Sensing 

Medium 

Detection 

Limit 

(nM) 

Response 

Time (s) 

Detection 

Method 

Ref. 

1 Poly-

diacetylenes 

(PDAs) 

polymers HEPES 

buffer 

2000 30  colorimetric 21 

2 quaternary 

alkylammonium 

compounds  

(QAC) 

(i) QAC1-TPB 

(ii) QAC2-TPB 

(iii) QAC3-TPB 

(iv) QAC4-TPB 

(v) QAC4-TPB 

- (i) 750 

(ii) 1500 

(iii) 2000 

(iv) 2500 

(v) 2500 

(i) 8 

(ii) 8 

(iii) 8 

(iv) 8 

(v) 12 

electro- 

chemical 

22 

3 TA-DS  ion-exchange  

complex 

- 1400  - potentiometric 32 

4 DMI-TPB ion-exchange 

complexes 

 - 320  - potentiometric 33 

5 HTA-TPB organic ion pair water 200  seconds potentiometric 34 

6 CTA-DS PVC membrane water 300  25 potentiometric 35 
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7 DDA-TPB polymer water 250 6-8 potentiometric 36 

8 MWCNTs with 

TODA-TPB 

carbon nanotube water 

 

(i) 150 

(ii) 200 

8-12 potentiometric 37 

9 1′ MOF Water 107.8  50 fluorescence this 

work 

 

  The excited state lifetimes of the sensor were measured before and after the injection of SDS 

solution. The obtained lifetimes were 9.8 and 11.9 ns, respectively (Table 2.5). The decay 

profile (Figure 2.20) shows that after the addition of SDS solution, weakly fluorescent 1′ 

readily become strong fluorescent. 

 

 

Figure 2.20 Lifetime decay profile of 1′ in the absence and presence of SDS solution (λex = 

360 nm, monitored at 375 nm). 

 

Table 2.5 Fluorescence lifetimes of 1′ before and after the addition of SDS solution (λex = 375 

nm, pulsed diode laser). 

Volume of SDS 

solution added (µL) 

f1 f2 τ1 (ns) τ2 (ns) <τ >* (ns)  ꭓ² 

          0  0.0004 0.9996  17.28  9.864   9.8 1.053 

         350  0.0115 0.8875  0.052  13.428 11.9 1.005 

* <τ> = f1τ1 + f1τ2 

 

  To examine the reusability, we performed a reusability test for 1′. We centrifuged the 

suspension (obtained after each step of sensing) to recover the MOF material. After removing 

the liquid part, the solid part was collected and thoroughly cleaned with water to remove any 

remaining SDS that had been absorbed. After that, the recovered solid was again activated 

before being used in the following cycles of sensing. Figure 2.21 shows that 1′ can sense SDS 
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up to five cycles with almost comparable sensitivity. The probe's high efficiency along with 

excellent reusability guarantees that it is well suited for use in practical sensing applications. 

 

 

Figure 2.21 Reusability of 1′for the sensing of SDS in aqueous medium. 

 

  SDS is mainly available in environmental water bodies (river water, lake water, or tap water). 

Thus, we extended our sensing experiment to real water specimens to verify the broad 

applicability of the newly developed sensor. In this context, suspensions of 1′ were prepared 

in the aforementioned water media and similar titration experiments were performed using 

different concentrations of SDS solutions. Figure 2.22 clearly shows the sensing ability of the 

probe for the various concentrations (2.5, 5 and 10 mM) of SDS solutions in real-water 

specimens. The concentrations of SDS in real water samples were also measured after varying 

the concentration of SDS (2.5-10 mM). The measured concentrations were similar to the spiked 

concentrations of SDS and the obtained recovery percentages were ~100% (Table 2.6). Such 

fruitful results signify the broad scope and real-world applicability of the probe for SDS 

sensing. 

 

 

Figure 2.22 Sensing of SDS in various real water specimens. 
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Table 2.6 Comparison between the spiked and observed concentrations and recovery of SDS in 

different real water specimens. 

Type of Water Spiked Conc. 

of SDS (mM) 

Observed Conc. 

of SDS (mM) 

Recovery (%) 

milli-Q water (i) 1076.9 

(ii) 538.5 

(iii) 269.3 

(i) 1069 

(ii) 545 

(iii) 280 

(i) 99.2 

(ii) 101.2 

(iii) 103.9 

lake water (i) 1076.9 

(ii) 538.5 

(iii) 269.3 

(i) 1071 

(ii) 525 

(iii) 280 

(i) 99.2 

(ii) 97.4 

(iii) 103.9 

tap water (i) 1076.9 

(ii) 538.5 

(iii) 269.3 

(i) 1067 

(ii) 528 

(iii) 281 

(i) 99.0 

(ii) 98.0 

(iii) 104.3 

river water (i) 1076.9 

(ii) 538.5 

(iii) 269.3 

(i) 1081 

(ii) 541 

(iii) 275 

(i) 100.4 

(ii) 100.5 

(iii) 102.1 

 

2.3.8 Mechanism of SDS Sensing 

In search of the probable reason behind the turn-on response after injection of SDS solution in 

the aqueous solution of 1′, firstly, we confirmed the structural integrity of the framework during 

the sensing event by PXRD and FE-SEM analysis (Figures 2.23-2.24). The recyclable nature 

of the probe also indicates towards non-reaction-based sensing mechanism. We also performed 

the sensing experiments by using non-functionalized UiO-66 and UiO-66-NH2 MOFs to 

examine the role of diamine functionalization. Figure 2.25 displays that the fold increments of 

the probe gradually increase with the increase of the number of –NH2 groups. The observation 

clearly evidences that the –NH2 groups in the linker molecules are solely responsible for this 

switch-on response. 

 

 

Figure 2.23 PXRD patterns of 1′ before (a) and after (b) treatment with SDS in water. 
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Figure 2.24 FE-SEM images of 1′ after SDS sensing experiment. 

 

 

Figure 2.25 Sensing performances of different MOFs towards SDS in aqueous medium. 

 

  The sensor 1′ is highly selective towards the sensing of SDS which made us curious to 

investigate the nature of interaction between the probe and the –SO3
- group of SDS. Yin et 

al. reported that the –NH2 functional group of MOF can be present in protonated (-NH3
+) form 

in the aqueous medium.38 The presence of –NH2 groups in protonated form was proved by 

measuring the fluorescence intensity of the MOF in EtOH-H2O mixture. It was observed that 

1′ displays high fluorescence intensity in EtOH medium but the intensity gradually decreased 

with the increase in concentration of H2O (Figure 2.26). This experiment concludes that –NH2 

groups of the linker are present in protonated (-NH3
+) form in aqueous medium. 
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Figure 2.26 Change in fluorescence intensity of 1′ in different ratio of EtOH and H2O. 

 

  The prior literature suggests that the dipolar interactions between the –NH3
+ and –SO3

- groups 

are possible in aqueous medium.39 Zeta potential measurement is an effective method for 

proving electrostatic interactions. In literature, numerous electrostatic interactions-related 

sensing processes have been demonstrated by comparing the value of the zeta potential before 

and after the addition of the targeted sensing analyte.40 Here, 1′ displays zeta potential values 

of +33.3 and -32.1 mV, respectively, before and after the addition of SDS (Figure 2.27). The 

presence of electrostatic interactions between 1′ and SDS was once more corroborated by this 

change in zeta potential value. 

 

 

Figure 2.27 Change in Zeta potential value of 1′ before and after addition of SDS in aqueous 

medium. 

 

  According to the previous literature, the electrostatic interaction can deteriorate in the 

presence of salt solution (like NaCl).41, 42 Figure 2.28 evidences that the increment in emission 

response after addition of SDS solution gradually decreases with the increase of concentration 

of NaCl (0-50 mM) in the sensing medium. The observed increment in emission response was 

~18.9 folds after SDS addition in absence of any external electrolyte. But, with the increase in 

the concentration of NaCl in the sensing medium from 5 to 50 mM, the switch-on in emission 

response steadily decreased from 11 to 5.5 folds. This finding confirmed the existence of 
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electrostatic interactions between 1′ and SDS, which were hampered up by the presence of 

NaCl solution. 

 

 

Figure 2.28 Change in fold increments of 1′ with the increasing concentration of NaCl in the 

sensing medium. 

 

  Electrostatic interactions are exothermic in nature.39 To verify the same, we also performed 

the isothermal titration calorimetry experiment. The experiment indicates the formation of 

complex between SDS and the H2BDC-(NH2)2 linker with a molar ratio of 2:1 (Figure 2.29). 

The exothermic nature of complexation and the decrease in entropy of binding (∆S) after the 

addition of SDS solution again supported the electrostatic interaction mechanism (Table 2.7). 

 

 

Figure 2.29 Isothermal titration calorimetry (ITC) of H2BDC-(NH2)2 linker upon gradual 

addition of SDS solution. 
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Table 2.7 ITC thermogram enthalpy and entropy values in each step upon gradual addition of 

SDS solution. 

Binding Constant (Ki) in M-1 Enthalpy Change (ΔH) in 

calmol-1 

Entropy Change (ΔS) in calmol-

1deg-1 

3.96E4 ± 6.0 E4 -5594 ± 4.65 E3 - 2.58  

3.15 E3 ± 2.3 E3 -2.223 E4 ± 1.16 E4 + 57.3 

 

  The sensing experiment was also executed in the pH range of 2-12. Figure 2.30 suggests that 

the increment in fluorescence intensity gradually decreases with the increase of pH value. Such 

observation further supported the electrostatic interaction mechanism. With the increase in pH 

of the medium, the –NH3
+ groups present in the medium were converted to –NH2. Therefore, 

the electrostatic interactions between –NH3
+ and –SO3

- groups decreased and the corresponding 

turn-on response decreased. 

 

 

Figure 2.30 Change in fold increments of 1′ with the increase of pH of the sensing medium. 

 

  Finally, the most conclusive evidence of the presence of electrostatic interaction was proved 

by XPS analysis of the fresh and SDS-treated MOF samples. Figures 2.31-2.35 show that the 

binding energies of C (1s), Zr (3d) and O (1s) did not change before and after the treatment of 

SDS. A clear shift of the binding energy of N 1s orbital (from 400.00 eV to 399.78 eV) was 

observed for the SDS treated MOF. The shift of binding energy of N 1s orbital strongly 

supported the presence of electrostatic interactions between SDS and the 1′ (Scheme 2.2). 

Because of this interaction, charge transfer occurs from the –SO3
- group of SDS to the electron 

withdrawing (-NH3
+) functional groups of 1′, which results in ‘turn-on’ response. 
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Figure 2.31 Fitted XPS spectra of C (1s) before (a) and after (b) treatment of 1′ with SDS. 

 

 
Figure 2.32 Fitted XPS spectra of N (1s) before (a) and after (b) treatment of 1′ with SDS. 

 

 

Figure 2.33 Fitted XPS spectra of O (1s) before (a) and after (b) treatment of 1′ with SDS. 
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Figure 2.34 Fitted XPS spectra of Zr (3d) before (a) and after (b) treatment of 1′ with SDS. 

 

 
Figure 2.35 Fitted XPS spectrum of S (2p) after treatment of 1′ with SDS. 

 

 

Scheme 2.2 Schematic representation of SDS sensing. 
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2.3.9 Sensing of Vitamin B12 in HEPES Buffer 

Both higher and lower concentrations of vitamin B12 in the human body cause several 

disorders.16 Therefore, it is very important to determine the exact concentration of vitamin B12 

in various body fluids. Previous literature reports suggested that vitamin B12 has three 

absorption maxima at 278, 361 and 550 nm. Out of them, the maxima at 361 nm and 550 nm 

are within the emission range of 1′ (in HEPES buffer) (Figure 2.36). This fact made us 

interested to check the emission response of 1′ in presence of vitamin B12. In practice, >99% 

quenching in fluorescence was observed after 5 s of addition of 300 µL of 5 mM solution of 

vitamin B12 (Figures 2.37-2.38). 

 

 

Figure 2.36 Excitation (black) and emission (red) spectra of 1′ in HEPES buffer. 

 

 

Figure 2.37 Quenching in the fluorescence spectrum of 1′ in HEPES buffer with step-wise 

addition (0 to 350 µL) of 5 mM vitamin B12 solution. 
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Figure 2.38 (a) Quenching in the fluorescence spectrum of 1′ in HEPES buffer as a function 

of time after addition of 350 µL of 5 mM vitamin B12 solution. (b) Time dependent saturation 

plot (luminescence colour change of 1′ under UV-lamp after injection of vitamin B12 displayed 

in inset figure of 2.36b). 

 

  Such rapid and significant decrease in emission intensity of 1′ motivated us to check the 

selectivity of the sensing in presence of other commonly available bio-molecules and metal 

ions in human serum and urine. The aim of this study was to prove the potential applicability 

of the probe for selective sensing and measuring the concentration of vitamin B12 in various 

bio-fluids. Figures 2.39-2.40 clearly signify the selectivity of the sensor in presence of all the 

used competitive analytes and other vitamins. Selectivity remained intact even in presence of 

other ‘B’ vitamins (Figure 2.41). Recyclability test has shown that the probe was recyclable up 

to five cycles of sensing without loss of its efficiency (Figure 2.42).  

 

 
Figure 2.39 Selectivity test of 1′ for the sensing of vitamin B12.  
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Figure 2.40 Selectivity test for the sensing of vitamin B12 in the presence of other competitors 

(error bars represent the standard deviations of three individual measurements). 

 

 

Figure 2.41 Quenching efficiencies of 1′ after adding 300 µL of 5 mM vitamin B12 solution in 

presence of 300 µL 5 mM different vitamin B solutions in HEPES buffer medium (λex = 335 

nm, λem = 462 nm). 
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Figure 2.42 Recyclability test of 1′ towards the sensing of vitamin B12 in HEPES buffer 

medium. 

 

  The LOD and LOQ values were determined following the same procedure used in case of 

SDS sensing (Figure 2.43 and Table 2.8). The obtained LOD and LOQ of the MOF for the 

sensing of vitamin B12 were 45.3 ± 4.2 and 150.9 ± 13.9 nM, respectively which are much 

lower than the previously reported sensors of vitamin B12 (Table 2.9). All the measurements 

were statistically analyzed and errors after three distinct measurements were identified to 

assure the reproducibility and originality of each measurement. Intra-day (Table 2.10) and 

inter-day (Table 2.10) accuracy and precision of the sensing experiments were also examined. 

 

 

Figure 2.43 Change in the fluorescence emission intensity of 1′ in HEPES as a function of 

concentration of vitamin B12. 
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Table 2.8 Statistical details of different analytical parameters for the sensing of vitamin B12 

by 1′. 

Concentration 

Range (nM) 

Slope Intercept Correlation 

Coefficient 

(R2) 

Sy/x 
a LODb 

(nM) 

LOQc
 

(nM) 

Regression 

Equation 

0-480 -256.3 4228913 0.994 3818.9 42.5 141.7 -256.3x + 

4228913 

-263.9 4236470 0.995 4499.7 50.0 166.9 -263.9x + 

4236470 

-345.1 4233025 0.999 3884.3 43.2 144.1 -345.1x + 

4233025 

Average -288.4 4232803 0.996 4067.7 45.3 150.9 -288.4x + 

4232803  

SD 49.2 3783.4 0.002 375.7 4.2 13.9 (-288.4±49.2)x 

+ (4232803 ± 

3783.4)  
a Standard deviation of the residuals, b Limit of detection, c Limit of quantification 

 

Table 2.9 Comparison of the present probe (1′) with some previous probes of vitamin B12. 

Sl. 

No. 

Sensor Material Type of 

Material 

Sensing 

Medium 

Detection 

Limit 

(nM) 

Response 

Time (s) 

Detection 

Method 

Ref. 

1 bovine serum 

albumin (BSA) and 

thiosalicylic acid 

capped AuAgNCs 

nanocluster water 71  - fluorescence 43 

2 BSA capped AuNCs nanocluster PBS  73.8 - fluorescence 44 

3 citric acid and 

safranine T derived 

carbon dots 

carbon dots water 60.78 30 fluorescence 45 

4 saccharomycetes 

and ethanediamine 

deived carbon dots 

carbon dots PBS 2190 30 fluorescence 46 

5 citric acid derived 

carbon dots  

carbon dots water 100 - fluorescence 47 

6 LYS-AgNCs silver 

nanoclusters 

water 48 - fluorescence 48 

7 [Zr6O4(OH)4 

(C8H6N2O4)6] (1′) 

MOF HEPES 45.3  < 5 fluorescence this 

work 

 

Table 2.10 Evaluation of intra-day, inter-day accuracy and precision study of change in 

fluorescence intensity of 1′ after incremental addition of 5 mM aqueous solution of vitamin 

B12. 

Parameter Amount of 

Vitamin 

B12 Added 

(µL) 

Fluorescence Intensity (cps) at  

λmax = 462 nm 

Average PL 

Intensity 

(cps) 

SD RE% 

0 2783690 2783590 2770060 2779113 7840.6 0.164 

50 1265190 1258260 1263380 1262277 3594.3 0.230 
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repeatability 

intra-day 

precision 

100 567723.1 568339.4 560848.5 565637 4158.4 0.367 

150 262734.5 256101.2 257137.2 258657.6 3568.5 1.552 

200 123803.4 122938.0 120256.3 122332.6 1849.4 1.880 

250 62376.5 60596.3 60779.9 61284.29 946.8 1.751 

300 17609.3 17219.4 16860.9 17229.9 374.3 2.155 

reproducibility 

inter-day 

precision 

0 2584920 2783690 2591480 2653363 112913.9 4.681 

50 1246480 1265190 1238860 1250177 13548.6 1.186 

100 561666 567723 552425 560605 7703.5 1.253 

150 253756.2 262734.5 246847.8 254446.1 7965.8 3.155 

200 118667.4 123803.4 115711.7 119394.2 4094.5 3.562 

250 59860.0 62376.5 57820.6 60019.0 2282.1 3.779 

300 17048.6 17609.3 15624.4 1195843 1023.2 4.818 

 

  Drawing the S-V plot and determining of S-V constant is necessary to understand the precise 

mechanism causing the quenching of fluorescence intensity after the addition of vitamin B12 to 

the suspension of 1′ (Figure 2.44). The Ksv value of this quenching procedure was calculated 

using the mathematical formula: I0/I = Ksv[Q] + 1. The intensities of the MOF suspension 

before and following the treatment of various analytes are represented in the formula by I0 and 

I, respectively. [Q] specifies the concentrations (in molar) of specific analytes. The measured 

Ksv value for sensing vitamin B12 was 5.3 × 104 M-1 (Figure 2.45), which is higher than the 

majority of vitamin B12 sensors that have previously been reported. 

 

 

Figure 2.44 S-V plots for the decrease in luminescence intensities of 1′ with gradual addition 

of various analytes in case of vitamin B12 sensing. 
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Figure 2.45 Stern-Volmer plot for the fluorescence emission quenching of 1′ in presence of 

vitamin B12 sensing. 

 

2.3.10 Sensing of Targeted Analytes in MOF@cotton Composite 

Reusability of the probe towards both sensing encouraged us for the preparation of 

MOF@cotton composite for on-site detection of SDS and vitamin B12. In the previously 

reported literature, sensor-coated filter paper strip technology was utilized for the on-site 

sensing of targeted analytes.5, 9 The use of paper strips has various downsides. Paper strips are 

often not reusable because they are readily brittle in the presence of solvents. Thus, these are 

not user-friendly for a recyclable sensor. A cotton composite is durable, hygienic, and reusable. 

As a result, we developed MOF@cotton composites and tested their capacity to detect SDS 

and vitamin B12. For this experiment, two little pieces of cotton fabric were evenly covered 

with the MOF suspension and they were dried in a 60 °C oven. The successful fabrication of 

the MOF particles on the cotton fabric was confirmed by PXRD and ATR-IR measurements 

(Figures 2.46-2.47). Thereafter, one composite was treated with SDS solution and after 

treatment, both SDS-treated and fresh composites were placed under UV light. Under UV light, 

the SDS-treated composite displayed strong blue colour fluorescence, but the untreated 

composite was less fluorescent (Figure 2.48). Similar test was performed in case of vitamin B12 

but opposite trend was noticed for the fluorescence change of the composite. We also 

determined the LOD of SDS and vitamin B12 detection using the cotton composite by treating 

the composite with different concentrations of analyte solutions. The results revealed 

nanomolar level detection ability of the composite for both analytes (Figure 2.48). 
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Figure 2.46 PXRD patterns of compound (a) 1′, (b) 1′@cotton composite and (c) native 

cotton. 

 

 

Figure 2.47 ATR-IR spectra of compound (a) 1′, (b) native cotton, (c) 1′@cotton composite. 
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Figure 2.48 Images of 1′@cotton composites under UV lamp after treatment with (a) SDS (b) 

vitamin B12 solutions having different concentrations. 

 

2.3.11 Sensing of Vitamin B12 in Human Bio-Fluids and Various pH Media 

The lowest vitamin B12 concentrations of a healthy human’s serum and urine are 200-900 

ng/mL and 160-950 ng/mL, respectively.16 The sensing ability of 1′ is up to 45.3 nM which is 

lower than the concentration of vitamin B12 present in human bio-fluids. This fact inspired us 

to check the sensing ability of the probe toward vitamin B12 in human serum and urine samples 

(Figures 2.49-2.50). The fluorescence intensity of the probe decreased by >99% after the 

treatment of vitamin B12-infused serum and urine samples (in both cases) in HEPES buffer. 

The obtained concentrations of vitamin B12 were compared with the spiked concentrations of 

vitamin B12 and recovery percentages were calculated which were ~100% for all the 

measurements (Tables 2.11-2.12). Figure 2.51 displays the sensing ability of the probe in 

different pH media. The probe can sense vitamin B12 up to pH 10. At highly basic pH, the MOF 

lost its sensing efficiency due to loss of its structural integrity. These findings imply that the 

MOF is capable of sensing vitamin B12 in human urine and serum samples. The material can 

thus be used as a diagnostic tool to identify several disorders linked to aberrant vitamin B12 

levels in body fluids.  
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Figure 2.49 Turn-off in fluorescence emission intensity of the suspension of 1′ in HEPES 

buffer medium after addition of 5 mM of different volumes of vitamin B12-spiked serum 

solution. 

 

 

Figure 2.50 Turn-off in fluorescence emission intensity of the suspension of 1′ in HEPES 

buffer medium after addition of 5 mM different volumes of vitamin B12-spiked urine solution. 

 

Table 2.11 Detection of vitamin B12 in human serum samples. 

Vitamin B12 Spiked  

(mol L-1) 

Vitamin B12 Found  

(mol L-1) 

Recovery 

(%) 

RSD (%) 

(n=3) 

1.54 × 10-4 1.52 × 10-4 98.7 1.52 

3.03 × 10-4 3.05 × 10-4 100.6 0.56 

4.47 × 10-4 4.44 × 10-4 99.3 2.51 

5.88 × 10-4 5.84 × 10-4 99.3 2.20 

7.24 × 10-4 7.15 × 10-4 98.7 1.05 

8.57 × 10-4 8.60 × 10-4 100.3 0.59 
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Table 2.12 Detection of vitamin B12 in human urine samples. 

Vitamin B12 spiked  

(mol L-1) 

Vitamin B12 found  

(mol L-1) 

Recovery  

(%) 

RSD (%) 

(n = 3) 

1.54 × 10-4 1.48 × 10-4  96.1 0.48 

3.03 × 10-4 3.04 × 10-4 100.3 2.39 

4.47 × 10-4 4.48 × 10-4 100.2 1.59 

5.88 × 10-4 5.89 × 10-4 100.1 1.75 

7.24 × 10-4 7.26 × 10-4 100.2 1.95 

8.57 × 10-4 8.55 × 10-4 99.7 2.68 

 

 

Figure 2.51 Quenching efficiencies of 1′ after adding 300 µL of 5 mM vitamin B12 solution in 

different pH solutions (λex = 335 nm, λem = 462 nm). 

 

2.3.12 Mechanism of Vitamin B12 Sensing 

The integrity of the framework of the MOF after five conjugative cycles of vitamin B12 sensing 

(Figures 2.52-2.53) and reusability of the sensor with almost equal efficiency (Figure 2.54) 

confirmed that the mechanism is not reaction based. As previously mentioned, the absorbance 

maxima of vitamin B12 lie within the emission range of 1′ which inspired us to consider energy 

transfer mechanistic processes.25 There are a few fundamental events documented in the 

literature (molecular collisions, excited-state reaction, ground-state complexation, inner filter 

effect (IFE) and excited-state energy transfer process) which can be responsible for the non-

reaction-based energy transfer process.49 All these events can be divided into two categories of 

quenching processes: static and dynamic quenching processes. The main causes of dynamic 

quenching are the diffusion of quencher molecules into the fluorophore's excited state and 

collisions between the fluorophore and the quencher molecules. On the other hand, static 

quenching may happen when the fluorophore and the quencher molecules are tightly bound 

together.49 
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Figure 2.52 PXRD patterns of compound 1′ before (a) and after (b) treatment with vitamin B12
 

in HEPES buffer medium. 

 

 

Figure 2.53 FESEM of 1′ after vitamin B12 sensing in HEPES buffer medium. 
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Figure 2.54 Recyclability test of 1′ towards the sensing of vitamin B12 in HEPES buffer 

medium. 

 

  The type of quenching can be confirmed by the measurement of the fluorescence lifetime of 

the sensor before and after the addition of the targeted analyte. Static quenching occurs when 

the fluorescence lifetime of the excited state fluorophore does not change even after the 

addition of a quencher molecule. But, the process is dynamic if the fluorescence lifetime 

diminishes. Herein, the lifetime changed from 12.9 ns to 7.7 ns after the addition of vitamin 

B12 solution to the suspension of MOF (Figure 2.55 and Table 2.13), which confirmed the 

dynamic nature of quenching. Dynamic quenching canceled out the possibilities of static 

quenching and IFE.  

 

 
Figure 2.55 Lifetime decay profile of 1′ in absence and presence of vitamin B12 solution (λex 

= 335 nm, monitored at 336 nm). Here, IRF = instrument response function. 
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Table 2.13 Fluorescence lifetimes of 1′ before and after the addition of vitamin B12 solution 

(λex = 336 nm, pulsed diode laser). 

Volume of Vitamin B12 

Solution Added (µL) 

a1 a2  τ1 (ns)   τ2 (ns)  <τ >*(ns)    ꭓ² 

       0 0.17 0.83 3.28 14.87 12.9 1.047 

      300 0.04 0.96 0.58 8.01 7.7 1.004 

* <τ> = a1τ1 + a2τ2 

 

  We collected the UV-Vis spectra of all the used analytes and overlaid the normalized 

absorption spectra with the emission spectrum of 1′ to examine the cause of the quenching 

process in detail. Only the absorption spectrum of vitamin B12 and the emission spectrum of 1′ 

clearly showed the greatest overlap in Figure 2.56. No overlap was visible for any of the other 

used analytes. Such overlap ensured the resonance energy transfer from 1′ to vitamin B12, 

which is the most possible mechanism behind this selective quenching of fluorescence of 1′ in 

the presence of vitamin B12. The mechanism outlined above was used in many of the 

quenching-based sensing procedures reported in the literature.2, 49, 50 

 

 
Figure 2.56 Spectral overlap between emission spectrum of 1′ and absorption spectra of the 

vitamin B12 and other analytes. 

 

2.4 Conclusions 

This study contains the details of synthesis and analytical characterization of an aqua-stable 

MOF and its application for the sensing of SDS surfactant and vitamin B12. The presented MOF 

is the first ever reported MOF-based sensor of SDS and vitamin B12. The lowest ever reported 

LOD values of 108 and 45.3 nM for SDS and vitamin B12, respectively, quick response time, 

TH-3430_196122037



   Chapter 2 

89 
 

excellent selectivity and reusability are the special characteristics of the sensor. For the 

practical application of the sensor, the sensing ability of the MOF was examined in various 

real-water specimens and biofluids. MOF@cotton composites were fabricated for the on-field 

detection of both the targeted analytes. Visible changes in color of the composites were 

observed even after treatment with nanomolar concentrations of the analytes solutions. The 

electrostatic interactions between the –NH2 groups present in the linker and the –SO3
- group of 

the SDS were responsible for the selective turn-on sensing of SDS. For vitamin B12, the FRET 

from the probe to vitamin B12 quenched the fluorescence of the MOF.  
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A Fluorescent Zirconium Organic Framework Displaying 

Rapid and Nanomolar Level Detection of Hg(II) and 

Nitroantibiotics 
 

This chapter represents the solvothermal synthesis and analytical 

characterization of a new Zr-based highly porous (surface area = 1228 m2g-1) 

MOF material containing benzo[1,2-b:4,5-b’]dithiophene-2,6-dicarboxylic acid 

linker molecule (named as 2). The thermally activated compound (2′) exhibited 

excellent detectability and recyclability towards Hg2+ in H2O medium and 

various nitro-antibiotics (nitrofurazone and nitrofurantoin) in MeOH. Besides 

ultra-fast response (1 min for all analytes), very low limits of detection (LODs) 

were observed for the sensing of all the targeted analytes (LOD for Hg2+, 

nitrofurazone and nitrofurantoin were 5, 156.7 and 96.3 nM, respectively). 

Moreover, a paper strip-based sensing technique was developed for all three 

analytes.  
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3.1 Introduction 

Mercury (Hg) is a highly toxic, non-biodegradable and soft heavy metal.1 In the year of 1956, 

Japan’s Minamata disease already displayed the horrible toxic effect of Hg.2 In the 

environment, Hg is mainly present in its inorganic salt form. However, the inorganic form of 

Hg2+ can easily be converted into its more toxic form methylmercury (CH3Hg+) by fish and 

microorganisms.3 Due to the soft and lipophilic nature of CH3Hg+, it can easily be absorbed by 

the human body.3 This toxic heavy metal (Hg) mainly enters into the human body via aquatic 

organisms. A trace amount of mercury can easily bind with the soft sulphur containing amino 

acid molecules of living organisms and collapse the immune and central nervous systems.4, 5 

Absorption of higher concentration of Hg can cause cancer, heart troubles, respiratory failure, 

motion disorder, temporary blindness, kidney failure, intelligence loss, nephrotic syndrome, 

etc.6 In spite of the huge number of toxic effects of Hg, the ongoing development of various 

industries, numerous natural phenomena like a volcanic eruption and human activities (e.g. 

burning of coal, waste incineration, combustion of fossil fuels, etc.) increase Hg pollution.7 

Therefore, environmental pollution because of Hg has become a highly concerned global issue 

which requires to be resolved urgently. 

  In modern days, different types of pharmaceutical antibiotics are being used all over the world 

for the purpose of human therapy and the farming industry.8 In the year of 1928, the first 

antibiotic penicillin was discovered.9 Thereafter, in the last 90 years, a variety of antibiotics 

were developed to get rid of different bacterial diseases.10, 11 However, the excessive use and 

arbitrary disposal of poorly metabolized antibiotics create a lot of problems for the environment 

and also for the living beings.12, 13 Long term intake of antibiotics may develop the antibiotic-

resistant genes in living organisms which have serious effects on ecosystem.13, 14 Residues of 

pharmaceutical antibiotics and their various transformed products may cause different adverse 

effects like chronic and acute toxicity and microorganism antibiotic resistance.15 Nitrofurazone 

(NFZ) and nitrofurantoin (NFT) are two very common antibiotics that are mainly used for the 

remedy of skin infections, and urinary tract and kidney infections, respectively.16, 17 Exposure 

to these antibiotics for a long-time may cause several side effects, such as nausea, vomiting, 

headache, loss of appetite and dizziness.18, 19 Thereafter, it is necessary to develop a suitable 

method to prevent the environmental pollutions which are caused by these antibiotics. 

  One of the most common ways to protect the environment and living beings from the toxic 

effects of heavy metal ion (Hg) and various antibiotics (NFZ and NFT) is to know their 

presence in the environmental samples (soil and water). The fluorometric method of sensing is 

one of the most user-friendly, easily accessible, rapidly responsive, low cost and reliable 

methods of sensing.20 Such features have made the fluorescent-based method of sensing more 

popular in the scientific community as compared to other conventional techniques of sensing 

like HPLC, capillary electrophoresis, LC-MS, atomic emission, and absorption spectroscopy, 

etc.21 Choice of appropriate sensor molecules (fluorophores) can permit the easy sensing of the 

targeted analytes. 

  Fluorescent MOFs contain linkers as fluorophores, which are able to sense various metal ions, 

anions, biologically signalling molecules, various toxic gas molecules, antibiotics, etc. in the 

past few years.22-25 Rapid development of various MOF-based sensors took place in recent 
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times because of their high physicochemical stability, porous nature and tenable nature of 

functional groups (as required) even after their synthesis.24, 26 Wide choice of solvent molecules 

for the sensing purpose and stability in H2O medium have made MOF materials as suitable 

sensing probes for various analytes.27 

  Various sulfur-containing organic linker molecules and MOFs are reported in the literature 

which was used for the sensing of Hg2+. For the sensing of various nitro-group-containing 

antibiotics, an electron-rich probe can be used.26, 27 The interaction between the soft sulfur atom 

with soft Hg2+ ion and intermolecular energy transfer are the probable reasons behind the 

sensing of Hg2+ ion and nitro-group containing antibiotics in most of the reported probes.28-30  

  Thereby, we strategically synthesized a Zr-based UiO-66 MOF material using benzo[1,2-

b:4,5-b’]dithiophene-2,6-dicarboxylic acid linker (L1). Our aim was to utilize such a linker for 

the sensing of Hg2+ and various nitro-group-containing antibiotics. In reality, the thermally 

activated MOF material displayed outstanding selectivity towards the sensing of Hg2+ and 

nitro-group-containing antibiotics (NFZ and NFT) (Scheme 3.1). Rapid responses were 

observed in both the cases of sensing (for Hg2+ = 1 min; for NFZ = 1 min and for NFT = 1 

min). In addition to the fast and selective response, this MOF material also exhibited 

extraordinarily low LODs for all the targeted analytes (LOD for Hg2+ = 5 nM; for NFZ and 

NFT = 156.7 and 96.3 nM). Together with the solvent phase, this newly synthesized MOF 

material can also sense the targeted analytes in a paper strip coated with MOF. 

 

 

Scheme 3.1. Fluorogenic switch-off sensing of Hg2+ and NFT/NFZ by 2′. 

 

3.2 Experimental Section 

 

3.2.1 Synthesis and Characterization Procedure of Benzo[1,2-b:4,5-b’]Dithiophene-2,6-

Dicarboxylic Acid Linker 

The linker was synthesized using a two-step synthesis procedure (Scheme 3.2). The diethyl 

benzo[1,2-b:4,5-b’]dithiophene-2,6-dicarboxylate was synthesized according to the previously 

reported literature procedure.31 Then, 850 mg (2.77 mmol) of the obtained ester product was 

dissolved in a mixture of 10 mL of THF, 10 mL of EtOH and 10 mL of 1(M) LiOH. After that, 

the mixture was refluxed for 3 h at 80 °C. After 3 h, these solvents were evaporated under 

vacuum. Thereafter, the remaining liquid part was acidified with 3 (M) HCl solution. At last, 

the obtained solid precipitate was filtered, washed with 10 mL of water and then dried in an 

oven at 80 °C for 12 h. Yield: 565 mg (2.03 mmol, 73%). 1H NMR (400 MHz, DMSO-d6): δ 
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= 8.68 (s, 2H), 8.17 (s, 2H) ppm 13C NMR (100 MHz, DMSO-d6): δ = 163.50, 138.51, 138.38, 

136.75, 129.68, 120.05 ppm. ESI-MS (m/z): 276.0665 for (M-H)- ion (M = mass of benzo[1,2-

b:4,5-b’]dithiophene-2,6-dicarboxylic acid linker). In Figures 3.1-3.3, the NMR and mass 

spectra of the synthesized benzo[1,2-b:4,5-b’]dithiophene-2,6-dicarboxylic acid linker are 

shown. 

 

 
Scheme 3.2 Reaction scheme for the preparation of benzo[1,2-b:4,5-b’]dithiophene-2,6-

dicarboxylic acid linker. 

 

 

Figure 3.1 1H NMR spectrum of benzo[1,2-b:4,5-b’]dithiophene-2,6-dicarboxylic acid linker 

in DMSO-d6. 
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Figure 3.2 13C NMR spectrum of benzo[1,2-b:4,5-b’]dithiophene-2,6-dicarboxylic acid linker 

in DMSO-d6. 

 

 
Figure 3.3 ESI-MS spectrum of benzo[1,2-b:4,5-b’]dithiophene-2,6-dicarboxylic acid linker 

measured in methanol. The spectrum shows m/z peak at 276.0665, which corresponds to (M-

H)− ion (M = mass of benzo[1,2-b:4,5-b’]dithiophene-2,6-dicarboxylic acid linker). 

 

3.2.2 Synthesis of [Zr6O4(OH)4(C12H4S2)6]·5H2O·4DMF (2) 

A mixture of benzo[1,2-b:4,5-b’]dithiophene-2,6-dicarboxylic acid linker molecule (20 mg, 

0.07 mmol), ZrCl4 metal salt (17 mg, 0.07 mmol), trifluoroacetic acid (166 µL, 2.1 mmol) and 

3 mL DMF was sonicated for 30 min after pouring all the components in a Pyrex tube. Here, 

the linker molecule, ZrCl4 and trifluoroacetic acid modulator were taken in a molar ratio of 

1:1:30. After complete dissolution of all the components by sonication, the mixture was 
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positioned on a pre-heated heating block at 150 °C for 1 day. After completion of 1 day, a 

yellow colour solid precipitate (2) was collected via filtration. The obtained solid was washed 

with acetone (3 × 2 mL) and placed in an 80 °C air oven for 6 h. Yield: 25 mg (0.01 mmol, 

77% related to Zr salt). Anal. calcd. for C84H66N4O41S12Zr6 (2710 g mol-1): C, 29.38; H, 1.92; 

N, 1.63. Found C, 29.25; H, 1.73; N, 1.46%. FT-IR (cm-1): 3387 (br), 2846 (w), 2550 (w), 1654 

(s), 1542 (vs),1445 (s), 1402 (vs), 1358 (s), 1310 (s), 1253 (w), 1162 (s), 1075 (m), 886 (m), 

773 (s), 660 (s), 602 (m), 442 (s). 

 

3.2.3 Activation of Compound 2 

In as-prepared compound (2), some DMF molecules are encapsulated inside the pore. To 

remove the DMF molecules, at first, 50 mg of 2 was stirred in 100 mL of methanol (MeOH) 

for 1 day. Then, the recovered material was collected by filtration and completely dried in an 

oven of 60 °C for 1 day. Finally, the low boiling MeOH solvents (encapsulated inside the pore 

of 2 during solvent exchange) were removed by heating the compound in a 100 °C oil-bath for 

1 day under vacuum. Thus, we obtained the thermally activated compound 2′. 

 

3.2.4 Preparation of MOF (2′) Suspension for the Fluorescence Sensing Experiments 

The probe 2′ (2 mg) was taken in a 5 mL glass vial and 3 mL Milli-Q water/ MeOH was added 

to it to make a homogeneous suspension. Then, the suspension was sonicated for 30 min and 

kept it for overnight to make the suspension stable. During the fluorescence titration 

experiments, we used 100 µL of above-mentioned suspension of 2′ and 3000 µL of Milli-Q 

water/MeOH was added to it in a quartz cuvette. All the fluorescence spectra were collected 

by exciting the suspension at 310 nm (for aqueous suspension) and 370 nm (for methanolic 

suspension), within the range of 350-550 nm for Hg2+ sensing and 390-550 nm for antibiotics 

(NFZ and NFT) sensing. The solutions of the different competitive analytes of Hg2+ and nitro-

antibiotics (NFZ and NFT) (concentration = 10 mM) were added in an incremental manner to 

2′ suspension. 

 

3.3 Results and Discussion 

 

3.3.1 Infrared (IR) Spectroscopy 

To ensure the presence of various functional groups and the whole removal of DMF (solvent) 

molecules from the pore of the framework structure, we took the support of FT-IR spectroscopy 

(Figure 3.4). Two sharp absorption bands at 1542 and 1402 cm-1 were observed both in case of 

2 and 2′ which were originated from the Zr-coordinated asymmetric and symmetric stretching 

of carboxylate groups of the linker molecules. A weak absorption band near 1654 cm-1 was 

observed for compound 2, which denotes the carbonyl stretching vibration of DMF molecules. 

Such an absorption frequency was not observed in the case of 2′. This confirmed the whole 

removal of guest DMF molecules from the pore of the framework structure of 2. 
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Figure 3.4 FT-IR spectra of (a) linker, (b) as-synthesized 2 and (c) activated 2′. 

 

3.3.2 Rietveld Refinement 

At first, a starting model for the Rietveld refinement based on the UiO-66 structure32 was built 

in Materials Studio33 and geometrically optimized by applying force-field calculations. For the 

refinement using Topas Academics,34 the bond lengths of the Zr-O-bonds of the hexanuclear 

cluster were restrained. For the C-C-, C-S- and C-O-bonds of the linker, a set of distance and 

angle restraints were used. Since the linker is placed on a mirror plane, the atoms S1 and C3 

were refined almost on top of each other, but with an occupancy of 0.5, respectively. No 

indication for a preferred orientation of the linker molecule was found. The final parameters 

obtained from the Rietveld refinement are summarized in Table 3.1. The Rietveld plot is 

displayed in Figure 3.5 and the details of bond lengths in the structure of 2 are shown in Table 

3.1. 
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Figure 3.5 Rietveld plot for the structural refinement of 2.  

 

Table 3.1 Lattice parameter and crystallographic data obtained from the Rietveld refinement 

of 2.  

 

 

 

 

 

 

3.3.3 Analysis of Structure 

At first, PXRD analysis with both 2 and 2′ was performed (Figure 3.6). The obtained PXRD 

data of 2 was indexed. This resulted in a cubic space group (Fm3̅m, no. 225). By utilizing the 

obtained lattice parameters from refinement (Table 3.1) and the crystal structure of UiO-66, a 

model for the structure of 2 was constructed. The modeled crystal structure of 2 was refined 

utilizing the Rietveld method utilizing the PXRD data of the compound. To our satisfaction, 

the refinement results indicated that the structure of 2 (Figure 3.5) owns a similar framework 

structure as UiO-66.32 Similar to the pristine UiO-66 framework, 2 also has octahedral and 

tetrahedral structural voids. Here, all the Zr-atoms are present in a square antiprismatic 

coordination environment. Such similarities in both the structures imply that the incorporation 

of benzo[1,2-b:4,5-b’]dithiophene-2,6-dicarboxylic acid linker molecule in place of un-

functionalized terephthalic acid linker molecule does not make any change in the framework 

structure (Figure 3.7). The activated compound (2′) also displayed a similar PXRD pattern as 

Compound 2 

space group Fm3̅m 

a = b = c [Å] 26.5967(11) 

Rwp [%] 4.95 

RBragg [%] 2.62 

GoF 1.02 

TH-3430_196122037



   Chapter 3 

100 
 

that of 2′. That means the framework of 2 remains unaltered even after thermal activation 

(Figure 3.6). 

 

 
Figure 3.6 PXRD patterns of (a) 2 (simulated), (b) as-synthesized 2 (red) and (c) activated 2′ 

(black). 

 

 

Figure 3.7 Structure of compound 2 (a), its SBU (b) and corresponding linker (c). 

 

3.3.4 FE-SEM and EDX Analysis 

A homogeneous crystalline phase consisting of cubic-shaped crystals of 2′ was visualized from 

the FE-SEM images (Figure 3.8). The presence of C, S, O and Zr atoms in the MOF was 

confirmed by the EDX analysis (Figure 3.9). 
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Figure 3.8 FE-SEM images of 2. 

 

 
Figure 3.9 EDX spectrum of 2′. 

 

3.3.5 Thermal Stability 

Thermogravimetric analysis (TGA) of both 2 and 2′ was conducted to know the thermal 

stabilities of this newly synthesized MOF material in as-synthesized (2) and activated forms 

(2′). Figure 3.10 displays that both 2 and 2′ are thermally stable up to the temperature of 415 

°C. For the as-synthesized compound (2), three consecutive losses of weights took place. The 

first loss of weight (3.4%) in between the temperature of 25-115 °C can be attributed to loss of 

5 H2O molecules per formula unit (cal.: 3.4 wt.%). Escaping of 4 DMF molecules (per formula 

unit) from the pore of the framework is the reason behind the weight loss of 10.1% within the 

temperature range of 115-415 °C (cal.: 10.1 wt.%). After the temperature of 415 °C, 

decomposition of the framework structure took place. In case of 2′, the only weight loss was 

observed at temperatures above 415 °C due to decomposition of the framework structure. 

Hence, it can be concluded that both 2 and 2′ have similar thermal stability as that of the other 

reported UiO-66 family of Zr-MOFs.35, 36 
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Figure 3.10 Thermogravimetric analysis curves of as-synthesized 2 (black) and thermally 

activated 2′ (red) recorded under air atmosphere in the temperature range of 25-700 °C with a 

heating rate of 5 °C min-1. 

 

3.3.6 Chemical Stability 

Chemical stability of 2′ in different solvents (H2O, MeOH, CH2Cl2, acetone, hexane and DMF) 

was investigated (Figure 3.11). For this investigation, at first, 15 mg of 2′ was stirred in 20 mL 

of different solvents for 6 h at room temperature. Afterwards, the material was collected by 

filtration and PXRD analysis was performed after drying the recovered material at 60 °C inside 

an oven. The unperturbed nature of the PXRD patterns confirms the stability of 2′ in various 

solvents. The robust nature of the material in the sensing media (H2O and MeOH) fulfills the 

criteria of a smart sensor molecule. Therefore, the chemical stability of 2′ is comparable to 

other reported UiO-66 type of Zr-MOFs.35, 37 

 

 

Figure 3.11 PXRD patterns of 2′ in different forms: (a) activated (2′), after stirred with (b) 

H2O (c) MeOH (d) CH2Cl2 (e) acetone (f) hexane and (g) DMF for 6 h. 
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3.3.7 N2 Sorption Analysis 

For the determination of surface area (BET) and pore volume of 2′, the N2 sorption analysis 

was performed at a temperature of -196 °C (Figure 3.12). The N2 sorption study and density 

functional theory pore-size distribution plot confirm the microporous nature of the framework. 

The obtained surface area of 2′ was 1228 m2 g-1 with a pore volume of 0.6 cm3 g−1 (measured 

at p/p0 = 0.5). The average pore radius was 10.8 Å (Figure 3.13). Therefore, it is worthy to state 

that the BET surface area of 2′ is comparable to the other literature reported Zr-based UiO-66 

type of materials.36, 38 

 

 
Figure 3.12 N2 adsorption (black squares) and desorption (red circles) isotherms of thermally 

activated 2′ recorded at –196 °C. 

 

 

Figure 3.13 Density functional theory pore-size distribution of compound 2′ as determined 

from its N2 adsorption isotherms at -196 °C. 
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3.3.8 Fluorescence Sensing of Hg2+ in Water 

To examine the sensing capability of 2′ for the sensing of Hg2+ in universal solvent (H2O), at 

first, we conducted the fluorescence titration experiment with the aqueous suspension of 2′ 

(100 µL) (taken in a 3 mL cuvette containing 2900 µL of H2O) by adding an incremental 

volume of 25 µL of aqueous solution (10 mM) of Hg2+. Initially, 2′ displayed very high 

luminescence emission intensity but with the incremental addition of Hg2+ solution, the 

emission intensity gradually decreased and finally became saturated after the addition of 75 µL 

of 10 mM aqueous solution of Hg2+ (λex = 320 nm, λem = 420 nm) (Figure 3.14). Around 92% 

decrease in fluorescence intensity was observed after the addition of 75 µL of 10 mM solution 

of Hg2+ (Figure 3.15). 

 

 

Figure 3.14 Excitation (black) and emission (red) spectra of 2′ in water. 

 

 

Figure 3.15 Decrease in emission intensity of 2′ with the incremental addition of 10 mM 

aqueous solution of Hg2+ (from 0 µL to 75 µL) (λex = 320 nm and λem = 420 nm). 
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  A time-dependent luminescent study was conducted to deduce the response time of 2′ for the 

sensing of Hg2+ (Figure 3.16a). We know that the sensors with lower response times are more 

applicable for the real-life sensing purposes. At first, 100 µL of aqueous suspension of 2′ was 

taken in a cuvette containing 2900 µL of water. It was followed by the inclusion of 75 µL of 

10 mM aqueous Hg2+ to that mixture and fluorescence spectra were recorded with a regular 

time interval of 1 min. It was observed that the emission spectrum rapidly became saturated 

after 1 min of the addition of Hg2+ (Figure 3.16b). Therefore, this probe will be highly 

applicable for the real-life detection of Hg2+ because of its very low response time (1 min). 

 

 

Figure 3.16 (a) Switch-off in luminescent intensity of 2′ with the increase in time after adding 

75 µL of 10 mM of Hg2+ solution (λex = 320 nm, λem = 420 nm). (b) Change of luminescent 

emission intensity with the increase in time. 

 

  A reliable sensor material should sense the targeted analyte only. To verify these criteria, we 

conducted similar sensing experiments using the other competitive metal ions (Fe2+, Cu2+, Al3+, 

K+, Ni2+, Cd2+, Na+, Mn2+, Cr3+, Zn2+, Co2+, Pb2+, Pd2+ and Pt2+) of Hg2+. Figure 3.17 displays 

that no other competitive metal ion can effectively quench the fluorescence emission intensity 

of 2′. Thus, we can conclude that 2′ is highly selective in sensing of Hg2+ in H2O.  

 

 

Figure 3.17 Turn-off in emission intensity of 2′ after inclusion (75 µL) of 10 mM of Hg2+ 

solution and 75 µL (10 mM) solutions of competitor metal ions (λex = 320 nm, λem = 420 nm). 
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In actual situations, more than one competitive analyte can be present together. A smart sensor 

should have the quality to sense the targeted analyte even in the presence of other competitive 

analytes. To corroborate this phenomenon, at first, we treated the aqueous suspension of 2′ 

with 75 µL of 10 mM other competitive analytes. Thereafter, the suspensions were further 

treated with 75 µL of 10 mM aqueous solution of Hg2+. From the Figure 3.18, it can be 

evidenced that the fluorescence intensities of 2′ were not effectively quenched in presence of 

other competitive analytes. But, a rapid decrease in fluorescence intensities was observed after 

the addition of Hg2+ solution. This proved the selective nature of 2′ even in the presence of 

other competitive analytes. 

 

 
Figure 3.18 Change in emission response of 2′ after the inclusion of 75 μL of 10 mM Hg2+ in 

the co-existence of 75 μL of 10 mM solutions (in H2O) of various competitor metal ions of 

Hg2+ (λex = 320 nm, λem = 420 nm). 

 

  Stern-Volmer (S-V) plot in different concentrations of various analytes provides us valuable 

information on the nature of quenching. Here, sensing of Hg2+ takes place through the 

quenching pathway. Therefore, it is obvious to draw a S-V plot to know the mechanism behind 

the quenching of fluorescence intensity (Figure 3.19). Here, the Ksv value (Ksv = S-V quenching 

constant) was calculated by using the following mathematical equation: I0/I = Ksv[Q] + 1. 

  In the equation, I0 and I denote the fluorescence intensities of 2′ in the absence and attendance 

of different analytes, respectively. [Q] represents the concentrations (in molar) of different 

analytes. The obtained value of Ksv for the sensing of Hg2+ was 3.54 × 105 M−1 (Figure 3.20), 

which is much higher than most of the other reported MOF-based sensors of Hg2+.39, 40 
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Figure 3.19 S-V plots for the decrease in luminescence intensities of 2′ with the gradual 

addition of various analytes in the case of Hg2+ sensing. 

 

 

Figure 3.20 Stern-Volmer plot for the fluorescence emission quenching of 2′ in presence of 

Hg2+ solution. 

 

  The limit of detection value denotes the quality of a sensing probe. To obtain the LOD value 

for the sensing Hg2+, at first, the standard deviation (σ) of the luminescence intensities of the 

suspension of 2′ (in the absence of any analyte) was calculated. Afterward, a series of 

fluorometric titration experiments were carried out after gradually diluting the concentration 

of Hg2+. A straight line with a negative slope (k) was obtained after plotting the concentrations 

against the fluorescence emission intensities (Figure 3.21). Finally, the LOD value was 

calculated using the formula: 3σ/k. Here, the obtained LOD value (5 nM) is lower than most of 

the reported MOF-based chemosensors of Hg2+ (Table 3.2). 
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Figure 3.21 Change in the fluorescence intensity of 2′ in water as a function of concentration 

of Hg2+. 

 

Table 3.2 Comparison of the response time, detection limit and sensing media used for the 

reported chemosensors of Hg2+ in the literature. 

Sl.

No. 

Sensor Material Type of 

Material 

Sensing Medium Detection 

Limit (nM) 

Response 

Time 

(min) 

Detection 

Method 

Ref. 

1 thiosemicarbazone organic-

molecule 

0.01 M acetic 

acid/sodium acetate 

buffer 

770 - fluorescence 41 

2 GT capped AgNPs nano-particles water 0.037 0-60 fluorescence 42 

3 azo Crown ether organic 

molecule 

methanol 13900 - fluorescence 43 

4 silver nano- 

particles 

nano-particles water 850 30 colorimetric 44 

5 rhodamine 6G Rh-complex THF: water  

(8:2, pH = 7) 

30.37 - fluorescence 45 

6 tetraphenyl ethylene 

based AIE probe 

organic 

molecule 

water 63 - fluorescence 46 

7 squaraine based 

fluorescent probe 

organic 

molecule 

ethanol: water 

(20:80, v/v) 

21.9 3 fluorescence 47 

8 rhodamine appended 

terphenyl 

organic 

molecule 

THF 500 30 fluorescence 48 

9 ruthenium complex metal complex ethanol 100 - fluorescence 49 

10 double naphthalene 

Schiff base 

organic 

compound 

DMSO 55.9 80 fluorescence 50 

11 gold nano- 

particles 

nano-particles water 50 0.16 potentiometric 51 

12 gold nano- 

particles 

nano-particles water 50 40 colorimetric 52 

13 poly (vinyl chloride) polymer tris buffer 20 10 potentiometric 53 

14 polyaniline-naflon nano- 

structure 

nano-particles PBS buffer 50  1.47-2.1  amperometry 54 

15 thiol functionalized 

reduced GO 

nano-particles water 20  180 electro-

chemical 

55 
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  Recyclability tests up to five cycles were conducted using the probe 2′. The MOF material 

was recovered after each cycle by centrifugation. Then, the material was filtered, dried and 

used for next cycle of sensing. Figure 3.22 displays that the material can sense with almost 

equal efficiency up to five cycles. High reusability with equal efficiency ensures that the probe 

is highly applicable for the real-life sensing purpose. 

 

 
Figure 3.22 Recyclability plot of 2′ towards the sensing of Hg2+ in water. 

 

16 2-hydroxy benzothiazole  

modified rhodol 

organic 

compound 

THF: HEPES (4:6, 

v/v) 

270 - fluorescence 56 

17 nitrogen-doped carbon  

quantum dots 

quantum dots water 230 15 fluorescence 57 

18 [Ni(3-bpd)2(NCS)2]n MOF water - 120 fluorescence 58 

19 [PCN-221] MOF water 10 1 fluorescence 59 

20 [Cu(Dcbb)(Bpe)].Cl MOF HEPES buffer 3.2 and 3.3  30 fluorescence 60 

21 UiO-66@ Butyne MOF water 10.9 3 fluorescence 61 

22 Ln(TATAB)⋅(DMF)4(H2O) 

(MeOH)0.5 

MOF water  4.4 - fluorescence 62 

23 Eu3+/CDs@MOF-253 MOF water 47.88 3 fluorescence 63 

24 [Cu(Cdcbp)(H2O)2· 

2H2O]n 

MOF water (2.3 ± 0.8)  2 fluorescence 64 

25 Al-MOF (TAM) MOF water 2.94 0.5 fluorescence 65 

26 [Cu(Cbdcp)(Dps)(H2O)3]

· 

6H2On 

MOF HEPES buffer 2.6 10 fluorescence 66 

27 Cd−EDDA  MOF water 2 0.25 fluorescence 39 

28 tetrahydrodibenzo  

phenanthridine 

derivatives 

organic 

compound  

DMSO : THF = 1 : 

1 

0.91 and 

0.041 

- fluorescence 28 

29 [Zn(L)(BBI).(H2O)2] 

[Cd(L)(TPOM)0.75]xS 

MOF water  - - fluorescence 67 

30 Zr6O4(OH)4(C12H4S2)6 

(2′) 

MOF water 5 1 fluorescence this 

work 
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3.3.9 Mechanistic Investigation for Hg2+ Sensing 

Recyclability performance up to five cycle (Figure 3.22) and integrity of the framework 

structure of 2′ after Hg2+ sensing (Figure 3.23) ensure that the sensing mechanism is not 

reaction-based. Many sulphur containing sensor molecules of Hg2+ are available in literature 

where the interaction between the soft sulphur (S) atoms with the soft Hg2+ was the reason 

behind the quenching of fluorescence emission intensities of the sensors.68 We also expected 

here that the interaction between the sulphur atoms of the thiophene rings (present in the linker 

molecule) and Hg2+ may be the reason behind the quenching process. 

 

 

Figure 3.23 PXRD patterns of compound 2′ before (a) and after (b) treatment with Hg2+ in 

aqueous medium. 

 

  To explore the actual reason for quenching, we have performed the luminescence lifetime 

measurements (Figure 3.24 and Table 3.3). Insignificant change in fluorescence lifetime (2.08 

and 2.07 ns) before and after the addition of Hg2+ confirms the static nature of the quenching 

process.69 Static nature of quenching ruled out the possibility of resonance energy transfer from 

2′ to Hg2+. Therefore, the coordinative interaction between soft sulfur atoms of 2′ and Hg2+ 

(S···Hg2+ interaction)70 may be the reason behind the quenching process. This kind of 

interaction was reported in many of the sensing/absorption processes of Hg2+ in literature.28, 71 
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Figure 3.24 Lifetime decay profile of 2′ in the absence and presence of Hg2+ solution (λex = 

320 nm, monitored at 308 nm). Here, IRF = instrument response function. 

 

Table 3.3 Fluorescence lifetimes of 2′ before and after the addition of Hg2+ solution (λex = 320 

nm, pulsed diode laser). 

Volume of NFT  

Solution Added (µL)  

a1  a2  τ1 (ns)   τ2 (ns)  <τ >*(ns) 

            0 0.82 0.18 0.61 8.81 2.08 

          100 0.78 0.22 0.58 7.39 2.07 

* <τ> = a1τ1 + a2τ2 

  Furthermore, we took the supports of UV-Vis, EDX and XPS analysis to validate the probable 

interaction between the S atoms (of the linker) and Hg2+. EDX analysis of the recovered 

material obtained after sensing displayed the presence of Hg2+ (3.1 wt%) (Figure 3.25). This 

implies that some complexation took place between Hg2+ and S atoms of the linker molecule. 

But, the retention of PXRD profile indicates that the interactions between Hg2+ and the S atoms 

of the thiophene rings are not sufficiently strong to break down the crystalline nature of 2′. 

Furthermore, the possible interaction between soft S atoms of 2′ and Hg2+ was examined by 

the UV-Vis spectroscopy (Figure 3.26). Before the addition of Hg2+, 2′ displayed absorption 

peaks at 374 and 255 nm and a shoulder peak at 362 nm. But, after the inclusion of Hg2+, the 

peak at 374 nm vanished and a new absorption peak at 344 nm appeared along with two small 

peaks at 381 and 403 nm. The peak at 255 nm remained at the same position. These changes 

in the UV-Vis spectra strongly support the interaction between the soft S atoms and Hg2+.72, 73
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Figure 3.25 EDX spectrum of 2′ after treatment with 10 mM Hg2+ solution under sensing 

conditions. 

 

 
Figure 3.26 UV-Vis spectra of compound 2′ in absence (black) and presence (red) of solution 

(75 μL, 10 mM). 

 

  To confirm the specific interaction between S and Hg2+, we performed XPS analysis. The 

XPS spectra of 2′ before and after the treatment of Hg2+ were analysed (Figures 3.27-3.31). 

The XPS signature of the 4f orbital of Hg2+ showed sharp peaks at 101.38 and 105.41 eV. This 

confirmed the presence of Hg2+ in the recovered material obtained after the sensing event. 

Furthermore, the XPS spectra of the fresh and Hg2+ treated 2′ for Zr 3d, O 1s and C 1s orbitals 

were similar. However, an obvious change in the XPS spectrum of S 2p orbital of the fresh and 

used 2′ confirmed the interaction between the S atoms of thiophene rings and Hg2+. The peaks 

at 163.82, 164.88, 168.78 and 169.91 eV for the fresh sample correspond to the 2p orbital of S 

atoms, which were shifted to the lower energy region (163.15, 164.22, 168.07 and 169.22 eV) 

after the treatment of Hg2+. All the above experimental results strongly support that the 
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coordinative interactions between the S atoms of 2′ to Hg2+ were the reasons behind the 

fluorescence quenching of 2′. 

 

 

Figure 3.27 Fitted XPS spectra of C (1s) before (a) and after (b) treatment of 2′ with Hg2+. 

 

 

Figure 3.28 Fitted XPS spectra of O (1s) before (a) and after (b) treatment of 2′ with Hg2+. 

 

 

Figure 3.29 Fitted XPS spectra of Zr (3d) before (a) and after (b) treatment of 2′ with Hg2+ 
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Figure 3.30 Fitted XPS spectra of S (2p) before (a) and after (b) treatment of 2′ with Hg2+. 

 

 

Figure 3.31 Fitted XPS spectrum of Hg (4f) after treatment of 2′ with Hg2+. 

 

3.3.10 Fluorescence Sensing of Antibiotics (NFZ and NFT) in MeOH 

In modern days, different types of pharmaceutical antibiotics are being used all over the world 

for the purpose of human therapy and farming industry.8 In the year of 1928, the first antibiotic 

penicillin was discovered.9 Thereafter in the last 90 years, a variety of antibiotics were 

developed to get rid of different bacterial diseases.10, 11 However, the excessive use and 

arbitrary disposal of the poorly metabolized antibiotics create lot of problems for the 

environment and also for the living beings.12, 13 Long term intake of antibiotics may develop 

the antibiotic resistant genes in living organisms which have serious effects on ecosystem.13, 14 

Residues of pharmaceutical antibiotics and their various transformed products may cause 

different adverse effects like chronic and acute toxicity and microorganism antibiotic 

resistance.15 Nitrofurazone (NFZ) and nitrofurantoin (NFT) are two very common antibiotics 

which are mainly used for the remedy of skin infections, and urinary tract and kidney 

infections, respectively.16, 17 Exposure to these antibiotics for long-time may cause several side 
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effects, such as nausea, vomiting, headache, loss of appetite and dizziness.18, 19 Thereafter, it is 

necessary to develop a suitable method to prevent the environmental pollutions which are 

caused by these antibiotics. 

  To verify the efficiency of 2′ for the sensing of antibiotics, firstly, we measured the emission 

intensity of 2′ (100 µL MOF in 2900 µL MeOH) after exciting the MOF suspension at 370 nm. 

Strong emission intensity with an emission maximum at 442 nm was observed before the 

addition of NFZ and NFT antibiotic solutions. But, the emission intensities of 2′ gradually 

decreased after each incremental accumulation of 10 mM of NFZ and NFT antibiotic solutions. 

The diminution of emission intensities became saturated after the addition of 100 µL of 10 mM 

methanolic solution of NFZ and NFT antibiotics (Figure 3.32). 

 

 

Figure 3.32 Quenching in luminescence intensity of 2′ with the gradual addition of 10 mM 

aqueous solution of NFZ and NFT (from 0 µL to 100 µL) (λex = 370 nm and λem = 442 nm). 

 

  Detection time for these antibiotic by the probe was measured after addition of 100 µL of 

methanolic solution of NFZ and NFT antibiotics into a cuvette filled with the mixture of 100 

µL MOF in 2900 µL MeOH. The reduction in fluorescence intensity became saturated after 1 

min of the addition of NFZ and NFT antibiotics (Figure 3.33). The experiment evidenced that 

the response time of the probe towards antibiotics is less than 1 min. 
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Figure 3.33 Switch-off in luminescence intensity of 2′ with respect to time after the inclusion 

of 100 µL of 10 mM of (a) NFZ and (c) NFT solutions in MeOH. Variation of fluorescence 

intensity with time for (b) NFZ and (d) NFT (λex = 370 nm, λem = 442 nm). 

 

  The selective sensing efficiency was verified after addition of 100 µL of 10 mM of the other 

antibiotic solutions to the suspension of 100 µL of MOF in 2900 µL MeOH. From Figure 3.34, 

it can be concluded that other antibiotics (except NFZ) did not effectively quench the 

fluorescence intensity of 2′. Analogous experiments using 100 µL of 10 mM methanolic 

solution of antibiotics were performed in case of NFT. Similar result was also obtained in case 

of NFT. All these results imply that MOF is highly selective for the sensing of NFZ and NFT. 

 

 

Figure 3.34 Switch-off in luminescence intensity of 2′ after inclusion (100 µL) of 10 mM of 

NFZ and NFT solutions and 100 µL of 10 mM solutions (in MeOH) of other competitor 

antibiotics (λex = 370 nm, λem = 442 nm). 
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  The selectivity of luminescence response of 2′ towards NFZ and NFT even in presence of 

other competitive analytes (metronidazole (MTZ), chloramphenicol (CHL), ofloxacin (OFX), 

ciprofloxacin (CIP), tetracycline (TET), dimetridozole (DMZ), sulfamethazine (SMZ), 

ronidazole (RNZ) and sulfadiazine (SDZ)) were also verified. For this study, at first, the MOF 

material was treated with 100 µL of other competitive antibiotics. After that, the material was 

further treated with 100 µL (10 mM) MeOH solution of NFZ (identical experiments were also 

carried out in case of NFT antibiotic after taking 100 µL of 10 mM of NFT solution). From 

Figure 3.35, it is clear that NFT and NFZ can quench the emission intensity of 2′ with equal 

efficiency even in attendance of its other congeners. Therefore, we can deduce that 2′ is highly 

suitable for the selective sensing of NFZ and NFT in MeOH. 

 

 

Figure 3.35 Switch-off in fluorescence emission intensity of 2′ after addition (100 µL) of 10 

mM of NFZ and NFT solutions in the presence of 100 µL of 10 mM solutions (in MeOH) of 

other competitor antibiotics (λex = 370 nm, λem = 442 nm). 

 

  To realize the actual mechanism behind the quenching of fluorescence intensity in the 

presence of NFZ and NFT, we analysed the S-V plots (Figure 3.36). The Ksv values were 

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

  The Ksv value of 1.42 × 105 M−1 and 4.3 × 105 M−1 for NFZ and NFT are superior to most of 

the other reported chemosensors of nitro-antibiotics (Figure 3.37-3.38).30, 74, 75 Initially, at 

lower concentration of nitro-antibiotics, the S-V plots were linear in nature. But, at higher 

concentrations of nitro-antibiotics, they deviate from their linearity. Thereby, the energy 

transfer process or self-absorption may be the reason behind these quenching processes. 
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Figure 3.36 S-V plots for the decrease in luminescence intensities of 2′ with the gradual 

addition of various antibiotics in case of (a) NFZ and (b) NFT sensing. 

 

 

Figure 3.37 Stern-Volmer plot for the fluorescence emission quenching of 2′ in presence of 

NFZ solution. 

 

TH-3430_196122037



   Chapter 3 

119 
 

 
Figure 3.38 Stern-Volmer plot for the fluorescence emission quenching of 2′ in presence of 

NFT solution. 

 

  Similar to Hg2+ sensing, here also LOD values for the detection of NFZ and NFT were 

calculated (Figures 3.39-3.40) using the 3σ/k rule. The final obtained values of LODs are 156.7 

nM and 96.3 nM for NFZ and NFT, respectively. The obtained LOD values are much lower 

than most of the reported chemosensors of NFZ and NFT (Table 3.4). 

 

 
Figure 3.39 Change in the fluorescence intensity of 2′ in MeOH as a function of concentration 

of NFZ. 
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Figure 3.40 Change in the fluorescence intensity of 2′ in MeOH as a function of concentration 

of NFT. 

 

Table 3.4 Comparison of the response time, detection limit and sensing media used for the 

reported chemosensors of NFT and NFZ in the literature. 

Sl.

No. 

Sensor Material Type of 

Material 

Name of  

Antibiotic 

Sensing 

Medium 

Detection 

Limit (nM) 

Response 

Time (min) 

Detection 

Method 

Ref. 

1 HNU-52 MOF NFT 

NFZ 

DMF 920  

720 

1 fluorescence 76 

2 [Zn(TTPBA-

4)0.5(TPA)]· 

H2O·0.5DMF 

MOF NFT 

NFZ 

DMAc - - fluorescence 30 

3 Cr-MIL-101/A MOF NFT - 3 10 electro-

chemical 

77 

4 CNDs nano-

particles 

NFT - 1400 - fluorescence 78 

5 Gold nimrods nanorods NFT - 6510 60 voltammetry 79 

6 MIPs polymers NFT acetonitri

le + 0.2% 

dimethyl 

sulfoxide 

5000 - voltammetry 80 

7 (Me2NH2)1.5· 

[In1.5(FBDC) 

(BDC)]2.5·NMF·

CH3CN 

MOF NFT water 1900 60 fluorescence 81 

8 

 

[Cd3(DBPT)2 

(H2O)4]·5H2O 

 NFT methanol 5000 - fluorescence 82 
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9 Ag-SDS 

electrode 

nano-

particles 

NFZ ternary 

choline 

chloride-

urea-

glycerol 

370 - voltammetry 83 

10 rGO/Fe3O4NR nanorod NFT water 1.14 - electro-

chemical 

sensor 

84 

11 TiO2-rGO NC nano-

particles 

NFT water 2.28 20 voltammetry 85 

12 Tb(TCPB)0.5 

DMF 

 NFZ 

NFT 

water 55000 

120000 

120 fluorescence 86 

13 MIP film polymer NFT real 

serum 

samples 

0.3 30 electrochemi

cal sensor 

87 

14 LMNS nano-

spheres 

NFT water 72 20 voltammetry 88 

15 [Cd3(TDCPB)·2

DMAc]· 

DMAc·4H2O 

MOF  NFT 

NFZ 

DMAc 60000 1.25 fluorescence 89 

16 4⊃DEASM MOF NFZ water 208 - fluorescence 90 

17 [Zr6O4(OH)4 

(C12H4S2)6] (2′) 

MOF NFT 

NFZ 

MeOH 96.3 

156.7 

1 

 

fluorescence this 

work 

 

  Reusability performance for the sensing of NFZ and NFT up to five cycles was explored 

(Figures 3.41-3.42). A similar experimental procedure as applied in the case of Hg2+ sensing 

was followed. It is worth noting that, the material is highly recyclable for the sensing of the 

selected nitro-antibiotics. High recyclable performance without loss of its sensing efficiency 

increases its practical application possibilities. 

 

 
Figure 3.41 Recyclability plot of 2′ towards the sensing of NFZ in MeOH. 
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Figure 3.42 Recyclability plot of 2′ towards the sensing of NFT in MeOH. 

 

3.3.11 Mechanistic Investigation for NFZ and NFT Sensing 

Reusability of 2′ for the sensing of NFZ and NFT up to five conjugative cycles (Figures 3.41-

3.42) and retention of PXRD profile of 2′ after sensing (Figure 3.43) confirmed that the 

mechanism behind quenching is not reaction based.  

 

 
Figure 3.43 PXRD patterns of compound 2′ before (a) and after (b) treatment with Hg2+ in 

aqueous medium, (c) after treatment with NFZ and (d) after treatment with NFT in MeOH. 

 

  There are some basic phenomena like collision between molecules, ground state 

complexation, energy transfer process, inner filter effect (IFE) and excited-state reaction which 

are reported in the literature reasons behind quenching processes.91 All the above processes can 
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be classified into two different types of quenching processes. These are static and dynamic 

quenching processes. The diffusion of quencher molecules to the excited state of the 

fluorophore and the collision between the fluorophore and the quencher molecules are the main 

reasons behind the dynamic quenching. On the other hand, the close association between the 

fluorophore and the quencher molecules may result in static quenching.70 

  A time-resolved fluorescence study can corroborate the nature of quenching. If the 

fluorescence lifetime of the excited state fluorophore remains constant even after the addition 

of a quencher molecule, the process is static quenching. But, if the fluorescence lifetime 

decreases, the process is dynamic quenching.69  

  Here, after the addition of nitro-antibiotics, the fluorescence lifetime of the fluorophore was 

reduced from 1.68 ns to 1.28 and 1.38 ns for NFZ and NFT, respectively (Figures 3.44-3.45 

and Table 3.5-3.6). It confirmed the dynamic nature of quenching. Hence, the possibilities of 

IFE and static quenching are completely ruled out. 

 

 
Figure 3.44 Lifetime decay profile of 2′ in the absence and presence of NFZ solution (λex = 

320 nm, monitored at 308 nm). Here, IRF = instrument response function. 

 

Table 3.5 Fluorescence lifetimes of 2′ before and after the addition of NFZ solution (λex = 308 

nm, pulsed diode laser). 

Volume of NFZ  

Solution Added (µL)        

a1 a2 τ1 (ns)  τ2 (ns)  <τ >*(ns) 

            0 0.73 0.27 0.94 3.67 1.68 

          100 0.76 0.24 0.70 3.12 1.28 

* <τ> = a1τ1 + a2τ2 
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Figure 3.45 Lifetime decay profile of 2′ in absence and presence of NFT solution (λex = 320 

nm, monitored at 308 nm). Here, IRF = instrument response function. 

 

Table 3.6 Fluorescence lifetimes of 2′ before and after the addition of NFT solution (λex = 308 

nm, pulsed diode laser). 

Volume of NFT  

Solution Added (µL) 

a1  a2  τ1 (ns)  τ2 (ns)  <τ >* (ns) 

            0 0.73 0.27 0.94 3.67 1.68 

          100 0.72 0.28 0.58 3.47 1.38 

* <τ> = a1τ1 + a2τ2 

 

  For examination of the reason behind the quenching process in detail, we collected the UV-

Vis spectra of all the antibiotics and the normalized absorption spectra overlapped with the 

emission spectrum of 2′. From Figure 3.46, it is obvious that the maximum overlap took place 

between the absorption spectra of nitro-antibiotics and the emission spectra of 2′, whereas, all 

the other antibiotics did not show any overlap. This satisfactory overlap resulted in the 

resonance energy transfer from 2′ to the nitro-antibiotics. This is the possible reason behind 

the quenching in fluorescence intensity which was further supported by the decrease in 

fluorescence lifetime value. It is worthily to note that the above-discussed mechanism was 

followed in many of the literature-reported sensing processes of nitro-antibiotics.30, 92, 93 
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Figure 3.46 Spectral overlap between the emission spectrum of 2′ and absorption spectra of 

antibiotics. 

 

 
 

Figure 3.47 HOMO-LUMO energy levels of the linker, NFZ and NFT obtained from the DFT 

calculations using Gaussian 09 software. 

 

  The dynamic nature of quenching also inspired us to verify the possibility of photo-induced 

electron transfer (PET) between the electron-rich, donor MOF to electron-deficient nitro-

antibiotics (NFZ and NFT), we executed the DFT calculations using Gaussian 09 software. The 

functional, B3LYP and Pople diffuse basis set 6-31G were utilized for all the calculations. The 

aim of these calculations was to know the exact location of the HOMOs and LUMOs of the 

linker molecule and the targeted sensing analytes. For an ideal electron transfer process, the 
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LUMOs of the electron-lacking analytes should stay in a lower energy level than the 

conduction band of the electron-rich probes. After DFT calculation with the linker molecule 

and nitro-antibiotics, we observed that the energy of the LUMO of the linker (-2.50 eV) is 

higher than the LUMO of the nitro-antibiotics (NFZ: -3.05 and NFT: -3.31 eV) (Figure 3.47). 

Such alignment of energy levels facilitated the PET process. These theoretical observations 

and aforementioned experimental evidence concluded that both FRET and PET are responsible 

for the observed change in fluorescence of the MOF in the presence of targeted antibiotics. 

Moreover, the possible interaction sites between the MOF (2′) and nitroantibiotics were 

investigated via an electrostatic potential (ESP) diagram of the linker of the MOF and 

nitroantibiotics, which revealed that the electron-rich sites of the linker majorly interacted with 

the electron deficient -NO2 group containing sites of the anti-biotics. 

 

 
Figure 3.48 ESP surfaces of (a) linker, (b) NFT and (c) NFZ. 

 

3.3.12 Sensing of Hg2+ and Nitro-antibiotics in Paper Strips 

In recent times, the use of sensor-coated, cheap paper strips has rapidly increased for the in-

field monitoring of toxic analytes. Here, we also verified the ability of our newly synthesized 

2′ to sense our targeted analytes in a paper strip coated with 2′. For this experiment, two filter 

paper strips were taken and both of them were homogeneously coated with 2′. Then, 2′ coated 

paper strips were dried and treated with Hg2+ solution. After the treatment with Hg2+, both of 

the filter papers were placed under UV light. A strong blue fluorescence was observed in the 

case of the untreated paper strip but no fluorescence was observed for the Hg2+ treated paper 

strip (Figure 3.49). This result implies that 2′ can sense Hg2+ in a paper strip. Analogous 

experiments were carried out in the case of both the nitro-antibiotics and similar observations 

were obtained in the case of both the antibiotics (Figure 3.50). Therefore, it can be concluded 

that real-time monitoring of Hg2+ and nitro-antibiotics is possible using 2′ coated paper strips. 
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Figure 3.49 Images of 2′-coated paper strips under UV lamp after and before the treatment of 

10 mM aqueous Hg2+ solution. 

 

 
Figure 3.50 Images of 2′-coated paper strips under UV lamp after and before the treatment of 

10 mM methanolic(a) NFZ & (b) NFT solution. 

 

3.4 Conclusions 

A Zr(IV)-metal-based UiO-66 type MOF was successfully synthesized using benzo[1,2-b:4,5-

b’]dithiophene-2,6-dicarboxylic acid linker molecule. After single-step solvothermal synthesis, 

the material was characterized with the help of various instrumental supports (PXRD, 

elemental analysis, EDX, FE-SEM and IR analysis). Both 2 and 2′ displayed outstanding 

thermal stability up to the temperature of 415 °C. Excellent chemical stability of this porous 

material (surface area = 1228 m2g-1) in various solvents (H2O, MeOH, CH2Cl2, acetone, hexane 

and DMF) was observed. The thermally activated compound showed a super selective nature 

of sensing towards Hg2+ in H2O, and NFZ and NFT in MeOH medium. Along with ultra-fast 

response (1 min for all analytes), nanomolar level detection capability (LOD: Hg2+ = 5 nM, 

NFZ = 156.7 nM and NFT = 96.3 nM) was observed in all the cases of sensing. A real-time 

paper strip method of sensing technique was also developed for all the sensing targets. In-depth 

investigations were carried out to establish the mechanisms for all the cases of sensing with the 

help of analytical and spectroscopic methods as well as molecular simulations. 
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MOF-Fabric Composites Based on a Multi-Functional MOF 

as Luminescent Sensor for a Neurotransmitter and an Anti-

Cancer Drug  
 

This chapter represents the synthesis and characterization of an aqua-stable, 

biocompatible, thiourea functionalized Zr(IV) metal-organic framework (MOF) 

for selective and rapid sensing of adrenaline and 6-MP with ultra-low limit of 

detection (LOD for adrenaline = 1.9 nM, LOD for 6-MP = 0.028 nM). It is the 

first MOF-based fluorescent sensor of both the targeted analytes. The sensor not 

only can detect adrenaline in HEPES buffer medium but also in different bio-

fluids (e.g. human urine and blood serum) and pH media. It also exhibited 6-MP 

sensing ability in aqueous medium and in various wastewater specimens and in 

pH solutions. For the quick and on-site detection of this neuro-messenger 

(adrenaline) and the drug (6-MP), cost-effective sensor-coated cotton fabric 

composites were fabricated. The recyclable MOF@cotton fabric composite is 

capable to detect both the analytes up to the nanomolar level by the naked eye 

under UV-light. 
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4.1 Introduction 

In the central nervous system of mammalians, adrenaline plays a significant role as a chemical 

messenger.1 It is present in the biological body fluids and nerve tissues as an organic molecule.2 

In the endogenous plasma of an adult, the adrenaline concentration should be less than 25-50 

ng/L.3 In human body, adrenaline promotes the elevation of blood sugar, glycogenolysis, heart-

beat and lipolysis.4 It also has a significant impact on reducing osteoarthritis pain and the 

development of cartilaginous arthrosis.5 An adrenaline rush in the body can cause rapid heart 

rate, rapid breathing, sweating heightened senses, feeling jittery, decreased ability to feel pain 

and dilated pupils etc.1, 5 In the body fluids of patients with Parkinson's disease, the adrenaline 

concentration is found to be much lower than the actual concentration.6 Therefore, the 

determination of adrenaline concentration in various body fluids is highly necessary.  

  Leukaemia is a type of cancer that affects the blood-forming tissues of the human body, 

lymphatic system and bone marrow.7 According to a report, globally, 2.3 million people had 

leukaemia in 2015 and it was responsible for 353,500 fatalities. Moreover, 352,000 newly 

affected people were found in 2012 and the number is increasing day by day.8 One of the 

common treatments for leukaemia is chemotherapy.9 6-MP is a widely used drug for acute 

lymphoblastic leukaemia.10 The proliferation of cancer cells is hampered by 6-MP, which 

ultimately results in their demise. This medication may also have an impact on the proliferation 

of normal cells. Other harmful effects i.e. loss of appetite, lower back pain, painful urination, 

unusual bleeding, clay-colored stools, yellow eyes or skin and problems in breathing etc. can 

also occur by the regular intake of 6-MP.11 There was a higher rate of abortion in women 

receiving mercaptopurine during the first trimester of pregnancy.12 Moreover, there is a chance 

that the medicine will cause people to develop cancer.12 The excessive usage and careless 

disposal of 6-MP increase its concentration in wastewater. The rise in concentration of 6-MP 

and its metabolites is also harmful to aquatic plants and animals. Drug-resistant genes can also 

arise in living creatures as a result of prolonged exposure to such drugs through wastewater, 

which would be harmful to the ecosystem. Hence, there is urgency of measuring the 

concentration of 6-MP in wastewater specimens. 

  To date, the quantitative determination of adrenaline and 6-MP has been reported using a 

variety of techniques, including electrochemical, liquid chromatography, capillary 

electrophoresis and chemiluminescence, etc.12-14 However, the majority of these approaches 

are constrained by their laborious operation, high cost and even reliance on pre-treatment.14-16 

On the other hand, fluorescence-based detection methods are widely used because they satisfy 

key requirements for practical sensors, including high selectivity, sensitivity, short response 

time, real-time sensing capability and cost-effectiveness.17, 18 

  Fluorescence sensing requires a fluorescent probe. Heterogeneous MOFs are fluorescence 

active because of the electronic interaction between the metal ions and the π-conjugated 

polytopic organic linkers.19 In recent years, these fluorescent MOFs were used as effective and 

reliable sensor materials for the detection of diverse cations, anions, hazardous organics, 

bioactive chemicals and vapour/gas molecules.20, 21 The heterogeneity and definite pore size of 

the MOFs make them suitable for the conversion of different organic starting ingredients into 

the required products.22, 23  
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  Herein, a thiourea functionalized Zr-based MOF (3′) has been strategically engineered for the 

selective detection of adrenaline and 6-MP. According to earlier research, the absorption 

maxima of adrenaline and 6-MP are centered at 446 and 325 nm, respectively which are within 

the excitation/emission spectrum of 3′.24, 25 Consequently, there is a possibility of energy 

transfer between the MOF and adrenaline which can enhance or quench the emission of the 

probe. Indeed, the quenching in photoluminescence of the MOF was observed after the addition 

of adrenaline and 6-MP solutions to the MOF suspension. This reusable sensor showed 

excellent fluorescence quenching within 5 s after the addition of both the targeted analytes and 

the observed LOD values are lower than the majority of the previously reported sensors of 

adrenaline and 6-MP (Table 4.1 and 4.8). This sensor can detect adrenaline in different bio-

fluids (human urine and serum) and pH media and 6-MP in various real water. Additionally, a 

sensor-coated, medical-friendly, cheap and transportable MOF@cotton composite was 

developed for the sensing of adrenaline and 6-MP up to nanomolar level under UV light. 

 

4.2 Experimental Section 

 

4.2.1 Synthesis and Characterization of 6-Thioxo-6,7-Dihydro-5H-

Dibenzo[d,f][1,3]Diazepine-3,9-Dicarboxylic Acid (H2L) 

For the synthesis of H2L linker, 1 g (3.3 mmol) of dimethyl 2,2′-diamino-[1,3′-biphenyl]-4,4′-

dicarboxylate was taken in a 100 mL round bottom flux containing 25 mL of pyridine and it 

was solubilized by sonication. Then, 5 mL (52.1 mmol) of CS2 was added to the 

aforementioned solution and it was kept at 85 °C for 12 h. After 12 h, light yellow solid was 

filtered and washed with excess water and kept at 60 °C for 4 h. Yield: 900 mg (79%) 

  The obtained ester in the first step was hydrolysed in the second step. For that, the product 

was dissolved in a mixture of 10 mL of THF, 10 of mL MeOH and 10 mL of 1(M) LiOH. Then, 

the mixture was refluxed for 3 h at 80 °C. After 3 h, these solvents were evaporated under 

vacuum. Then, the remaining liquid part was acidified with 3 M HCl solution (Scheme 4.1). 

At last, the obtained solid precipitate was filtered, washed with 10 mL of water and then dried 

in an oven at 80 °C for 12 h. Yield: 750 mg (2.38 mmol, 91%). 1H NMR (500 MHz, DMSO-

d6): δ = 10.31 (s, 1H), 7.75 (m, 2H), 7.58 (d, 2H) ppm. 13C NMR (125 MHz, DMSO-d6): δ = 

194.31, 166.84, 141.41, 133.82, 132.18, 130.45, 126.55, 122.96 ppm. ESI-MS (m/z): 313.0415 

for (M-H)- ion (M = mass of H2L linker). In Figures 4.1-4.3, the NMR and mass spectra of the 

H2L linker are shown. 
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Scheme 4.1. Reaction scheme for the preparation of H2L linker. 

 

 

Figure 4.1 1H NMR spectrum of H2L linker in DMSO-d6. 
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Figure 4.2 13C NMR spectrum of H2L linker in DMSO-d6. 

 

 

Figure 4.3 ESI-MS spectrum of H2L acid linker measured in methanol. The spectrum shows 

m/z peak at 313.0415, which corresponds to (M-H)- ion (M = mass of the H2L linker). 

 

4.2.2 Synthesis and Activation Procedure of [Zr6O4(OH)4(C15H8N2O4S)6]·4.5H2O·4DMF 

(3) 

Conventional solvothermal procedure was applied for the synthesis of 3. After trying different 

reactions with different Zr-salts (ZrOCl2·8H2O, ZrCl4, and ZrN2O7·xH2O), different acid 

modulators (trifluoroacetic acid (TFA), acetic acid, formic acid and benzoic acid) and different 

solvents (DMF, DEF and DMA) in wide temperature range (80-150 °C), most crystalline 3 was 

obtained when we heated the Pyrex tube containing 15 mg (0.06 mmol) of ZrCl4 metal salt 

with 20 mg (0.06 mmol) of H2L linker in presence of 150 µL (1.9 mmol) of TFA modulator in 

DMF solvent at 150 °C for 24 h. After the filtration and washing with acetone, light yellow 

colour MOF solid was obtained. Its crystalline nature was characterized by PXRD, ART-IR, 

FE-SEM, EDX and elemental analysis. Yield of 3 was 27 mg (0.007 mmol, 70% with reference 
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to metal salt). Anal. calcd. for C102H89N16O40S6Zr6 (2917 g mol-1): C, 41.96; N, 7.68; H, 3.05. 

Found C, 41.89; N, 7.62; H, 3.01.%. ART-IR (cm-1): 1657 (vs), 1604 (w),1543 (s), 1412 (vs), 

1202 (w), 1156 (w), 1092 (w), 773 (s), 662 (s). 

  During the process of synthesis, some solvent (DMF) molecules may be encapsulated inside 

the pore of the framework. But for the gas sorption, sensing or catalysis application, the pore 

should be completely vacant. For that, solvent molecules present in the pore of 3 were first 

removed by stirring 100 mg of 3 in 20 mL of DCM for 12 h. After that, the solvent-exchanged 

MOF material was filtered and dried in an air oven for 8 h at 70 °C. Finally, by heating the 

compound for 6 h under vacuum in oil bath at 100 °C, in this way, the low boiling DCM 

solvents were evacuated from the pore of 3. After using the aforementioned procedures, we 

obtained the activated form of 3 (named 3′). 

 

4.2.3 Preparation of MOF (3′) Suspension for Fluorescence Sensing Experiments  

The probe 3′ (3 mg) was taken in a 5 mL glass vial containing 3 mL HEPES buffer for 

adrenaline sensing and 3 mL H2O for 6-MP sensing. Then, the suspension was sonicated for 

15 min and kept it for overnight to make the suspension stable. During the fluorescence 

experiment, 100 µL of the above-mentioned suspension of 3′ was added to 3000 µL of 

deionized water in a quartz cuvette. Solution of 6-MP was prepared in a mixture of H2O and 

DMSO with a volume ratio of 8:2. All the fluorescence spectra were collected in the range of 

380-600 nm by exciting the suspension at 365 nm. For competitive experiments, the solutions 

of the different competitive analytes (concentration = 10 mM) were added to the suspension of 

3′ and spectra were collected in the same range. 

 

4.2.4 Sensing of Adrenaline in Human Blood Serum Samples  

10 mL of blood sample was collected from the right arm vein of a healthy person (blood group 

A+) and the blood plasma was separated by centrifuging the sample at 10,000 rpm for 15 min. 

The light yellow blood serum was collected in a Falcon tube and stored at -20 °C in a 

refrigerator. For fluorescence detection experiments, aliquots of different concentrations of 

adrenaline were spiked into the human blood serum sample, which contained HEPES buffer 

suspension of the MOF. 

 

4.2.5 Sensing of Adrenaline in Human Urine Samples 

10 mL of the first morning urine sample from a healthy person was taken and 500 mL of HNO3 

was added to the sample to kill any interfering living things. For 10 min, the sample was 

centrifuged at 8000 rpm. For the experiments, the supernatants were taken. Different adrenaline 

aliquots were added into urine samples containing HEPES buffer suspensions of the probe as 

part of fluorescence detection tests. 
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4.2.6 Calculation of Corrected Fluorescence Intensity 

The corrected fluorescence intensity is calculated using equation (1) 

 
𝐹𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑

𝐹𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑
=  

2.3𝑑𝐴𝑒𝑥

1 − 10−𝑑𝐴𝑒𝑥
10𝑔𝐴𝑒𝑚

2.3𝑠𝐴𝑒𝑚

1 − 10−𝑠𝐴𝑒𝑚
        … … … … … … … (1) 

  where Fobserved is the maximum fluorescence intensity; Fcorrected is the corrected fluorescence 

intensity, which is the fluorescence intensity obtained after removing the IFE; Aex and Aem 

represent the absorbance at the excitation wavelength of 3′ (𝜆ex = 330 nm) and maximum 

emission wavelength (𝜆em = 468 nm), respectively; ‘d’ is the width of the quartz cell (d =1.00 

cm); ‘g’ is the distance between the edges of the cuvette and the excitation beam (0.40 cm in 

this case); s is the thickness of excitation light (s = 0.10 cm). 

 

4.3 Results and Discussion 

 

4.3.1 Structural Details of 3 

Previously reported literature suggested that the coordination bond formation between the 

metal ions of the same oxidation state in presence of identical coordination environments and 

coordinating groups result in the formation of MOFs with similar topologies. The 

functionalization of the organic linker does not generally affect the coordination geometry. 

Many literature reports suggested that in presence of biphenyl dicarboxylic acid and Zr(IV)-

metal salt, UiO-67 type of MOFs are formed.26 Because of the same reason, we also expected 

the creation of an isostructural framework as a result of the coordination bond formation 

between the Zr4+ ion and the carboxylate groups of the linker molecule. The experimental 

PXRD patterns and intensities of the newly synthesized MOF are also remarkably comparable 

to the theoretical PXRD pattern (Figure 4.4). The modest values of Rwp and Rp obtained after 

Pawley refinement of the PXRD pattern of 3 further supported the similarity of the MOF’s 

PXRD data with the simulated PXRD pattern (Figure 4.5a). All the above results suggested the 

newly synthesized (3) also has [Zr6O4(OH)4]
12+ SBUs (secondary building units) and the Zr4+ 

ions are coordinated with four µ3-O and µ3-OH four sites. The SBUs were joined by six 

(BPDC-CS)2- linkers in the framework. These building pattern results in the construction of a 

cubic framework structure with two types of internal voids e.g. larger sized (octahedral shaped) 

and smaller sized (tetrahedral shaped) voids. These two voids are interconnected by triangular 

windows (Figures 4.5c-d). The experimentally obtained PXRD patterns remained unaltered 

after the thermal activation process which suggested that the framework preserved its 

crystalline nature after the activation process. The uniform distribution of octahedral particles 

in the FE-SEM images of 3′ (Figure 4.5d) further confirmed the crystalline structure and phase 

purity of 3′. The confirmation of the presence of required elements (Zr, O, C, S and N) was 

obtained from the EDX spectrum of 3′ (Figure 4.6). 
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Figure 4.4 PXRD patterns of (a) simulated Zr-UiO-67 (green), (b) 3 (orange) and (c) 3′ (navy 

blue). 

 

 
Figure 4.5 (a) Pawley refinement plot of the PXRD of 3, (b and c) structure of 3 and (d) FE-

SEM image of 3. 
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Figure 4.6 EDX spectrum of 3′. 

 

4.3.2 Functional Groups Analysis 

ATR-IR is a powerful and reliable technique to validate the existence of various functional 

groups and the full removal of DMF (solvent) molecules from the pore of the as-prepared 

framework structure. To verify the same, we performed ART-IR analysis of both 3 and 3′. 

Figure 4.7 shows that both 3 and 3′ have two separate absorption bands at 1604 and 1543 cm-

1, which originate from the asymmetric and symmetric stretching vibration of the Zr-

coordinated carboxylate groups of the linker molecule. Another common peak (located at 1412 

cm-1) was observed in both the IR spectra (3 and 3′) which is due to the –C=S group present in 

the linker. The presence of the absorption band at 1657 cm-1 in 3 is caused by the carbonyl 

stretching vibration of DMF molecules which were encapsulated inside the pore of the as-

prepared MOF. The absence of such signal at 1657 cm-1 in the ATR-IR spectra of 3′ confirmed 

the complete removal of all the guest DMF molecules from the pore of 3. 

 

 

Figure 4.7 ATR-IR spectra of (a) H2L linker, (b) 3 (as-synthesized) and (c) 3′ (activated). 
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4.3.3 Physicochemical Stability of 3′ 

For the broad-scope applications of a sensor, the sensor should be stable in the sensing medium. 

To verify the same, the stability of 3′ was measured in the sensing media (HEPES buffer) by 

collecting the PXRD of the recovered MOF powder after stirring in HEPES buffer at room 

temperature. We also measured the stability of 3′ in different other solvents (methanol, ethanol, 

ethyl acetate, water and chloroform) following the same procedure (used in the case of HEPES 

buffer). Figure 4.8 evidences the stability of the framework structure in the aforementioned 

solvents at room temperature for 6 h. The integrity of 3′ in wide range of solvents unlocks the 

scope of applications of 3′ in the above-mentioned solvents. 

 

 

Figure 4.8 PXRD patterns of 3′ in different forms: (a) activated 3′, after stirred with (b) MeOH, 

(c) EtOH, (d) H2O, (e) HEPES buffer (pH = 7.4) and (f) EtOAc for 6 h at room temperature. 

 

  The thermal tolerance of both 3 and 3′ was determined by performing the TGA analysis of 

both samples under air atmosphere with a heating rate of 5 °C/min. Analysis showed that both 

3 and 3′ are stable up to temperature of 400 °C (Figure 4.9). TGA curve of 3 displayed three 

sequential losses of its weight. The first weight loss of 2.7% due to the loss of 4.5 H2O 

molecules (per formula unit) was observed between 25-130 °C. In the middle (between 130 

and 220 °C), the escape of 4 DMF molecules (per formula unit) resulted in a weight loss of 

10.6% (cal.: 10.7 wt%). After reaching the temperature 400 °C, the framework structure began 

to disintegrate which caused the final weight loss of the compound. The only weight loss due 

to the cleavage of the coordination bonds between the metal ion and the ‘O’ atoms of the 

carboxylates of the linker for 3′ was observed after the temperature of 400 °C. The thermal 

stability of the MOF was again confirmed by the variable temperature PXRD measurement 

which also suggested the similar thermal stability of the MOF as that of the TG analysis (Figure 
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4.10). Therefore, the thermal tolerance of 3 and 3′ are comparable to the other Zr-based 

MOFs.27, 28 

 

 
Figure 4.9 Thermogravimetric analysis curves of as-synthesized 3 (black) and thermally 

activated 3′ (red) recorded under air atmosphere in the temperature range of 25-700 °C with a 

heating rate of 5 °C min-1. 

 

 

Figure 4.10 PXRD patterns of 3′ at different temperatures. 

 

4.3.4 Sorption Study 

Porosity is one of the most interesting features of a MOF. The definite pore size of a MOF 

permits to passage of only the reactants (during catalysis) which have less size than the pore of 

the MOF. The construction of MOFs with definite pores favors the formation of desired 
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products only (for catalysis) and selective sensing of a particular analyte. Therefore, to 

determine the surface area and pore volume of 3′, we measured the BET surface area at -196 

°C. Type-I N2 sorption isotherms with BET surface area of 1265 m2/g confirmed the 

microporous nature of the MOF (Figure 4.11). The pore-size distribution plot (Figure 4.12) 

displayed that most of the micropores of the MOF are concentrated at 8.0 Å.  

 

 

Figure 4.11 N2 adsorption (orange circles) and desorption (cyan circles) isotherms of thermally 

activated 3′ recorded at –196 °C. 

 

 

Figure 4.12 Density functional theory pore-size distribution of 3′ as determined from its N2 

adsorption isotherms at -196 °C. 
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4.3.5 Selective Sensing of Adrenaline by 3′ 

Adrenaline is an important mammal hormone that regulates various biological processes.2 

Thus, it is necessary to detect the exact concentration of adrenaline in different bio-fluids to 

diagnose several disorders which are caused by the abnormal secretion of adrenaline in the 

human body. In the literature, very few adrenaline sensors are described (Table 4.1). The 

majority of them are toxic to the human body as most of them are tiny organic molecules.15 

Additionally, the reported sensors respond to adrenaline slowly, their sensing media are not 

bio-friendly and some probes lack selectivity towards adrenaline.5, 15, 29 Considering these 

drawbacks of reported sensors and demands of the modern-day pharmaceutical industries, 

herein, we developed a selective, fast and sensitive MOF-based sensor of adrenaline in bio-

compatible HEPES buffer medium. The sensor displayed an excellent fluorescence response 

(λem = 462 nm) when it was excited with a light of 330 nm (Figure 4.13). The fluorescence 

intensity was immediately (within 5 s) quenched by the addition of 300 µL of 5 mM solution 

of adrenaline (Figure 4.14). Moreover, no further decrease in emission response was observed 

with time and further increase of the concentration of adrenaline (Figure 4.15a-b). 

 

 

Figure 4.13 Excitation (red) and emission (black) spectra of 3′ in HEPES buffer. 
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Figure 4.14 Switch-off in the fluorescence intensity of 3′ with incremental addition (0 to 350 

µL) of 5 mM adrenaline solution. 

 

 
Figure 4.15 (a) Change in luminescence intensity of 3′ with respect to time. (b) Time-

dependent saturation plot of fluorescence intensity of 3′ (change in fluorescence under UV-

light is shown in the inset of Figure 4.15b). 

 

Table 4.1 Comparison of the detection performance of the present probe (3′) with various 

previously reported probes for adrenaline. 
Sl. 

No. 

Sensor Material Type of 

Material 

Sensing 

Medium 

LOD 

(nM) 

Response 

Time (s) 

Sensing Method Ref. 

1 carbon nanotube paste 

electrode 

carbon 

nanotube  

pH 6.5 31  - cyclic  

voltammetry 

15 

2 4-amino-3-hydrazino-5-

mercapto-1,2,4-triazol 

gold nano-

particles 

DMSO-d6 1.0 1200 colorimetric 30 

3 laccase and PQQ-

dependent glucose 

dehydrogenase 

polymer 

matrix 

water 0.2 <120 electrochemistry 31 

4 modified carbon quantum 

dots 

quantum dots water 10 300 fluorescence 32 

5 tyrosinase/SiC/chitosan 

modified electrode 

glassy carbon 

electrode 

water 0.5 250 electrochemi 

luminescence 

33 

6 CuInS2 quantum dots quantum dots water 3.6 1800 fluorescence 29 
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7 rGO-AuNPs electrode Nano-particles water 450 900 electrochemistry 34 

8 Ceramic-based miniature polymer water 2300 - low temp.  

cofired ceramics 

technology 

14 

9 [Zr6O4(OH)4 

(C15H8N2O4S)6] (3′) 

MOF HEPES 1.9 < 5 fluorescence this 

work 

 

  To verify the selectivity of the sensor, a similar series of sensing experiments were carried 

out by adding 300 µL of analyte solutions to the MOF suspension. It is important to note that 

none of the competitive analytes showed considerable quenching in the fluorescence intensity 

of the MOF (Figure 4.16). Such a finding demonstrates the selectivity of the MOF for 

adrenaline over other interfering bio-molecules and biologically active metal ions. The 

selectivity of the sensor even in the coexistence of other competitive analytes was verified by 

treating the MOF suspension with a competitive analyte followed by the addition of the 

solution of adrenaline. Figures 4.17 signify the selectivity of the MOF towards adrenaline even 

in the coexistence of other possible biomolecules that can be present in various bio-fluids. To 

quantify the reproducibility and accuracy of the measurements, the standard deviations of three 

individual measurements were recorded, and inter as well as intra-day precisions were 

calculated (Table 4.2). 

 

 
Figure 4.16 Selectivity of 3′ towards adrenaline. 

 

 
Figure 4.17 Selectivity of 3′ towards adrenaline sensing in the existence of other competitors 

(error bars signify the standard deviations of three individual measurements). 
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Table 4.2 Evaluation of intra-day, inter-day accuracy and precision study of change in 

fluorescence intensity of 3′ after incremental addition of 5 mM aqueous solution of adrenaline. 

Parameter Amount of 

Adrenaline 

Added (µL) 

Fluorescence Intensity (cps) at  

λmax = 483 nm 

Average PL 

Intensity 

(cps) 

SD RE% 

repeatability  

intra-day precision 

0 3764730 

 

3756500 3749240 375682 7750.0 0.210 

50 3038290 

 

3046930 3043740 3042987 4368. 0.154 

100 2407820 

 

2416740 2411540 2412033 4480.4 0.175 

150 1262750 

 

1274670 1261310 1266243 7333.1 0.276 

200 643679.7 

 

642749.2 645475. 643968.1 1385.8 0.044 

250 345860.3 

 

346994.6 349820.2 347558.4 2039.2 0.491 

300 340835.4 

 

340416.6 342929.5 341393.9 1346.2 0.163 

reproducibility 

inter-day precision 

0 3764730 

 

3751030 3759740 3758500 6933.6 0.165 

50 3038290 

 

3035850 3023560 3032567 7894.8 0.188 

100 2407820 

 

2407580 2403230 2406210 2583.5 0.066 

150 1262750 

 

1269610 1271190 1267850 4486.8 0.404 

200 643679.7 

 

648971.6 647893.4 646848.2 2796.4 0.492 

250 345860.3 

 

347132.9 351267.9 348087 2827.2 0.644 

300 340835.4 342363.9 339359.2 340852.9 1502.443 0.005 

 

  Adrenaline levels in circulating plasma for a healthy person can typically vary from 25 to 50 

pg/mL.3 Therefore, the sensor material should have the ability to detect adrenaline at 

concentration lower than the typical concentration of adrenaline present in different bio-fluids. 

Thus, the determination of the limit of detection (LOD) is very crucial. For that measurement, 

firstly, we determined the standard deviation (σ) of the emission maxima of the probe. After 

that, dilute solution of adrenaline was gradually injected into the suspension of the MOF in 

HEPES buffer medium. Finally, the LOD and LOQ values were calculated using the 

mathematical equation LOD = 3σ /m and LOQ = 10σ /m, respectively which were 1.9 ± 0.3 

and 6.6 ± 0.1 nM, respectively (in the used formula ‘m’ is the slope of the linear fit that was 

achieved after plotting the fluorescence intensity versus adrenaline concentration) (Figure 

4.18). Interestingly, the obtained LOD value is much lower than most of the published 

chemosensors of adrenaline (Table 4.1). The standard deviations of three individual 

measurements and details of statistical analysis are summarised in Table 4.3. The measured 

fluorescence lifetimes of the sensor before and after the treatment of adrenaline solution were 

12.9 and 11.8 ns, respectively (Figure 4.19 and Table 4.4). 
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Figure 4.18 Change in the fluorescence emission intensity of 3′ in HEPES buffer as a function 

of concentration of adrenaline. 

 

Table 4.3 Statistical details of different analytical parameters for the sensing of adrenaline 

by 3′. 

Concentration 

Range (nM) 

Slopes Intercepts Correlation 

Coefficient (R2 ) 

Sy/x 
a LODb 

(nM) 

LOQc
 

(nM) 

Regression 

Equation 

0-24 -4441.9 

 

3827423 

 

0.998 

 

2914.1 

 

1.96 6.56 -4441.9x + 

3827423 

-4072.9 

 

3820081 

 

0.995 2658.5 

 

1.95 6.52 

 

-4072.9x + 

3820081 

-4303.0 

 

3830667 

 

0.997 2921.8 

 

2.03 6.79 -4303.0x + 

3830667 

Average -4272.6 

 

3826057 

 

0.996 2831.5 

 

1.98 

 

6.62 -4272.6x + 

3826057  

SD 186.4 

 

5423.5 

 

0.002 149.8 

 

0.03 

 

0.14 (-4272.6 ± 

186.4)x + 

(3826057 ± 

5423.5)  
a Standard deviation of the residuals, b Limit of detection, c Limit of quantification 

 

 

Figure 4.19 Lifetime decay profile of 3′ in the absence and presence of adrenaline solution (λex 

= 330 nm, monitored at 336 nm). 
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Table 4.4 Fluorescence lifetimes of 3′ before and after the addition of adrenaline solution (λex 

= 336 nm, pulsed diode laser). 

Volume of 

Adrenaline Solution Added (µL) 

f1 f2 τ1 (ns) τ2 (ns) <τ >*(ns) ꭓ² 

            0   0.149 0.851   2.88   14.70   12.94 1.009 

          300 0.151 0.848 2.99 13.43 11.85 1.006 

* <τ> = f1τ1 + f1τ2 

 

  The reusability test of the sensor was executed up to five cycles. For this experiment, the 

sensor material was collected, cleaned and activated before each cycle of sensing. Figure 4.20 

displays that the quenching efficiencies of the material were not lost even after five cycles of 

sensing. 

 

 

Figure 4.20 Reusability of 3′ for the sensing of adrenaline in HEPES buffer. 

  

  The Stern-Volmer (S-V) plot in different concentrations of various analytes provides us with 

crucial information about the nature of the quenching process. The Stern-Volmer quenching 

constant (Ksv) informs us about the selectivity of the sensor towards the quencher. The Ksv 

value of this quenching process was determined using the mathematical formula Ksv[Q] + 1 = 

I0/I (Figure 4.21-4.22). The intensities of 3′ before and following the treatment of various 

analytes are represented in the formula by I0 and I, respectively and [Q] specifies the adrenaline 

concentration (in molar). The calculated Ksv value for this measurement was 1.15 × 106 M-1, 

which is much higher than most of the other adrenaline sensors (Figure 4.22).29, 32 
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Figure 4.21 Stern-Volmer plots for the decrease in luminescence intensities of 3′ with gradual 

addition of various analytes in case of adrenaline sensing. 

 

 
Figure 4.22 Stern-Volmer plot for the fluorescence emission quenching of 3′ in presence of 

adrenaline. 

 

4.3.6 Sensing of Adrenaline in Different pH Media and Human Bio-fluids 

The excellent stability of the probe, selectivity, reusability and low LOD value encouraged us 

to know the sensing efficiencies of the probe in different pH solutions and human bio-fluids. 

The sensor’s ability to detect adrenaline in various pH solutions is shown in Figure 4.23. Up to 

pH 10, the probe can detect adrenaline but when the pH was too basic (pH =12), the MOF lost 

its sensing ability due to the loss of its structural integrity. The sensitivity of the MOF to 

recognize adrenaline in human serum and urine was also verified and the concentrations of 

adrenaline present in the bio-fluids were also measured (Tables 4.5-4.6). Figures 4.24-4.25 
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display the sensing ability of the MOF in the above-mentioned media. After the addition of 350 

µL of 5 mM adrenaline-spiked serum and urine samples, there was 60% decrease in 

fluorescence intensities in the case of serum and urine samples, respectively. The found 

concentrations of adrenaline and recovery percentages were compared with the spiked 

concentrations and the obtained recovery percentages were all close to 100% (Tables 4.5-4.6). 

All these findings imply that the probe can be applied for the critical measurement of 

concentrations in pharmaceutical industries. 

 

 

Figure 4.23 Quenching efficiencies of the suspension of 3′ after addition of 300 µL of 5 mM 

adrenaline solution in different pH media. 

 

 

Figure 4.24 Turn-off in fluorescence emission intensity of the suspension of 3′ in HEPES 

buffer medium after addition of 5 mM of different volumes of adrenaline-spiked serum 

solution. 
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Figure 4.25 Turn-off in fluorescence emission intensity of the suspension of 3′ in HEPES 

buffer medium after addition of 5 mM of different volumes of adrenaline-spiked urine solution. 

 

Table 4.5 Fluorometric detection of adrenaline in human serum samples by using 3′. 

Adrenaline Spiked  

(mol L-1) 

Adrenaline Found 

(mol L-1) 

Recovery (%) RSD (%)  

(n=3) 

8.0 × 10-5 7.79 × 10-5 97.3 1.42 

2.36 × 10-4 2.28 × 10-4 96.6 3.06 

3.87 × 10-4 3.89 × 10-4 100.5 0.51 

 

Table 4.6 Fluorometric detection of adrenaline in human urine samples by using 3′. 

Adrenaline Spiked  

(mol L-1) 

Adrenaline Found 

(mol L-1) 

Recovery (%) RSD (%)  

(n=3) 

8.0 × 10-5 7.93 × 10-5 99.1 1.28 

2.36 × 10-4 2.31 × 10-4 97.9 1.09 

3.87 × 10-4 3.86 × 10-4 99.7 1.85 

 

4.3.7 Sensing of 6-MP by 3′ 

Excessive use and arbitrary disposal of the anti-cancer drug (6-MP) increases the concentration 

of this drug and its metabolized, harmful side products in the environmental water bodies which 

has become a threat to aquatic plants and animals and also to the higher-class animals. 

Therefore, the detection and measurement of the concentration of this drug in domestic 

wastewater are highly necessary. Realizing this urgency, herein, we used 3′ as a sensor of 6-

MP in aqueous medium. Initially, the MOF showed high fluorescence intensity in water but it 

was completely quenched within 5 s of the addition of 200 µL (5 mM) of aqueous solution of 

6-MP (Figures 4.26-4.27). 
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Figure 4.26 Quenching in the fluorescence intensity of 3′ with incremental addition (0 to 250 

µL) of 5 mM 6-MP solution.  

 

 
Figure 4.27 Quenching in luminescence intensity of 3′ with respect to time (change in 

fluorescence under UV-light is shown in the inset of Figure 4.27b). 

 

  The selectivity of the probe towards 6-MP was determined in absence and presence of other 

potential competitors normally present in wastewater specimens. Figures 4.28-4.29 display that 

none of the competitors interferes in this sensing event. Following the aforementioned 

procedure, the LOD and LOQ values of the probe for the sensing of 6-MP were calculated. The 

obtained LOD and LOQ values were 28 ± 1 and 94 ± 2 pM, respectively (Figure 4.30 and Table 

4.7). The obtained LOD value is the lowest ever of all the other reported sensors of 6-MP 

(Table 4.8). Lower value of LOD implies the high selectivity of the probe towards 6-MP. Such 

selectivity was further confirmed by the high value of Stern-Volmer quenching constant (Ksv) 

(Figures 4.31-4.32). The obtained Ksv value was 2.6 × 105 M-1. The Stern-Volmer 3D plot 

displays that at lower concentration of 6-MP, it maintained its linearity but it adapted curvature 

at higher concentration of analyte. 
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Figure 4.28 Selectivity of 3′ towards the sensing of 6-MP. 

 

 
Figure 4.29 Selectivity of 3′ towards the sensing of 6-MP in the existence of other competitors 

(error bars signify the standard deviations of three individual measurements). 

 

 

Figure 4.30 Change in the fluorescence emission intensity of 3′ in aqueous medium as a 

function of concentration of 6-MP. 
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Table 4.7 Statistical details of different analytical parameters for the sensing of 6-MP by 3′. 

Concentration 

Range (nM) 

Slopes Intercepts Correlation 

Coefficient (R2 ) 

Sy/x 
a LODb 

(nM) 

LOQc
 

(nM) 

Regression 

Equation 

0-0.52 -1686851 

 

2340527 

 

0.995 

 

15449.1 

 

0.027 0.092 -1686851x 

+2340527 

 

-1769212 

 

2351571 

 

0.998 16810.3 

 

0.028 0.095 

 

-1769212x 

+ 2351571 

 

-1590715 

 

2301175 

 

0.997 15149.9 

 

0.029 0.096 -1590715x 

+ 2301175 

 

Average -1682259 

 

2331091 

 

0.996 15803.1 

 

0.028 

 

0.094 -1682259x 

+ 2331091 

  

SD 89337.2 

 

26490 

 

0.002 885.0 

 

0.001 

 

0.002 (-1682259 

± 

89337.2)x 

+ 2331091 

 ± 26490)  
a Standard deviation of the residuals, b Limit of detection, c Limit of quantification 

 

Table 4.8 Comparison of the detection performance of present probe (3′) with various 

previously reported probes for 6-MP. 

Sl. 

No. 

Sensor Material Type of 

Material 

Sensing 

Medium 

LOD 

(nM) 

Response 

Time (s) 

Sensing Method Ref. 

1 carbon nanotubes-TiO2 carbon 

nanotube  

pH = 9 65 - cyclic  

voltammetry 

12 

2 Co(phen)3]3+/MWNT 

modified graphite 

electrode 

graphite 

electrode 

tris 

buffer 

1600

0 

1800 cyclic  

voltammetry 

35 

3 molecular imprinted 

 polymer 

polymer  

matrix 

methanol

/water  

20 2400 fluorescence 36 

4 6-TGN organic 

compound 

water 6 780 HPLC 37 

5 silver nanoparticles nanoparticles water 10 - 

colorimetry 

38 

6 carbon dots and gold 

nanoclusters 

carbon dots 

and 

nanoclusters 

water 54 600 fluorescence 39 

 

7 MoS2 quantum dots quantum dots water 290 2400 fluorescence 40 

8 carbon dots nanoparticles water 10 - fluorescence 41 

9 CdTe quantum dots quantum dots water 8 - fluorescence 42 

10 [Zr6O4(OH)4(C15H8N2O4S)

6] (3′) 

MOF water 0.028 < 5 fluorescence this 

work 
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Figure 4.31 Stern-Volmer plots for the decrease in luminescence intensities of 3′ with gradual 

addition of various analytes in case of 6-MP sensing. 

 

 

Figure 4.32 Stern-Volmer plot for the fluorescence emission quenching of 3′ in presence of 6-

MP. 

 

  The fluorescence lifetimes of the MOF were measured before and after the treatment of 6-MP 

which were 9.5 and 8.9 ns, respectively (Figure 4.33, Table 4.9). The reusability test has shown 

that the MOF can be reused up to five cycles (Figure 4.34). The loss of quenching efficiency 

after five cycles of sensing was ~5%. The standard deviations of three different measurements 
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were collected and inter-day and intra-day precisions were calculated to quantify the 

measurement’s repeatability and accuracy (Table 4.10). 

 

 

Figure 4.33 Lifetime decay profile of 3′ in absence and presence of 6-MP solution (λex = 330 

nm, monitored at 336 nm). 

 

Table 4.9 Fluorescence lifetimes of 3′ before and after the addition of 6-MP solution (λex = 

336 nm, pulsed diode laser). 

Volume of 

6-MP Solution 

Added(µL) 

f1 f2 f3 τ1 (ns) τ2 (ns) τ3 (ns) <τ >*(ns) ꭓ² 

         0   0.26 0.23 0.49   0.74 3.29   17.57 9.55 1.10 

       200 0.21 0.25 0.52 0.49 2.25 15.95 8.95 1.08 

* <τ> = f1τ1 + f2τ2+ f3τ3 

 

Figure 4.34 Reusability of 3′ for the sensing of 6-MP in H2O. 
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Table 4.10 Evaluation of intra-day, inter-day accuracy and precision study of change in 

fluorescence intensity of 3′ after incremental addition of 5 mM aqueous solution of 6-MP. 

Parameter Amount of 

6-MP Added 

(µL) 

Fluorescence Intensity (cps) at  

λmax = 468 nm 

Average PL 

Intensity 

(cps) 

SD RE% 

repeatability  

intra-day 

precision 

0 

 

1875790 1876880 

 

1878370 

 

1877013.3 

 

1295.2 

 

0.065 

 

50 

 

647623.9 

 

650832.8 

 

651355.2 

 

649937.3 

 

2020.4 

 

0.356 

100 

 

191162.8 

 

191431.1 

 

190264.7 

 

190952.9 

 

610.8 0.109 

150 

 

77899.0 

 

77583.5 

 

77435.4 

 

77639.3 

 

236.8 

 

0.335 

200 

 

47098.5 

 

46705.3 

 

46462.5 

 

46755.4 

 

320.9 

 

0.734 

reproducibility  

inter-day 

precision 

0 

 

1874970 

 

1874060 1869160 

 

1872730 

 

3125.0 

 

0.119 

 

50 651112.1 

 

650962.4 

 

648790.3 

 

650288.3 

 

1299.4 

 

0.126 

 

100 

 

191391.4 

 

190312.9 

 

189683 

 

190462.4 

 

863.9 

 

0.487 

 

150 

 

77288.6 

 

76488.1 

 

76536.2 

 

76770.9 

 

448.9 

 

0.674 

 

200 

 

46428.5 45910.0 45091.8 

 

45091.1 

 

673.9 

 

1.349 

 

 

4.3.8 Sensing of 6-MP in Various Waste Water Samples and pH Media 

The main aim of this experiment is to detect and calculate the concentration of 6-MP in various 

waste water samples. Therefore, we expanded our sensing experiment to various real water 

samples (lake water, river water and tap water) to confirm the wide sensing ability of this newly 

developed sensor (Figure 4.35). For this experiment, suspensions of 3′ were made in the 

aforementioned water media and 200 µL of the different concentration solutions (5, 2.5 and 1 

mM) of 6-MP were injected into the MOF-containing real water media. It was observed that 

with the continuous decrease in the concentration of 6-MP, the quenching efficiency of the 

MOF gradually decreases. The resulting recovery percentages were ~100%, and the measured 

concentrations were comparable to the spiked concentrations of 6-MP (Table 4.11). Figure 4.36 

displays that the sensing efficiency remained similar in the pH range of 2-10 but it decreased 

at pH = 12. The disintegration of the framework structure of the MOF at highly alkaline pH 

may be the reason for such limitation. Such positive outcomes demonstrated the probe’s broad 

scope and real-world applicability for 6-MP sensing. 
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Figure 4.35 Quenching efficiencies of the suspension of 3′ after addition of 200 µL of 5, 2.5 

and 1 mM 6-MP solution in different water specimens. 

 

Table 4.11 Comparison between the spiked and observed concentrations and recovery of 6-

MP in different real water specimens. 

Type of Water Spiked Conc. 

of 6-MP (mM) 

Observed Conc. 

of 6-MP (mM) 

Recovery (%) 

milli-Q water (i) 0.294 

(ii) 0.147 

(iii) 0.058 

(i) 0.292 

(ii) 0.143 

(iii) 0.060 

(i) 99.3 

(ii) 97.3 

(iii) 103.4 

lake water (i) 0.294 

(ii) 0.147 

(iii) 0.058 

(i) 0.289 

(ii) 0.140 

(iii) 0.063 

(i) 98.3 

(ii) 95.2 

(iii) 108.6 

tap water (i) 0.294 

(ii) 0.147 

(iii) 0.058 

(i) 0.295 

(ii) 0.157 

(iii) 0.054 

(i) 100.3 

(ii) 106.8 

(iii) 93.1 

river water (i) 0.294 

(ii) 0.147 

(iii) 0.058 

(i) 0.285 

(ii) 0.135 

(iii) 0.065 

(i) 96.9 

(ii) 91.8 

(iii) 112.0 

 

 
Figure 4.36 Quenching efficiencies of the suspension of 3′ after addition of 200 µL of 5 mM 

6-MP solution in different pH media. 
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4.3.9 Sensing of Adrenaline and 6-MP in MOF@cotton Fabric Composites 

Reusability up to five cycles with minimum loss of efficiency, high selectivity and nanomolar 

level detection ability inspired us to develop inexpensive, handy MOF@cotton fabric 

composites for the on-site sensing of adrenaline and 6-MP. Sensor-coated filter paper strip 

technology was used in many of the previously published literature to detect specified 

analytes.43, 44 There are several drawbacks to use paper strips. Because they are easily fragile 

in the presence of solvents, paper strips are frequently not reusable. These make them unusable 

for a recyclable sensor. A cotton fabric composite is reusable, long-lasting and sanitary which 

are necessary for sensing of bio-molecules (such as adrenaline) using a recyclable sensor like 

3′. For this experiment, five tiny pieces (1 × 1 cm2) of cotton fabric were uniformly covered 

with the MOF suspension and they were then dried in an 80 °C oven. The immobilization of 

MOF particles on the fabric surface was proved by the PXRD, ATR-IR and FE-SEM analysis 

of the MOF@cotton composites (Figures 4.37-4.39). Together with the characteristic peaks of 

the MOF, the PXRD profile of 3′@cotton showed three peaks at 14.8°, 16.5° and 22.8° which 

correspond to the peak of cotton fabric. The IR spectrum of 3′@cotton showed cotton’s peak 

at 3338, 3278, 1154, 1104 and 1017 cm-1. The presence of MOF particles on the surface of the 

cotton fabric was further confirmed by the FE-SEM images of 3′@cotton. After that, fabric 

composites were treated with different concentrations of adrenaline and 6-MP solutions. Figure 

4.40 clearly shows the visible change in fluorescence intensities of the composites with the 

change in concentrations of the analytes solutions. The decrease in fluorescence intensity was 

observed up to nanomolar concentration of analytes (Figure 4.40). All these findings imply the 

naked eye detection ability of the composites of both the analytes up to nanomolar level 

concentration. 

 

 

Figure 4.37 PXRD patterns of (a) compound 3′, (b) native cotton, and (c) 3′@cotton 

composite. 
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Figure 4.38 ATR-IR spectra of (a) compound 3′, (b) only cotton, and (c) 3′@cotton composite. 

 

 

Figure 4.39 FE-SEM images of (a) native cotton fabric and (b) 3′@cotton composite. 

 

 
Figure 4.40 Sensing of different concentrations of (a) adrenaline and (b) 6-MP in a 

MOF@cotton composite. 

 

TH-3430_196122037



   Chapter 4 

161 
 

4.3.10 Possible Mechanisms of Sensing 

The possible reasons behind the sensing of adrenaline and 6-MP by 3′ were investigated with 

the support of various analytical instruments. Firstly, we confirmed the structural integrity of 

the MOF by measuring the PXRD patterns, and FE-SEM images of the recovered sample after 

the sensing experiments (Figures 4.41-4.42). The recyclability of the sensor up to five cycles 

with minimum loss of its efficiencies confirmed that the structure of the MOF remained 

unperturbed during the sensing events (Figure 4.20 and 4.34). The BET surface area of the 

MOF was also measured after both sensing experiments. The obtained BET surfaces of the 

recovered MOF after the adrenaline and 6-MP sensing were 1223 and 1235 m2/g, respectively 

(Figure 4.43). These surface area values are very close to the un-treated MOF. The obtained 

surface area of the analytes treated MOF supported the reversibility and reusability of the 

material. The aforementioned findings forced us to think about non-reaction-based mechanistic 

processes.  

 

 

Figure 4.41 PXRD patterns of (a) activated 3′ and 3′ after (b) adrenaline sensing and (c) 6-MP 

sensing. 

 

 

Figure 4.42 FE-SEM images of 3′ after sensing of (a) adrenaline and (b) 6-MP.  
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Figure 4.43 N2 adsorption and desorption isotherms of thermally activated 3′ after sensing of 

(a) adrenaline and (b) 6-MP recorded at -196 °C. 

 

  There are several phenomena (e.g. Förster resonance energy transfer (FRET), inner-filter 

effect (IFE) and ground-state complexation) reported in the literature which can cause of 

quenching of the fluorescence intensity of a fluorophore.45 The above-mentioned events can be 

categorized into two parts: static and dynamic quenching.45, 46 Excited state collisions between 

the quencher and the fluorophore can cause dynamic quenching and if they are tightly bound, 

then static quenching occurs.46 These two quenching processes can be differentiated by 

measuring the fluorescence lifetimes of the fresh and analyte-treated fluorophores. If the 

fluorescence lifetimes of the fresh and quencher-treated samples remain the same, then the 

quenching process is static and if the lifetime gets decreased, then it is dynamic in nature.46, 47 

  Table 4.4 shows that the average fluorescence lifetime in case of adrenaline sensing was 

changed from 12.9 to 11.8 ns after the addition of adrenaline. The considerable change in 

fluorescence lifetime after the addition of adrenaline suggests the possibility of dynamic 

quenching mechanism. The ground state complex formation possibility was investigated in 

detail by measuring the ATR-IR and solid state UV-Vis spectra of the fresh and adrenaline-

treated MOF samples (Figures 4.44-4.45). No significant changes were observed in the 

adrenaline-treated IR and UV-Vis spectra which eliminates the possibility of ground state 

complex formation. 
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Figure 4.44 ATR-IR spectra of (a) compound 3′, (b) 6-MP, (c) 3′ + 6-MP, (d) adrenaline and 

(e) 3′ + adrenaline. 

 

 

Figure 4.45 Solid state UV-Vis spectra of 3′ (blue), 3′ + 6-MP (red) and 3′ + adrenaline. 

  

  Here, the contribution of inner filter effect (IFE) for quenching of fluorescence can’t be 

ignored as the absorption maxima of adrenaline (λabs of adrenaline = 346 nm) is very close to 

the excitation wavelength of the MOF (λex = 330 nm). After the addition of adrenaline, there is 

a possibility of absorption of a part of the excitation beam of light by adrenaline which can 

interrupt the complete excitation of the probe which eventually results in the less emission 

signal output of the probe. It is reported in the literature that the IFE can be eliminated by 
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shifting the excitation wavelength of the probe to the higher wavelength region from the 

absorption maxima of the analyte (the presence of which is responsible for IFE).48, 49 

  Hence, we conducted the aforementioned experiment for adrenaline sensing to verify the 

possibility of IFE. For this experiment, the MOF material was excited at 370 nm and 

corresponding emission results were collected after gradual increment of the concentration of 

adrenaline. The quenching efficiency remained similar even after shifting the excitation 

wavelength, which implies that the IFE is not responsible for the quenching (Figure 4.46). 

 

 

Figure 4.46 Change in the fluorescence intensity of 3′ with incremental addition (0 to 350 µL) 

of 5 mM adrenaline solution (λex = 370 nm). 

 

  Here, the fluorescence lifetime of the probe significantly decreased after the addition of 

adrenaline. Therefore, photoinduced electron transfer (PET) from electron-rich MOF to 

adrenaline can be also possible. To verify the same, the HOMO and LUMO energy of the linker 

of MOF and adrenaline were theoretically calculated using DFT method. The functional 

B3LYP and Pople diffuse basis set 6-31G+ (d, p) were utilized for all the calculations. The 

LUMO of adrenaline has higher energy than the LUMO of the linker (Figure 4.50). Therefore, 

electron transfer from linker LUMO to adrenaline LUMO is not possible which rules out the 

possibility of PET. 

  The absorption spectrum of adrenaline strongly overlapped with the emission spectrum of the 

MOF and a considerable change in the lifetime of the MOF after the addition of adrenaline 

(Figure 4.47) was observed. All the results indicate that FRET is the most probable reason 

behind this quenching. 
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Figure 4.47 Spectral overlap between excitation/emission spectrum of 3′ and absorption 

spectra of adrenaline and other analytes. 

 

  In case of 6-MP sensing, 98% quenching in fluorescence intensity was observed when the 

MOF was excited at 330 nm but on exciting at 370 nm, the observed quenching efficiency was 

only 8% (Figure 4.48). Therefore, the possibility of IFE can’t be ignored. The possibility of 

FRET can be eliminated as there was no overlap between the absorption spectrum of 6-MP and 

the emission spectrum of the adrenaline (Figure 4.49). 

 

 

Figure 4.48 Change in the fluorescence intensity of 3′ with incremental addition (0 to 350 µL) 

of 5 mM adrenaline solution (λex = 370 nm). 
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Figure 4.49 Spectral overlap between excitation/emission spectrum of 3′ and absorption 

spectra of 6-MP and other analytes. 

 

  Similar to the adrenaline sensing, no significant changes were observed in the 6-MP treated 

IR and UV-Vis spectra which eliminates the possibility of ground state complex formation 

(Figure 4.44-4.45). 

 

 

Figure 4.50 HOMO and LUMO energy levels of the free linker of the MOF, 6-MP and 

adrenaline. 
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  To examine the possibility of PET, we calculated the HOMO and LUMO energies of the 6-

MP. The same function and basis set (used in the case of adrenaline) were utilized for these 

calculations. The obtained energy values are summarized in Figure 4.50, which suggested that 

the LUMO of 6-MP has much higher energy than that of the linker, which excluded the 

possibility of PET. 

  To further support the IFE mechanism, the correction factors for fluorescence intensity were 

calculated as described in the experimental part of this chapter. The observed and corrected 

(after the subtraction of IFE contribution) fluorescence intensities and their ratios for different 

concentrations of 6-MP were calculated (Table 4.12). The quenching efficiency (E = 1-F/F0) 

for observed and corrected fluorescence intensities obtained after the removal of IFE was also 

plotted against the different concentrations of 6-MP (Figure 4.51). The huge difference 

between observed and corrected quenching efficiencies strongly suggested that the IFE 

contribution is required to explain the observed quenching efficiency in the presence of 6-MP. 

Although IFE was once thought to be a flaw in fluorescence measurement, it has now been 

considered to be a non-irradiative energy transformation model in the spectroscopic technique 

and has been utilized in the creation of numerous photoluminescent-based detection systems.45, 

50-52 Moreover, this sensing mechanism has been reported in many of the previously reported 

literature for 6-MP and other analytes sensing.45, 53-55 
 

 
Figure 4.51 Quenching efficiency of observed (black curve) and corrected (red curve) 

measurements for 3′ after addition of 6-MP having different concentrations. Corrected 

quenching efficiency refers to the quenching efficiency when IFE contribution is not 

considered.  
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Table 4.12 IFE correction table for 6-MP. 

[6-MP] 

(µM) 

Aex Aem Correction  

Factor (CF) 

Fobserved Fcorrected Fcorrected(0)/ 

Fcorrected 

0 0.07126 

 

0.02825 1.11168 974923 1083807 1 

10 0.14967 

 

0.03866 1.22381 881994 1079400 1.00408 

19 0.19232 

 

0.04475 1.28856 822037 1059247 1.02318 

28 0.26466 

 

0.04731 1.39364 743663 1036400 1.04574 

38 0.32981 

 

0.05181 1.49575 680478 1017825 1.06482 

47 0.39206 

 

0.05728 1.59931 622326 995297 1.08892 

55 0.45977 

 

0.06222 1.71531 568948 975926 1.11054 

64 0.53043 

 

0.06838 1.84332 526249 970048 1.11727 

72 0.60088 

 

0.07463 1.97665 481248 951260 1.13933 

81 0.67019 

 

0.07974 2.11102 440516 929941 1.16546 

90 0.73722 0.08585 2.24813 402821 905594 1.19679 

 

4.4 Conclusion 

This chapter describes the synthesis, analytical characterization, and use of a water-stable MOF 

for the detection of adrenaline in a bio-friendly HEPES buffer medium and 6-MP in various 

waste water specimens. The presented MOF is the first MOF-based luminescent sensor of 

adrenaline and 6-MP. The unique features of the sensor include a quick response time, good 

selectivity and recyclability. The sensor's LOD values for the sensing of adrenaline and 6-MP 

are much lower than most the other sensors of adrenaline. The sensing capacity of the MOF 

was investigated in different bio-fluids, wastewaters and pH media. For the on-field sensing of 

adrenaline, MOF@cotton fabric composite was fabricated which displayed nanomolar level 

sensing capability towards both the targeted analytes under UV light. Reproducibility, inter 

and intra-day precision and error of every measurement were investigated in detail. Various 

instrumental outcomes indicated that FRET in presence of adrenaline and IFE in presence of 

6-MP are the most possible reasons behind the quenching of fluorescence intensities of the 

MOF. 
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A Self-Cleaning Hydrophobic MOF Based Composite for 

Highly Efficient and Recyclable Separation of Oil from Water 

and Emulsion 
 

This chapter represents the synthesis, characterization and application of –CF3 

group containing hydrophobic MOF (4′@CF3) which was synthesized by post-

synthetic modification of the Zr- BDC-OH MOF (4′). The hydrophobic property 

of the MOF was used for the preparation of a robust hydrophobic composite 

(4′@CF3@melamine) with melamine sponge.  The water contact angle of 

4′@CF3@melamine was found to be 145 ± 1°. The hydrophobic composite was 

utilized to separate oil-water mixtures and water-in-oil emulsions even under 

harsh aquatic environments. The oil-water and emulsion separations were 

carried out in an easy and fast way without the consumption of energy. The 

absorption capacity and separation efficiency of the composite for a wide variety 

of oils were found to be 27-37 g/g and 95-99%, respectively. The material showed 

high recyclability up to 50 cycles for oil-water separation and for 30 cycles for 

water-in-oil emulsion separation. In addition, the hydrophobic 

polymer@4′@CF3 coated glass substrate displayed excellent self-cleaning 

properties. Furthermore, inexpensive and facile gravity-driven filtration and 

against the gravity based separation techniques for different oils were developed 

by employing the composite. 
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5.1 Introduction 

The pollution due to oil spill not only ends with water pollution but also affects the nearby land 

ecosystem and the humidity of air due to change in evaporation rate and the greenhouse gases 

released due to the burning of oil.1 The vulnerability caused by 1991 Gulf war or Ixtoc I oil 

spills are yet in the mind of people.2, 3 After every oil spillage, the oil forms a thin layer over 

water and causes sunlight blockage. The reduced amount of sunlight directly affects the 

producer of the aquatic food chain and as the producer is the first member of the food chain, 

the whole food chain is indirectly affected by the oil spills. The effect is not only inside the 

marine ecosystem. The highest vulnerability towards mammals of the seashore, fish nurseries 

and birds was due to the oil carried by the waves.4 The poisonous and persistent part of oil 

injected into an organism could cause problems for another organism far away from oil-spill 

becoming his food.5 The oil-layer present on the water's surface causes the accumulation of 

excreted gas inside the water body and inhibits the fresh air to enter into the water body. The 

exposure of polycyclic aromatic hydrocarbons of crude oil to the eggs of fishes causes 

teratogenic effect as well as premature hatching of eggs.6 The oil carried by the waves to 

mangroves near the coastal area dramatically affects the mangrove ecosystem. The thin layer 

of oil absorbed onto the breathing surfaces of mangrove roots and stems causes the death of 

tiny plants and animals within a few days and mature plants hardly survive for six months.7 

The bio-accumulative and persistent part of crude oil is directly absorbed into the tissues of sea 

animals and later integrated into the human body by the consumption of seafood. Due to the 

above vulnerable environmental impacts, there is a requirement for an easy oil spill clean-up 

technique. The traditional methods of oil-spill cleanings like in-situ burning, bioremediation, 

manual labour, dispersant, etc., are not adequate. In-situ burning is not environmentally 

friendly because of the release of toxic gases.8 In the bioremediation and dispersant method, 

the oil is not recovered, which is a loss from an economic point of view.9 The use of manual 

labour requires much time and money. Therefore, the scientific community is searching for an 

eco-friendly, fast and economical way to settle this issue. 

  The dispersion of an immiscible liquid in another liquid is known as an emulsion. The 

emulsion formed by water dispersion in oil is the topic of interest for many scientists. The 

emulsion formation during crude oil extraction will cause problems if it is not appropriately 

treated. The presence of water will escalate the corrosion rate of pipes and equipment used 

during processing steps. The cost of transporting and pumping speed will increase due to the 

pressure drop in flowlines.10 Therefore, people are searching for an easy solution to the 

separation of oil from oil-water emulsions.11 

  The adhesion of dust and contaminants to the surface of the glass, concrete walls, buildings, 

and even the surface of our garments causes various problems. The adhesion of pollutants and 

dust causes bacterial growth and foul-smelling. A new class of self-cleaning material was first 

reported by Heller et al. in 1995.12 Afterwards, few materials with self-cleaning property were 

developed to deal with the above issue. Among them, very few numbers of hydrophobic MOFs 

were developed.13, 14 

  All the above-stated problems have an easy and single solution via hydrophobic-based 

composite materials. The composite being hydrophobic will attract the oil and repel the water. 
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The lipophilicity of hydrophobic composite will selectively attract the oil part of the oil-water 

mixture and the separation could be easily possible without consumption of external energy. 

When the hydrophobic composite comes into contact with oil-water mixture, it initially takes 

a little time to form a layer. Once there is oil on the composite surface, it will speed the process 

of demulsification on the principle of same attracts same. The hydrophobic coating on any 

surface causes the roll-over flow of water droplets, thereby removing all the dust or 

contaminants. There are many types of hydrophobic materials reported to date.15, 16 Among 

them, very few are MOF-based. The MOF materials are chemically stable and can be 

functionalized very easily. The porous nature of MOFs made them famous in gas adsorption 

and storage, drug delivery and water harvesting purposes.17-19 The wide range of functionality 

in the family of MOFs makes them unique in the field of sensing.20 The porous and robust 

nature of MOFs attracted us to choose them for the above applications.  

  The Zr(IV) containing MOFs are highly stable. Therefore, we synthesized a Zr(IV) based 

MOF material with 2-hydroxyterepthalic acid (BDC-OH). The as-synthesized Zr-BDC-OH 

MOF was named as 4 and the activated form of this was named as 4′. The activated MOF 4′ 

was post-synthetically modified to add one -COCF3 group to the free -OH group of 4′. The 

post-synthetic modification was achieved by a simple reaction between 4′ and trifluoroacetic 

anhydride to give hydrophobicity and the material was named as 4′@CF3. The powder form 

of 4′@CF3 doesn't have the freestanding ability. Therefore, it was required to be anchored onto 

a substrate. Hence, we prepared a polydopamine (PDA) coated melamine sponge substrate. 

The PDA coating on the melamine sponge increased the number of free -OH and -NH2 groups 

on the surface of the melamine substrate. Then, a PDMA-co-PMHS polymeric coating 

containing the hydrophobic MOF powder was applied to the modified melamine sponges to 

get a robust hydrophobic composite. The free -OH and -NH2 groups of PDA coated sponge 

strongly bind with the oxophilic Zr(IV) ions of MOF to give a robust hydrophobic composite. 

The obtained hydrophobic composite was named 4′@CF3@melamine. The WCA of polymer-

coated composite without MOF powder was found to be 106 ± 1°, whereas, for 

4′@CF3@melamine, it was 145 ± 1°. The increased WCA value inferred that the 

hydrophobicity in the composite is because of 4′@CF3 powder. The composite 

4′@CF3@melamine was used for the separation of oil from oil-water mixture in very simple 

techniques (filtration-based separation, separation in opposite to gravity and by absorption-

based separation). The robust nature of composite makes it sufficiently recyclable up to 50 

cycles with only 10% decrease in efficiency after 50th cycle. The material was also applied for 

the separation of oils from water-in-oil emulsions (30 times recyclability) and it was also coated 

on a glass surface to use as a self-cleaning material. 

 

5.2 Experimental Section 

 

5.2.1 Synthesis of 2-Hydroxyterephthalic acid (H2BDC-OH) Linker and Preparation of 

Zr-UiO-66-OH MOF (4) 

The 2-hydroxyterephthalic acid (H2BDC-OH) linker was prepared according to the reported 

procedure.21 For the synthesis of hydroxyl (-OH) functionalized Zr-based UiO-66 MOF, we 

applied the previously reported solvothermal method of synthesis, reported by Katz et al.22 In 
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brief, in a 25 mL Teflon autoclave, 250 mg (1.08 mmol) of ZrCl4, 197 mg (1.08 mmol) of 

2-hydroxyterephthalic acid was taken. After that, 5 mL of DMF and 2 mL of concentrated HCl 

were added to the previously mentioned solids. After homogeneous mixing of all the 

components for 15 min via sonication, the mixture was kept in a pre-heated hot air oven at 120 

°C for 24 h. Then, the autoclave was gently allowed to come to room temperature and a white 

coloured product was collected after washing with acetone several times. Then, the white 

powder was dried in a 100 °C oven. The obtained yield of 1 was 28 mg (0.01 mmol, 76 %). 

ATR-IR (cm-1): 3316 (br), 1574 (s), 1491 (vs), 1412 (vs), 1368 (sh), 1237 (vs), 1158 (w), 961 

(w), 773 (vs), 716 (vs), 663 (vs), 572 (m), 488 (w). 

 

5.2.2 Activation of 4 

The as-prepared MOF may contain some unreacted starting materials and solvent molecules 

inside the pore of its framework. To remove such impurities, 4 was stirred in MeOH for 24 h 

and afterwards, it was recovered by filtration and dried. Then, the dry MOF was heated under 

a vacuum for another day. Thus, we obtained completely solvent-free, pure Zr-UiO-66-OH 

MOF called 4′. 

 

5.2.3 Post-synthetic Modification of 4′ 

To functionalize the free hydroxyl (-OH) groups of 4′ by -COCF3 groups, 100 mg (0.06 mmol) 

of 4′ was placed in 20 mL of dry DCM inside a 50 mL round bottom flask. After the addition 

of 80 µL of trifluoroacetic anhydride, the reaction medium was stirred (0.6 mmol) for 12 h at 

an ambient condition (Scheme 5.1). After 12 h, the MOF material was filtered and washed with 

DCM for three times. Finally, it was allowed to dry at 60 °C for 4 h. 1H NMR, 13C NMR and 
19F NMR spectra after digestion of the modified MOF were collected to know the post-

synthetic modification percentage (Figures 2.30-2.33). From the 1H NMR integration, it was 

observed that around 67% of the parent MOF was converted to -OCOCF3 functionalized Zr-

UiO-66 MOF (Figure 31). Hereafter, this post-modified MOF will be called as 4′@CF3. 1H 

NMR (400 MHz, DMSO-d6): δ = 7.94 (d, 1H), 7.88 (d, 0.48H), 7.49 (m, 1.62H), 7.43 (m, 

0.96H) ppm. 13C NMR (100 MHz, DMSO-d6): δ = 171.50, 167.81, 166.85, 162.87, 160.96, 

159.42, 159.04, 158.67, 158.29, 137.32, 133.30, 131.18, 131.14, 129.70, 129.00, 119.99, 

118.14, 117.24, 117.04, 114.17, 111.30 ppm. 19F NMR (400 MHz, DMSO-d6): -75.18 ppm. 

ESI-MS (m/z): 277.0665 for (M-H)- ion (M = mass of H2BDC-OCOCF3 linker) and m/z = 

181.0165 corresponds to the mass of H2BDC-OH linker (Figures 5.1-5.4). The appearance of 

a peak at 1202 cm-1 in the ATR-IR spectrum after post-synthetic modification was due to the 

C-F bond stretching (Figure 5.5).23 
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Scheme 5.1 Reaction scheme for the preparation of 4′@CF3 MOF. 

 

 
Figure 5.1 1H NMR spectrum of the digested 4′@CF3 MOF in DMSO-d6. The MOF was 

digested after adding two drops of 40% HF in DMSO-d6 medium. 
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Figure 5.2 13C NMR spectrum of the digested 4′@CF3 MOF in DMSO-d6. The MOF was 

digested after adding two drops of 40% HF in DMSO-d6 medium. 

 

 
Figure 5.3 19F NMR spectrum of the digested 4′@CF3 MOF in DMSO-d6. The MOF was 

digested after adding two drops of 40% HF in DMSO-d6 medium. 
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Figure 5.4 ESI-MS spectrum of 4′@CF3 MOF measured in methanol. The spectrum shows 

m/z peak at 277.0665, which corresponds to (M-H)− ion (M = mass of H2BDC-OCOCF3 linker) 

and m/z peak at 181.0165 corresponds to (M-H)− ion (M = mass of H2BDC-OH linker). 

 

5.2.4 Measurement of Absorption Capacities for Various Oils by 4′@CF3@melamine 

Composite 

For the oil absorption measurement, fully dry pre-weighed (~300-400 mg) 

4′@CF3@melamine composite was placed in various heavy oils (CHCl3, CH2Cl2 and CCl4) 

and light oils (hexane, EtOAc, toluene, motor oil, gasoline and kerosene). The composites were 

kept in oil for 1 min to reach absorption equilibrium and then removed and weighed. All the 

experiments were performed at room temperature. Absorption capacities for various oils were 

calculated using the following formula: 

Absorption capacity (g/g) = (Wf-Wi)/Wi 

Where, Wi was the initial weight of 4′@CF3@melamine composite and Wf was the weight of 

oil-absorbed 4′@CF3@melamine. Six measurements were performed for each oil sample and 

the average value was plotted. 

 

5.2.5 Absorption Based Separation of Oil and Water by 4′@CF3@melamine Composite 

A single piece of dry pre-weighed 4′@CF3@melamine composite (300-400 mg) was placed 

in several oil/water combinations containing 3 mL of oil and 40 mL of water to separate the 

light oils (hexane, EtOAc, toluene, motor oil, gasoline and kerosene) from the surface of the 

water. For heavy oils (CH2Cl2, CHCl3 and CCl4), a piece of 4′@CF3@melamine composite 

was brought into contact with the sediment oil for the separation of heavy oils from the 

oil/water combination from the bottom of the water. For each case, the 4′@CF3@melamine 

composite selectively soaked the oils when it came with the contact of oils and the separated 

oil was recovered by physically squeezing the material. All the tests were performed at room 

temperature. Separation efficiency (%) for various oils were calculated using the following 

formula: 

Separation efficiency (%) = Vf/Vi × 100%  
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where Vi was the amount of oil used (mL) and Vf was the absorbed volume of water (mL). Six 

measurements were performed for each oil sample and average value was plotted. 

 

5.2.6 Separation of Emulsions Using 4′@CF3@melamine Composite  

All the water-in-oil emulsions were prepared (water/toluene, water/CHCl3, water/ kerosene and 

water/gasoline) by sonicating the water-oil mixtures for 60 min. To make the emulsion stable, 

50 µL of surfactant (Triton X-100) was added to the oil-water mixture before sonication. Then, 

4 mL (3.5 mL of oils + 0.5 mL of water) of different water-in-oil emulsions were allow to pass 

through a chromatographic column and the bottom of the column was packed by hydrophobic 

4′@CF3@melamine composite. The time required for all the separation process were 

recorded.  

Separation efficiency (%) for various water-in-oil emulsion were calculated using the 

following formula: 

Separation efficiency (%) = V2/V1 × 100%  

where V1 was the amount of oil used (mL) for the preparation of the water in oil emulsion and 

V2 was the obtained volume of oil (mL) after the separation experiment. 

The flux for various emulsions was calculated using the formula: Flux = V/A × T (where V = 

volume of separated oil, A = area of the composite and T = time required for the separation of 

oil from water-in-oil emulsion). 

 

5.3 Results and Discussion 

 

5.3.1 Infrared (IR) Spectroscopy 

To ensure the successful coordinative bond formation between the Zr(IV) ions and 

2-hydroxyterephthalate linkers in 4′ and the incorporation of -COCF3 group in 4′, we measured 

the ATR-IR spectra of 4′ and 4′@CF3 (Figure 5.5). In both the IR spectra, two sharp absorption 

peaks were observed at 1420 and 1573 cm-1. These peaks were originated from the symmetric 

and asymmetric stretching vibrations of the Zr(IV)-bound carboxylate groups. A sharp peak at 

1666 cm-1 was obtained for 4′@CF3 due to the stretching vibration of the carbonyl group of 

trifluoroacetoxy functional group. The peak at 1202 cm-1 is due to the stretching of -C-F bond 

of -CF3 group. Such peaks were absent in 4′.23 This evidenced the fruitful modification of –OH 

group of 4′ by trifluoroacetoxy functional group. 
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Figure 5.5 ATR-IR spectra of (a) UiO-66-OH (4′) and (b) 4′@CF3 MOF. 

 

5.3.2 Structural Overview 

The obtained PXRD pattern of 4′ was also very similar to the PXRD pattern of the un-

functionalized UiO-66 MOF material (Figure 5.6). We modified 4′ by reacting with 

trifluoroacetic anhydride in CH2Cl2 to obtain 4′@CF3. The PXRD patterns of 4′@CF3 revealed 

that the peak positions and intensities of the modified MOF remained very similar to the parent 

MOF (4′). In 4′@CF3, the [Zr6O4(OH)4]
12+ units are present as secondary building units 

(SBUs), where the central Zr(IV) ion is coordinated with four µ3-OH and four µ3-O sites.24 The 

SBUs are interlinked with each other by six 2-(2,2,2-trifluoroacetoxy)terephthalate (TFBDC) 

linkers which give rise the final [Zr6O4(OH)4(TFBDC)4(BDC-OH)2] MOF material with UiO-

66 structure. Similar to other UiO-n series of MOFs, there are two types of structural voids: 

larger size octahedral voids and smaller size tetrahedral voids are present in the framework 

structure.25 These voids were interlinked by triangular windows. We carried out Pawley 

refinement (Figure 5.7) and indexing of the slow-scan PXRD pattern of 4′@CF3. The obtained 

Rwp and Rp values after Pawley refinement were 5.2% and 3.6% which suggested remarkable 

similarity between experimental and theoretical PXRD patterns. The unit cell parameters and 

unit cell volume (Table 5.1) were closely similar to the pristine UiO-66 MOF. 
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Figure 5.6 PXRD patterns of (a) Zr-UiO-66 (black), (b) activated Zr-UiO-66-OH (red) and (c) 

4′@CF3 (blue). 

 

 

Figure 5.7 Pawley fit for the PXRD pattern of as-synthesized 4′@CF3 (Rwp = 5.2%, Rp = 

3.6%). Blue lines and red dots denote simulated and observed patterns, respectively. 

 

Table 5.1 Unit cell parameters of 4′@CF3 obtained by indexing its PXRD data. The obtained 

values have been compared with parent UiO-66 MOF. 

Compound Name 4′@CF3 UiO-66 

crystal system cubic cubic 

a = b = c (Å) 20.797(3) 20.790(3) 

V (Å3) 8994.6(25) 8985.9(9) 

 

TH-3430_196122037



   Chapter 5 

180 
 

5.3.3 FE-SEM and EDX Analysis 

The phase purity and crystalline nature of 4′ and 4′@CF3 were again supported by the 

homogeneous distribution of octahedral shaped crystalline particles, as noticed from the FE-

SEM images (Figure 5.8a-b). The EDX spectra and elemental mapping of 4′ and 4′@CF3 

proved the presence of Zr, C, O in 4′ and Zr, C, O and F in 4′@CF3 (Figure 5.8c-d). The 

presence of F atoms in 4′@CF3   proved the successful modification of the -OH groups of 4′ 

by –COCF3 groups. 

 

 
Figure 5.8 (a and b) FE-SEM, (c) EDX and (d) elemental mapping of 4′@CF3. 

 

5.3.4 Surface Area Measurement 

To measure the porosity and specific surface area of the pristine and post modified MOF 

materials, we conducted the BET surface area analysis of both 4′ and 4′@CF3 at a temperature 

of -196 °C (Figure 5.9a-b). Type-I sorption isotherms were obtained for both 4′ and 4′@CF3. 

The obtained surface areas were 1002 and 631 m2/g for 4′ and 4′@CF3 with the micropore 

volumes of 0.58 and 0.35 cm3/g, respectively. The obtained surface area of 4′@CF3 was less 

than the surface area of 4′. This is because of the functionalization of small -OH groups of by 

bulky -OCOCF3 groups. The presence of bulky -OCOCF3 groups decrease the availability of 

pore diameter in 4′@CF3, which restricts the free diffusion of N2 gas molecules into the pore 

of 4′@CF3. The obtained surface area is similar to the other reported post modified UiO-66 

MOFs.26 
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Figure 5.9 Nitrogen adsorption and desorption isotherms of (a) 4' and (b) 4′@CF3 recorded at 

-196 °C. 

 

5.3.5. Thermogravimetric Analysis 

Thermogravimetric analysis (TGA) of 4′ and 4′@CF3 were carried out in the temperature range 

of 25-700 °C under air atmosphere to know the thermal stability of 4′ and 4′@CF3 (Figure 

5.10). From the TGA, two steps of weight losses were observed for 4′. An initial weight loss 

of 11.9% (cal. 11.9%) was observed in the temperature range of 25-105 °C. This loss of weight 

is due to the removal of 13 water molecules absorbed from the atmosphere during the storage 

of the MOF for TG analysis. After the temperature of 420 °C, the second and final weight loss 

was observed. The thermal cleavage of the Zr(IV)-carboxylate coordinative bond and the 

decomposition of organic linker molecules are the reasons behind this weight loss. For 

4′@CF3, the only weight loss started after the temperature of 200 °C. The removal of the 

thermally labile -COCF3 group is responsible for the weight loss at low temperature (~200 °C). 

At high temperature, the connectivity between the metal ion and the carboxylate groups caused 

the final loss of weight. Therefore, from the TGA, it can be concluded that 4′@CF3 has thermal 

stability up to the temperature of 200 °C, which is similar to the other available MOFs obtained 

after post-synthetic modification.27 

 

 
Figure 5.10 TGA curves of activated 4' (black) and 4′@CF3 (red) recorded in an air 

atmosphere in the temperature range of 25-700 °C at a heating rate of 10 °C min-1. 
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5.3.6 Chemical Stability 

For the real-world application purpose (e.g. oil-water separation), the material should be stable 

in respective oils and water media. To verify the same, 4′@CF3 was stirred in various heavy 

(CH2Cl2, CHCl3 and CCl4) and light oil (toluene, ethyl acetate and hexane) media, acids (1 M 

HCl and 1 M AcOH), various water samples (pond, tap, sea and river waters) and different pH 

media (pH = 2 and pH = 12) for 24 h at room temperature. Afterwards, the recovered materials 

through filtration were dried and PXRD measurements were performed (Figure 5.11-5.13). It 

is worth to say that the PXRD profiles of the recovered MOFs after soaking in all the liquids 

mentioned above remained similar to the PXRD patterns of the fresh MOF. We also measured 

the WCA of all the recovered powdered samples, which remained identical to the measured 

WCA of the fresh MOF (Table 5.2). All the above experiments supported the stability of 

4′@CF3 and integrity of the -OCOCF3 functional group in the MOF in the liquids mentioned 

above. 

 

 

Figure 5.11 PXRD patterns of (a) 4′@CF3, 4′@CF3 after stirring in (b) CH2Cl2, (c) CHCl3 

and (d) CCl4. 
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Figure 5.12 PXRD patterns of (a) 4′@CF3, 4′@CF3 after stirring in (b) toluene, (c) EtOAc, 

(d) motor oil, (e) gasoline, (f) kerosene and (g) hexane for 24 h. 

 

 
Figure 5.13 PXRD patterns of (a) 4′@CF3, 4′@CF3 after stirring in (b) 1 M HCl, (c) 1 M 

AcOH, (d) tap water, (e) river water, (f) lake water, (g) sea water, (h) pH = 1 and (i) pH = 10 

for 24 h. 
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Table 5.2 Water contact angle (WCA) of 4′@CF3 after treatment with different types of water 

and oil specimens. 

Sl No. Liquids Average WCA of 4′@CF3 (°) 

1 fresh 4′@CF3 146 ± 1.0 

2 CCl4 144 ± 1.2 

3 CHCl3 146 ± 1.5 

4 CH2Cl2 143 ± 1.3 

5 hexane 142 ± 1.2 

6 kerosene 143 ± 1.1 

7 gasoline 142 ± 1.3 

8 motor oil 140 ± 1.6 

9 EtOAc 141 ± 1.1 

10 toluene 146 ± 1.2 

11 pH =1 142 ± 1.6 

12 pH = 10 146 ± 1.4 

13 sea water 141 ± 1.0 

14 lake water 143 ± 1.5 

15 tap water 145 ± 1.3 

16 river water 143 ± 1.2 

17 1 M AcOH 142 ± 1.0 

18 1 M HCl 144 ± 1.0 

 

5.3.7 Hydrophobic Nature of 4′@CF3 

Our main aim of the modification of 4′ by -COCF3 was to make the material hydrophobic. The 

incorporation of -CF3 groups in 4′@CF3 converted the hydrophilic 4′ to hydrophobic 4′@CF3. 

The post modified material displayed its self-floating ability when the 4′@CF3 powder was 

placed on the surface of water. But, the 4′@CF3 powder was readily immersed when it was put 

on the surface of hexane (Figure 5.14). A spherical droplet was immediately formed when 10 

µL of water drop was carefully placed on the flat surface of 4′@CF3 powder. All the above 

observations proved that after incorporation of -CF3 group to 4′, it became hydrophobic and 

lipophilic. The measurement of WCA further verified the hydrophobic nature of 4′@CF3. The 

MOF displayed an excellent average static contact angle of 146 ± 1° (Figure 5.15). Such contact 

angle value confirmed the water repealing nature of 4′@CF3. 

 

 
Figure 5.14 Self-floating ability of 4′@CF3 in water (a) and oil (hexane) (b). 
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Figure 5.15 Water contact angle image of beaded water droplets on the surface of 4′@CF3. 

 

5.3.8 Preparation of 4′@CF3@melamine Composite 

For the synthesis of the composites of 4′@CF3 with the melamine sponge, at first, the 

commercially available melamine sponge was cut into small pieces (with a volume of 1 × 1 × 

1 cm3) and the sponges were sonicated with acetone for 15 min to remove the unwanted 

substrates present in the sponges. After that, the sponges were dried in a 50 °C oven for 2 h 

and a coating of PDA was made on the dry and clean sponges. For that, 80 mg of dopamine 

hydrochloride was added to a mixture of water and ethanol (volume ratio of water and ethanol 

was 1:1). Afterwards, 40 mL of 10 mM Tris-buffer solution was added to the previously 

maintained mixture and the final pH of the medium was adjusted to 8.5 by the addition of an 

aqueous solution of NaOH. Then, 10 small pieces of sponge (volume of 1 × 1 × 1 cm3) were 

added to the mixture and they were allowed to stir for 24 h. After 24 h, black coloured PDA 

coated melamine sponges were obtained, which were washed with water and dried for 12 h in 

an 80 °C oven. 

  A cross-linked polymeric solution was obtained after mixing PDMS and PMHS in the 

presence of catalyst, dibutyltin dilaurate. For the preparation of the polymeric solution, PMHS 

and PDMS were dissolved in toluene with a volume ratio of 1:10 and 3% of dibutyltin dilaurate 

(with respect to total volume of the polymer) were totally mixed by sonication of the mixture 

for 45 min. After preparation of the cross-linked polymeric solution, it was diluted 25 times to 

its initial concentration. Thereafter, 1 g of 4′@CF3 was added to 25 mL of the polymeric 

solution and the MOF was dispersed into the solution of the polymer through sonication for 1 

h. Then, the mixture of MOF and polymer was heated for 1 h at 45 °C for maximum cross-

polymerization. Next, ~5 mL of the mixture of MOF and polymer was homogeneously coated 

on a small piece of PDA coated sponge and it was fully dried at a temperature of 125 °C. The 

coating on a piece of sponge was repeated for four times. Thus, we achieved 

4′@CF3@melamine composite (Scheme 5.2). Here, the cross-linked polymer was used as a 

binder of 4′@CF3 to the polydopamine treated melamine sponge. 

  The loading percentage of 4′@CF3 on the PDA coated melamine sponge was calculated using 

the following formula: loading percentage = (Wf -Wi/Wi) × 100% where, Wi and Wf are the 

oven-dry weights of the polymer-coated melamine sponge and 4′@CF3@melamine 

composite, respectively. The obtained average loading percentage was ~36%. 
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Scheme 5.2 Schematic representation for the preparation of 4′@CF3@melamine composite. 

 

5.3.9 Characterization of 4′@CF3@melamine Composite  

After successful fabrication of 4′@CF3@melamine composites, the integration of the MOF 

powder on the melamine sponge was verified by the PXRD, ATR-IR, EDX, FE-SEM and BET 

analysis. 

  Digital image of 4′@CF3@melamine composite and polymer coated melamine sponge 

displayed the immobilization of 4′ powder on the melamine sponge (Figure 5.16). In the PXRD 

profile, the first two sharp characteristic peaks present in powder form of 4′@CF3 were 

obtained at 2θ values of 7.4 and 8.5. These two characteristic peaks were not found for polymer 

coated sponge. The appearance of these crystalline peaks for 4′@CF3@melamine supported 

the presence of 4′@CF3 MOF in the composite (Figure 5.17). Then, we took the support of 

ATR-IR spectroscopy to prove the immobilization of MOF on the melamine sponge. Two 

sharp bands at 1420 and 1570 cm-1 were observed in the IR spectra of 4′@CF3@melamine. 

These peaks arose from the symmetric and asymmetric stretching vibrations of carboxylate 

groups. Another sharp peak at 1666 cm-1 was observed in the IR spectra of 

4′@CF3@melamine, which corresponds to the carbonyl stretching frequency of the 

trifluoroacetoxy functional group and the peak at 1202 cm-1 is due to the stretching of C-F bond 

of -CF3 group (Figure 5.18). Such characteristic peaks were not obtained for polymer coated 

sponge. The existence of all the characteristic IR peaks of 4′@CF3 confirmed the presence of 

4′@CF3 in the composite. 

 

 
 

Figure 5.16 Digital images of (a) 4′@CF3@melamine composite and (b) polymer coated 

melamine sponge. 
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Figure 5.17 PXRD patterns of (a) 4′@CF3, (b) 4′@CF3@melamine composite and (c) only 

melamine sponge. 

 

 

Figure 5.18 ATR-IR spectra of (a) native melamine sponge and (b) 4′@CF3@melamine 

composite. 

 

  We calculated the percentage of loading of 4′@CF3 material in the composite by taking the 

weights of the composite after and before the integration of MOF powder on the sponge. The 

obtained percentage of loading was nearly 36%. The presence of Zr, C, O and F elements in 

the EDX spectra and elemental mapping of 4′@CF3@melamine composite further supported 

the successful loading of 4′@CF3 on the melamine sponge (Figure 5.19-5.20). We also 

measured the BET surface area of the polymer coated and MOF loaded melamine sponges. The 

polymer coated sponge was non-porous, but surface area was 349 m2/g for the surface-modified 
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sponge (Figure 5.21). Such an increase in surface area for the modified sponge evidenced the 

presence of a porous framework on the melamine sponge. 

 

 

Figure 5.19 EDX spectrum of 4′@CF3@melamine composite. 

 

 

Figure 5.20 EDX elemental mapping of 4′@CF3@melamine composite. 
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Figure 5.21 Nitrogen adsorption and desorption isotherms of 4′@CF3@melamine recorded at 

-196 °C. 

 

  Most conclusive evidence of the uniform immobilization of 4′@CF3 on the surface of the 

sponge was received from the FE-SEM images of the polymer coated sponge (Figure 5.22) and 

the sponge obtained after treatment with 4′@CF3 (Figure 5.23a-d). From Figure 5.22, it is clear 

that the polymer coated sponge has a smooth surface, but the 4′@CF3@melamine composite 

has a rough surface. The roughness of the surface of the melamine sponge in 

4′@CF3@melamine significantly increased after the treatment with 4′@CF3 MOF. The 

roughness on the sponge surface was produced by the random arrangement of 4′@CF3 

particles, making the surface hydrophobic. All the above-discussed experiments strongly 

supported the integration of 4′@CF3 MOF on the surface of the melamine sponge. 

 

 
Figure 5.22 High resolution FE-SEM images of melamine sponge. 
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Figure 5.23 High resolution FE-SEM images of 4′@CF3@melamine composite (a-d). 

 

5.3.10 Hydrophobicity Assessment for 4′@CF3@melamine Composite 

After the verification of successful immobilization of the MOF on the surface of the melamine 

sponge, we verified the hydrophobic nature of the composite. For the same, initially, we 

carefully added a red colored (red color was added to make the droplet visible) water droplet 

on the surface of the 4′@CF3@melamine composite (Figure 5.24). An immediate formation 

of the spherical droplet was observed on the surface of the composite. But, for a polymer coated 

sponge, water droplets are readily absorbed by the sponge surface (Figure 5.24). The static 

WCA of the 4′@CF3@melamine composite was 145 ± 1°. Such value of WCA evidenced the 

hydrophobic nature of the 4′@CF3@melamine composite (Figure 5.24). Water repealing 

nature of the 4′@CF3 was the reason behind the observation. Next, we verified the self-floating 

nature of the composite and the polymer coated dopamine treated sponge. Figure 5.25a 

displays, the surface-modified sponge was floated on the surface of the water, but the polymer 

coated sponge immersed into the bulk of water after soaking the water. Now, when we 

forcefully immersed the 4′@CF3@melamine composite into the bulk of water, a silver-colour 

shining was observed on the contact point of the sponge and water (Figure 5.25b). A similar 

phenomenon is also observed when one forcefully immerses a lotus leaf into water. 28 
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Figure 5.24 Visual images of water droplets (red colour helps visual inspection) suspended on 

(a) polymer coated sponge and (b) 4′@CF3@melamine composite. The measured WCA of the 

polymer coated sponge and 4′@CF3@melamine composite are shown below. 

 

 
 

Figure 5.25 (a) Digital images of floating 4′@CF3@melamine composite on water and 

immersion of polymer coated melamine sponge in water and (b) digital image of forcefully 

submerged 4′@CF3@melamine composite under water showed Cassie-Baxter state. 
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5.3.11 Stability of 4′@CF3@melamine Composite in Different Oils and Water Media 

The composite should be stable in various harsh conditions for actual field application. To 

know the stability of the composite, it was kept in various oils (CH2Cl2, CHCl3, CCl4, toluene, 

ethyl acetate, hexane, kerosene, motor oil, silicon oil and gasoline), water (pond, seawater, 

river, cold water and hot water) and pH (pH = 1 and 10) media for 2 h at room temperature and 

after 2 h, the composites were dried and the WCA of the composites were collected. Table 5.3 

shows that the water repelling ability of the composite remained almost the same as the fresh 

composite after being exposed to all possible harsh conditions. 

 

Table 5.3 Water Contact angle (WCA) of 4′@CF3@melamine after treatment with different 

types of water and oil specimens. 

Sl No. Oil/Water Types Average WCA (°) 

1 sea water 142 ± 1.8 

2 lake water 142 ± 1.5 

3 tap water 143 ± 1.9 

4 river water 144 ± 1.7 

5 hot water 140 ± 1.9 

6 cold water 143 ± 1.2 

7 pH = 1 143 ± 2.0 

8 pH = 10 144 ± 1.9 

9 CH2Cl2 140 ± 1.1 

10 CHCl3 144 ± 1.2 

11 CCl4 141 ± 1.3 

12 EtOAc 144 ± 1.5 

13 hexane 145 ± 1.8 

14 toluene 142 ± 1.0 

15 motor oil 147 ± 1.0 

16 gasoline 147 ± 1.2 

17 kerosene 145 ± 1.3 
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5.3.12 Selective Separation of Oils by 4′@CF3@melamine Composite from Oil-Water 

Mixtures 

The stability of the composite in various drastic conditions and its hydrophobic as well as 

lipophilic nature motivated us to utilize it for the selective separation of oils from the oil-water 

mixtures. For this task, we chose CHCl3 as a heavy oil (denser than water) and kerosene as 

light oil (less dense than water). To differentiate the oil and water layers, we made the oil 

colourful. Kerosene and CHCl3 were made blue and red coloured after the addition of a pinch 

of Solvent Blue 35 and Rhodamine B dyes to a 5 mL volume of oil samples.  

  Around 100 mL of water and 5 mL of light oil (kerosene) was added in a 250 mL beaker. As 

the density of kerosene is lower than that of water, it floats on the surface of water. When the 

4′@CF3@melamine composite was brought into contact with the mixture's upper oil layer, it 

immediately soaked up all of the light oil (kerosene) in a selective manner (Figure 5.26-i). 

Next, in a 250 mL beaker, 5 mL of heavy model oil (CHCl3) was added to roughly 100 mL of 

distilled water. When we put the 4′@CF3@melamine composite into the mixture with force, 

it absorbed all of the heavy oil selectively (Figure 5.26-ii). These findings suggested that 

4′@CF3@melamine will be beneficial for separating both the heavy and light oils from the 

oil-water mixture. 

 

 

Figure 5.26 Digital photographs of the selective separation of (i) floating oil and (ii) 

underwater oil by 4′@CF3@melamine composite. 

 

  This selective and quantitative separation of the 4′@CF3@melamine composite for both the 

heavy and light oils inspired us to evaluate its separation efficiency for various heavy and light 

oils. Separation efficiency for different oils were determined by the formula: separation 

efficiency (%) = Vf/Vi × 100 where, Vi is the total volume of oil (mL) used and Vf is the volume 

of oil absorbed by 4′@CF3@melamine composite. The obtained separation efficiency was in 

the range of 95-99% for the oils tested (Figure 5.27a). The separation efficiency remained 

almost the same (Figure 5.27b) when we carried out similar experiments (using EtOAc as a 

reference oil) for various real water samples (tap water, artificial seawater and river water) and 

pH media (pH 1 and pH 10). After each experiment, the oil absorbed by the 

4′@CF3@melamine composite was collected by the manual squeezing. 
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Figure 5.27 Bar plot of separation efficiency (%) of 4′@CF3@melamine composite towards 

separation of: (a) various oils from oil-water mixtures, and (b) EtOAc from different types of 

aqueous media. Each measurement was repeated six times. 

 

  Our main aim was to develop a composite to make the oil-water separation process easier, 

cheaper, effective and less time-consuming. From the above discussion, it is clear that our 

composite is highly effective in separating various oils with 95-99% efficiency even in harsh 

conditions. The absorbed oil can be easily collected by mechanical squeezing of the composite 

within a few seconds. The results show that our material meets all the criteria of an excellent 

and effective oil-water separation material. 

  Reusability of the composite is another crucial factor to consider when we select a material 

for oil-water separation. We tested the reusability of 4′@CF3@melamine composite up to the 

50th cycle and found that the loss of separation efficiency after the 50th cycle was only ~10% 

(Figure 5.28). After the 50th cycle of the separation experiment, the EDX spectrum and 

elemental mapping of 4′@CF3@melamine composite were recorded. The obtained results 

revealed that the Zr, O, C and F elements were present in the composite (Figure 5.29). We also 

conducted the FE-SEM analysis of the 4′@CF3@melamine composite after the 50th cycle of 

separation. The FE-SEM image of 4′@CF3@melamine composite exhibited a homogeneous 

distribution of particles (Figure 5.30). The characteristic PXRD peaks of 4′ were also found in 

reused 4′@CF3@melamine (Figure 5.31). All of the findings pointed to the usefulness of the 

composite for oil-water separation up to the 50th cycle. The recyclability of the composite is 

much better than the recently reported MOF based composite from our group, which was only 

up to 10 cycles.29 

 

 
Figure 5.28 Reusabiity of 4′@CF3@melamine composite for oil-water separation experiment 

(model oil: kerosene). 

TH-3430_196122037



   Chapter 5 

195 
 

 
Figure 5.29 EDX spectrum of 4′@CF3@melamine composite after 50th cycle of oil-water 

separation experiment. 

 

 
Figure 5.30 High resolution FE-SEM images of 4′@CF3@melamine composite after 50th 

cycle of oil-water separation experiment. 

 

 
Figure 5.31 PXRD patterns of 4′@CF3@melamine composite (a) before and (b) after oil-

water separation experiments (model oil: EtOAc). 

TH-3430_196122037



   Chapter 5 

196 
 

5.3.13 Absorption Capacity of 4′@CF3@melamine Composite for Various Oils 

The extraordinary high separation efficiency of the 4′@CF3@melamine composite for 

different oils and various aqueous media as well as recyclability of the composite up to 50th 

cycles encouraged us to examine the absorption capacity of the 4′@CF3@melamine 

composite for various oils. For this study, cubic composite pieces were immersed in various 

oils and kept inside the oils for 1 min. The weights of the composites were measured before 

and after the absorption of oils. Finally, we calculated the absorption capacity of the composites 

in terms of g/g unit (mass of oil absorbed by each gram of composite). The composites 

displayed negligible water absorption capacity but excellent absorption capacity for various 

oils. The obtain absorption capacities for various oils were water: 1.04 ±0.09, CCl4: 37.3 ± 1.2 

g/g, CHCl3: 36.0 ± 2.6 g/g, CH2Cl2: 35.2 ± 2.4 g/g, EtOAc: 32.2 ± 1.2 g/g, kerosene: 28.0 ± 

0.8 g/g, gasoline: 26.1 ± 1.2 g/g, toluene: 26.9 ± 1.8 g/g, hexane: 28.3 ± 0.8 g/g and motor oil: 

27.5 ± 1.7 g/g (Figure 5.32). The absorption capacity obtained for various oils are similar to 

previously reported oil-water separation materials and the absorption capacities for various oils 

are directly proportional to the density of the absorbed oil (Table 5.4).29 

 

Figure 5.32 Bar plot of absorption capacity (%) of 4′@CF3@melamine composite for various 

oils. 

 

Table 5.4. Absorption capacities (in g/g) of various absorbents for oil absorption. 

Sl. 

No. 

Absorbents Type of Oil Absorption 

Capacity (g/g) 

Ref. 

1 1′@CF3@melamine composite gasoline oil 

motor oil 

kerosene 

26.1 ± 1.2 

27.5 ± 1.8 

28 ± 0.80 

this work 

2 PDMS-TiO2-PU sponge diesel oil 14.20 30 

3 SH-UiO-66@CFs motor oil 

silicone oil 

gasoline 

kerosene 

45.23 

38.06 

31.87 

29.41 

31 

4 superhydrophobic/superoleophilic 

sawdust 

crude oil 17.50 32 

5 cotton fiber modified via the sol-

gel method 

diesel oil 

lubrication oil 

crude oil 

25.61 

44.24 

57.01 

33 
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6 modified jute fiber via the sol-gel 

method 

crude oil 

diesel oil 

lubricatiom oil 

7.41 

8.48 

10.29 

34 

7 mesoporous silica aerogel petrol oil 

diesel oil  

19.1 

18.6 

35 

8 ultralight cellulose-based aerogel  pump oil 

diesel oil 

22.60 

20.9 

36 

9 cellulose-based aerogel   crude oil 

diesel oil 

lubrication oil 

silicone oil 

77.08 

91.82 

105.83 

89.72 

37 

 

5.3.14 Gravity Driven Filtration-Based Separation of Oils by 4′@CF3@melamine 

Composite 

We also developed a gravity-driven oil-water separation technique that is very simple and does 

not require any energy or sophisticated instrumental supports. Firstly, a mixture of 5 mL of 

CHCl3 and 5 mL of water was prepared (CHCl3 was made colourful to differentiate the liquids). 

Afterwards, the mixture was poured into a column in which a piece of composite was plugged 

at the bottom part. It is evident from Figure 5.33a, that the red-coloured chloroform, which has 

a greater density than water, was filtered or separated through 4′@CF3@melamine. However, 

the water layer remained over 4′@CF3@melamine. The hydrophobic feature of the composite 

did not allow to pass the water through the composite. This observation proved the oil 

separation capability of the composite from the oil-water mixture via a gravity-driven, zero 

energy consumption process. 

 

5.3.15 Against Gravity Based Separation of Oils by 4′@CF3@melamine Composite 

The removal technique of heavy oils from the bottom of water using MOF@cotton composite 

against the gravity pathway was recently devoted by our group.29 Using a similar protocol, we 

also verified the capability of the 4′@CF3@melamine composite to separate sedimentary oil 

from the bottom of water. In this easy approach, a 6 mL mixture of CHCl3 and water was taken 

in a 15 mL test tube (again, we made the colour of CHCl3 as red to discriminate the liquids). 

Afterwards, a Pasteur pipette plugged with the 4′@CF3@melamine composite was slowly 

dipped inside the test tube. The composite did not soak any water when it came in contact with 

water, but as it touched the CHCl3 layer, it immediately started to absorb CHCl3. After 

absorbing all the CHCl3, the opposite side of the Pasteur pipette was capped and slowly taken 

out from the test tube. Red coloured CHCl3 readily came out from the pipette when it was 

uncapped to another test tube by the force of gravity (Figure 5.33b). The Pasture pipette with 

composite was then ready for the next cycle of sedimentary oil separation. This experiment 

clearly evidenced the selective separation ability of the composite for the heavy oils against the 

gravity. 
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Figure 5.33 Digital photographs of selective separation of oil by gravity-driven method (a) and 

against the gravity method (b) by 4′@CF3@melamine composite. 

 

5.3.16 Selective Separation of Oil from Water-in-Oil Emulsions 

Large amounts of oil in a small amount of water form emulsion. The separation of oil from 

water-in-oil emulsion is equally crucial as the water-in-oil separation. Extraordinary separation 

efficiency, considerable absorption capacity and high reusability of the composite towards the 

selective separation of oils from water-in-oil mixture prompted us to carry out the water-in-oil 

emulsion separation experiment. 

  For the separation of emulsions different water-in-oil emulsions were prepared 

(water/toluene, water/CHCl3, water/ kerosene and water/gasoline) by sonicating the water-oil 

mixtures for 60 min. To make the emulsion stable, 50 µL of surfactant (Triton X-100) was 

added to the oil-water mixture before sonication. Then, 4 mL (3.5 mL of oils + 0.5 mL of water) 

of different water-in-oil emulsions were allow to pass through a chromatographic column and 

the bottom of the column was packed by hydrophobic 4′@CF3@melamine composite. The 

time required for all the separation process were recorded.  

Separation efficiency (%) for various water-in-oil emulsion were calculated using the 

following formula: 

Separation efficiency (%) = V2/V1 × 100%  

where V1 was the amount of oil used (mL) for the preparation of the water in oil emulsion and 

V2 was the obtained volume of oil (mL) after the separation experiment. 
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The flux for various emulsions was calculated using the formula: Flux = V/A × T (where V = 

volume of separated oil, A = area of the composite and T = time required for the separation of 

oil from water-in-oil emulsion). 

 

 

Figure 5.34 Digital photographs of selective separation of oil by gravity-driven method from 

water-in-oil emulsion. 

 

  The readily prepared emulsions were poured into a chromatographic column (the bottom of 

the column was tightly packed by the composite). Now, the emulsion was allowed to pass 

through the 4′@CF3@melamine composite. The emulsion droplets readily demulsified after 

touching the composite. The composite permitted to pass only the oil components and the water 

droplets remained above the composite (Figure 5.34). Because of the hydrophobic nature of 

the 4′@CF3@melamine composite as the water-in-oils emulsions contact the composite, only 

the oil phase immediately permeated to go through the hydrophobic layer and formed an oil 

phase layer, which led to the water droplets being rejected. The lipophilic nature of the 

composite was the main reason behind the selective separation of oils through the composite. 

  The efficiency of emulsion separation and flux of the composites towards different water-in-

oil emulsions were calculated to verify the capability of the composite towards emulsion 

separation. The obtain separation efficiencies for water/toluene, water/CHCl3, water/kerosene 

and water/ gasoline emulsions were 98.5 ± 1.4, 97± 1, 97.2 ± 1 and 98.3 ± 1.5, respectively 

(Figure 5.35a). The 4′@CF3@melamine composite exhibited very high flux for all the 

emulsions. The obtained average flux for water/toluene, water/CHCl3, water/kerosene and 

water/gasoline emulsions under the atmospheric pressure were 1959, 1931, 1957 and 2028 

L/m2h, respectively (Figure 5.35b). The obtained flux is much better than the previously 

reported emulsion separators.38  

 

 
Figure 5.35 (a) Bar plot for separation efficiency (%) and (b) flux of 4′@CF3@melamine 

composite for various water-in-oil emulsions. 
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The reusability performance of the composite for the emulsion separation was also examined 

up to 30th cycles. After the 30th cycle, the loss of separation efficiency was 9% (Figure 5.36). 

The stability of the composite was verified after the 30th cycle of separation by collecting the 

PXRD, EDX, WCA and FE-SEM data of the reused composite (Figure 5.37-5.38). The reused 

composite displayed similar PXRD pattern as the fresh one (Figure 5.39). All the desired 

elements were obtained from the elemental analysis and the crystalline nature of 4′@CF3 MOF 

was further confirmed by the FE-SEM images of the used composites. The WCA data after the 

emulsion separation experiment are summarized in Table 5.5 All the above results suggested 

appreciable stability of the composite after the recyclability experiments. 
 

 

Figure 5.36 Reusabiity of 4′@CF3@melamine composite for emulsion separation experiment 

(model oil: kerosene). 

 

 
Figure 5.37 EDX spectrum of 4′@CF3@melamine composite after 30th cycle of emulsion 

separation experiment. 
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Figure 5.38 High resolution FE-SEM images of 4′@CF3@melamine composite after 30th 

cycle of emulsion separation experiment. 

 

 
Figure 5.39 PXRD patterns of 4′@CF3@melamine composite before and after emulsion 

separation experiments (model oil: kerosene). 

 

Table 5.5 Water Contact angle (WCA) of 4′@CF3@melamine after emulsion separation 

experiments. 

Sl No. Emulsion Types WCA (°) 

1 water/toluene 144 ± 1.1 

2 water/CHCl3 143 ± 1.3 

3 water/gasoline 146 ± 1.0 

4 water/kerosene 143 ± 1.4 
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5.3.17 Self-cleaning Ability of 4′@CF3  

In nature, many plants and animals possess hydrophobic surfaces such as the leaf of lotus, 

wings of butterfly, pitcher plant, skin of a shark and feet of a gecko. Such hydrophobic surfaces 

help them to stay sanitary and clean even in a polluted environment. Fungus and bacteria cannot 

grow on them due to their hydrophobic nature. The possession of a hydrophobic surface 

prompted us to look into our material's ability to self-clean.  

In modern construction transparent glazing materials are regularly used as a building envelope, 

including doors and windows in the external walls. Glasses are also used for various internal 

partitions and as an architectural feature including skylights, display cases, mirrors, and glass 

table-tops. Therefore, glass has huge utilization in modern civilization. Due to regular expose 

of that glass plates by air, dust particles are continuously deposited on the surface of the glass 

which hampered the optical transparency of glasses. To get rid of such problem, coating of 

hydrophobic material on the surface of the glass become very popular in the recent years. To 

display such applicability of our hydrophobic MOF, we used polymer@4′@CF3 coating on 

the surface of a glass plate. The polymer@4′@CF3 coated glass plate displayed good dust 

removal property just by washing the sand partial containing surface of glass by water (Figure 

5.40). For this experiment, a polymer@4′@CF3 coated glass slide was prepared. The 

polymer@4′@CF3 was prepared using a suspension of 4′@CF3, PMHS and PDMS in above 

stated procedure. The suspension was then coated over a glass slide by spin-coating method. 

Afterwards, some dry sand particles were kept on the surface of the slide. When the water 

droplets were added to the surface, the sand particles were immediately removed from the 

surface of the glass slide by the droplets (Figure 5.40). Figure 5.41, clearly displays the 

hydrophobic nature of the polymer@4′@CF3 coated glass surface. Again, we verified the 

stability of the coating by measuring the PXRD profiles and WCA of the polymer@4′@CF3 

coated glass after performing the self-cleaning experiment (Figure 5.41-5.42). The obtained 

WCA were 145 ± 1° and 143 ± 1°, respectively (Figure 5.43).  

  We also demonstrate the self-cleaning ability of the 4′@CF3@melamine composite for the 

practical applications. For the experiment aforementioned procedure (used in case of glass 

slide) was followed. Similar to the glass slide, all the sand particles immediately removed from 

the surface of the composite by the addition of water droplets (Figure 5.44). Such experiment 

clearly displayed the self-cleaning ability of the 4′@CF3@melamine composite. The PXRD 

and WCA of the composite were measured after the self-cleaning experiment, which suggested 

the robust nature of the composite after the self-cleaning experiment (Figure 5.45-5.46). All 

the obtained results suggested about the genuine scope of the material in real-world self-

cleaning purpose. 
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Figure 5.40 Digital image of polymer@4′@CF3 glass slide displaying self-cleaning nature. 

 

 
Figure 5.41 Digital imiages of water droplet on (a) only polymer coated glass and (b) 

polymer@4′@CF3 coated glass. 

 

 
Figure 5.42 PXRD patterns of polymer@4′@CF3 coated glass (a) before and (b) after self-

cleaning. 
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Figure 5.43 Digital images of contact angle of a water droplet on (a) water contact angle of  

polymer@4′@CF3 coated glass before self cleaning and (b) polymer@4′@CF3 coated glass 

after self-cleaning. 

 

 

Figure 5.44 Digital image of 4′@CF3@melamine composite displaying self-cleaning nature. 

 

 
Figure 5.45 PXRD patterns of 4′@CF3@melamine composite (a) before and (b) after self-

cleaning. 
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Figure 5.46 Digital images of contact angle of a water droplet on 4′@CF3@melamine 

composite (i) before and (ii) after self-cleaning. 

 

5.4 Conclusion 

This chapter represents an environment friendly, fast, efficient and cost-effective strategy for 

separation of various oils from water and oil-water emulsions under different drastic conditions 

with great efficiency and high recyclability. A hydrophobic MOF derived composite called 

4′@CF3@melamine was fabricated which was utilized for absorption and filtration-based 

separation processes of oils from oil-water mixtures and water-in-oil emulsions. The obtained 

separation efficiency for various oils has remained in the range of 95-99%. The separation 

efficiency for oils remained almost unaltered in various drastic aqueous environments. The 

absorption capacity achieved for various oils was in the range of 27-40 g/g. The ultra-robust 

composite showed extraordinary recyclability for both oil-water mixtures (50 times) and water-

in-oil emulsions (30 times). The hydrophobic polymer@4′@CF3 coated on glass substrate 

also exhibited noticeable self-cleaning ability. In addition to absorption based separation, facile 

and inexpensive filtration methods were developed for the separation of variety of oils. 
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Conclusions: 

Metal-organic frameworks (MOFs) are a special type of organic-inorganic hybrid porous, 

crystalline coordination architectures. The porosity of MOFs has traditionally been utilized for 

gas storage, separation, for the separation and storage of miscible and immiscible liquids and 

even for the selective separation of soluble organic and inorganic compounds. The scope of 

easy functionalization made MOFs materials highly efficient for the heterogeneous catalysis, 

proton conduction, and other applications. MOFs have recently gained significant attention in 

the field of detection and accurate quantification of bio-active and toxic chemicals. This interest 

stems from the deliberate and rational incorporation of various chemical functionalities into 

MOF frameworks. In the context of detecting environmental toxins and biomolecules, studies 

must be conducted in aqueous media to reflect real environmental conditions. However, the 

synthesis of aqua-stable MOFs that display exceptional selectivity and sensitivity toward 

specific analytes remains a challenging task in current research. This thesis focuses on the 

design, synthesis, and characterization of aqua-stable MOFs, with a particular emphasis on 

conducting comprehensive sensing studies of environmental and biological threats. Moreover, 

the potential applicability of a hydrophobic MOF coated sponge composite for the selective 

removal of oil (organic pollutant) from environmental water bodies was also successfully 

investigated.  

  To achieve this objective, hard Zr(IV) metal ion and hard carboxylate group containing 

organic linkers were utilized for the synthesis of aqua-stable MOFs. The frameworks were 

judiciously functionalized with specific functionalities through specially designed linkers or 

post-synthetic modification. These specific functionalities serve as recognition sites for 

targeted analytes, enabling site-specific detection of environmental toxins and biological 

compounds and also provides the hydrophobicity for the selective capture of lipophilic oil 

spills. 

  In my first work, I have presented the fabrication of an exceptionally stable, porous zirconium 

metal-organic framework functionalized with diamino groups. This framework serves as an 

effective probe for the selective 'turn-on' fluorometric detection of surfactant; sodium dodecyl 

sulfate (SDS) in aqueous medium and vitamin B12 in HEPES buffer medium. The probe 

exhibits rapid response times of 50 s and 5 s, setting a new benchmark for detection limits with 

values of 108 nM for SDS and 45.3 nM for vitamin B12, respectively. Moreover, the 

applicability of the probe extends to real-world scenarios, as demonstrated in the detection of 

SDS in environmental water specimens and its capability to analyze different bio-fluids, such 

as human urine and blood serum for vitamin B12. The probe consistently delivered impressive 

performance across all detection experiments, and rigorous statistical analyses were conducted 

to ascertain the reproducibility, originality, and precision of the measurements. To facilitate 

rapid and on-site detection of both targeted analytes, a MOF-coated cotton composite was 

engineered. This cost-effective and reusable cotton composite exhibited nanomolar-level 

sensing capabilities for both SDS and vitamin B12. The experimental results strongly suggested 

that the electrostatic/H-bonding type interaction between –NH2 of the linker and –SO3- of SDS 

was responsible for the ‘turn-on’ response of the probe and photo induced energy transfer from 

TH-3430_196122037



   Conclusion and Future Aspects 

208 
 

probe to vitamin B12 was responsible for the quenching in fluorescence in presence of vitamin 

B12. 

  My second work outlines the synthesis and characterization of a new zirconium (Zr) metal-

organic framework (MOF) featuring UiO-66 topology by incorporating the rigid benzo[1,2-

b:4,5-b']dithiophene-2,6-dicarboxylic acid linker. Solid structures of the MOF were thoroughly 

examined through X-ray powder diffraction and Rietveld refinement techniques. Additional 

characterization methods, including thermogravimetric analysis, FE-SEM, EDX, Fourier 

transform infrared spectroscopy, and elemental analysis, were employed to validate the 

compound's phase purity. Both the as-synthesized and activated compounds demonstrated 

thermal stability up to 415 °C in a nitrogen (N2) environment. The BET surface area of the 

MOF was determined to be 1228 m2 g-1. Fluorescence titration experiments revealed that the 

material exhibited a highly selective and sensitive fluorescence turn-off response to mercury 

(Hg2+) and nitroantibiotics (nitrofurazone and nitrofurantoin). Interference experiments 

demonstrated that other cations and antibiotics did not disrupt the detection of Hg2+ and 

nitroantibiotics. Additionally, the probe demonstrated rapid response times (1 min) for both 

sensing experiments. Remarkably low limits of detection (LODs) were observed for all targeted 

analytes (LOD values for Hg2+, nitrofurazone, and nitrofurantoin were 5, 156.7, and 96.3 nM, 

respectively). These LOD values are below the limits regulated by WHO and surpass those 

reported for most chemodetectors for Hg2+ and nitroantibiotics. The on-site detection capability 

towards the targeted analytes was also demonstrated using a portable MOF-coated paper strips. 

Experimental studies on the turn-off sensing mechanism of Hg2+ suggested that energy transfer 

through coordination of soft Hg2+ with the soft sulfur atoms of the linker was responsible for 

the fluorescence switch-off response. This proposed reaction mechanism was substantiated by 

PXRD, XPS, TRPL, EDX, and UV-Vis analyses. Furthermore, resonance energy transfer from 

MOF to the nitroantibiotics was identified as the probable cause for the fluorescence intensity 

quenching in presence of nitroantibiotics. The mechanism was supported by a decrease in 

fluorescence lifetime and maximum overlap between the absorption spectra of nitro-antibiotics 

and the emission spectra of MOF. Theoretical HOMO-LUMO energy calculations using 

Gaussian 09 software exhibited good agreement with experimental results. The sensor 

demonstrated reusability for all the sensing experiments up to five cycles with no significant 

change in selectivity and sensitivity. The structural integrity and morphology of the reused 

solids remained similar to the fresh solid, as confirmed by PXRD analysis. 

  My next work summarized the construction of a highly stable, porous zirconium metal-

organic framework functionalized of UiO-67 family with thiourea functional group which 

serving as a potential probe for the selective 'turn-off' fluorometric detection of adrenaline in 

HEPES buffer (pH = 7.4) and 6-mercaptopurine (6-MP) in an aqueous medium. The probe 

exhibited rapid response times of 5 s for both analytes, showcasing the lowest reported 

detection limits of 1.9 nM and 3.9 nM for adrenaline and 6-MP, respectively. Moreover, the 

probe's versatility was demonstrated by successfully detecting adrenaline in different bio-fluids 

(human urine and blood serum) and 6-MP in real environmental water samples. The probe 

consistently delivered impressive performance across all detection experiments. Rigorous 

statistical analyses were conducted to ascertain the reproducibility, originality, and precision 

of the measurements. To facilitate rapid and on-site detection of both targeted analytes, a MOF-
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coated cotton composite was fabricated. This cost-effective and reusable cotton composite 

exhibited nanomolar-level sensing abilities for both adrenaline and 6-MP. Systematic 

investigations were undertaken to understand the plausible reasons for the 'turn-off' behaviours 

of the probe in the presence of the quencher. Various instrumental outcomes directed that FRET 

in presence of adrenaline and IFE in presence of 6-MP are the most possible reasons behind 

the quenching of fluorescence intensities of the MOF. 

  In my last work, I have demonstrated the post-synthetic modification of a Zr-UiO-66-OH 

metal-organic framework with a 2,2,2-trifluoroacetyl (-COCF3) group. The resulting modified 

MOF, designated as 4′@CF3, was utilized to create a hydrophobic composite, named 

4′@CF3@melamine, employing a commercially available melamine sponge. The melamine 

sponge was initially coated with polydopamine (PDA) and then immersed in a mixture of 

4′@CF3 and a PDMS-co-PMHS polymer suspension. The addition of 4′@CF3 enhanced the 

water contact angle (WCA) of the composite from 106 ± 1° to 145 ± 1°. The hydrophobic 

4′@CF3@melamine composite demonstrated outstanding efficiency in separating both heavy 

and light oils from oil-water mixtures (97-99%), maintaining this efficiency over 50 reuse 

cycles. The absorption capacity for various oils ranged from 27-38 g/g. The composite's oil-

water separation performance remained unchanged even in challenging conditions, such as 

different environmental water samples and varying pH solutions. For water-in-oil emulsions, 

the emulsion separation efficiency of the 4′@CF3@melamine composite ranged from 95-99%, 

with a flux range of 1461-2288 L/m2h. The emulsion separation efficiency remained consistent 

over 30 consecutive cycles of separation. Additionally, the hydrophobic surface of the 4′@CF3 

MOF was exploited for self-cleaning purposes, further showcasing the versatility and 

effectiveness of the modified MOF-based composite. 

  Therefore, this thesis focuses on the development of aqua-stable MOFs which can potentially 

be applicable in environmental remediation and bio-molecule detection. It extensively explores 

the complex structures of various functionalized Zr(IV) metal ion-containing MOFs. The 

MOF's functionality is intentionally incorporated into the MOF linker, facilitating its practical 

use in fluorescence-based detection and quantification of bioactive compounds and organo-

toxins. The research also delves into the synthetic methods for producing hydrophobic MOFs 

tailored for the selective and efficient adsorption of oil spills from oil-water mixture. The 

presented findings in this thesis are crucial for advancing sustainable environmental practices 

and aiding in the accurate diagnosis of diseases linked to the uncontrolled release of specific 

bio-molecules. 
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Future Prospects: 

While the synthesis of numerous aqua MOFs has become feasible through the augmentation of 

coordination bonds and the utilization of high oxidation state metal ions, but their stability in 

highly acidic and basic media remains questionable. Thus, my future focus will be directed 

toward synthesizing MOFs that exhibit stability in extreme pH conditions. I plan to explore the 

synthesis of MOFs employing redox-active metal ions such as Cr(III), Cu(II), Ni(II), Zn(II), 

Cd(II), etc. This approach aims to delve into the electrocatalytic applications of MOFs. 

Furthermore, I intend to investigate MOFs with photoactive linkers and metal ions to explore 

their potential in photocatalytic reactions and photon upconversion. It is worth noting that 

MOFs with hard metals are highly labile towards ions like PO4
3-, AsO4

3-, and O2
-., posing 

limitations for their sensing and adsorption capabilities. Overcoming these limitations will 

require a strategic approach. Exploring alternative coordinating sites, such as phthalimide, 

acetoxy, boronic, maleimide, allyloxy, etc., could be useful to overcome such limitations of the 

applicability of MOFs. Finally, it can be concluded that the journey which inaugurated by the 

hand of Prof. Robson and Prof. Yagi and his team has now grown enough and its diverse 

applicability continuously uphill’s by various prominent researchers all over the world. I 

strongly believe that the beautiful affairs between the metal ions and organic linkers will 

cultivate some more interesting chemistry in the future. I consider myself fortunate to be a 

modest contributor to this ongoing and expanding journey in metal-organic framework 

chemistry. 
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