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Synopsis 
 
In the work comprised here, we sought to elucidate the design principles influencing the formation of 

stable ‘O and N-donor’ linker-based MOFs by deploying linkers with higher denticity. Polydentate 

linkers; carboxylate-based linkers additionally bearing N-donor sites have been used in the synthesis, 

offering diverse alternatives to building functional MOFs are being explored. Thus, the primary 

motivation for this thesis work is to design, synthesize, and perform functional studies on a few 

ambidentate (N and O-donor) linker-based anionic Metal-organic frameworks (MOFs) and relevant 

porous materials in the fields of energy, the environment, and industrially relevant applications, which 

include selective recognition, capture, and efficient remediation of toxic aquatic pollutants, as well as 

application-oriented utilization in the field. Metal-organic frameworks have come to be the most 

important subset of functional porous materials owing to their several advantages over traditional porous 

materials. MOFs, being crystalline solids made up of organic ligands held together in an ordered manner 

by metal nodes, have evolved as a distinct class of porous materials and are being explored for a variety 

of applications, including gas storage, separation, hazardous oxo-ion remediation, ion-conduction, 

catalysis, and so on.  

Development of advanced porous materials (APMs), including MOFs, Metal-organic Polyhedra (MOP), 

and others, has progressed fast during the last two decades, particularly in the fields of energy and 

environmental applications. This is attributed to features that enable tunable architectures and alter 

chemical or physical properties on demand at the molecular level. MOFs have recently attracted attention 

for the difficult task of selective, efficient remediation of environmentally hazardous contaminants such 

as hazardous oxo-ions, organic medical and pharmaceutical pollutants, as well as separation of important 

light hydrocarbons and greenhouse gases, which has sparked widespread global concern and requires 

further investigation. Generally, MOFs are classified into ionic and neutral frameworks depending upon 

the residual charge on the framework backbone. Distinct terminal donor groups have been employed for 

the synthesis of MOFs such as N-heterocyclic aromatic rings, carboxylates, phosphonates, sulfonates, etc. 

Among them, neutral N-donor-based ligands possess several advantages compared to other donating 

groups, and they can facilitate the formation of ionic MOFs with counter anions or cations free inside the 

pores. Whereas the counter cations can act as the extra-framework functionalities for anionic MOFs, the 

organic building blocks can also be custom-designed via pre-or post-synthetic functionalization to 

introduce desired functional groups. Although anionic MOFs have been employed for several applications 

like catalysis, sensing, ion-conduction etc., their utility toward extremely challenging priority chemical 

sequestration and selective aquatic pollutant remediation is still to be explored relatively. In this context, 

one of the prime objectives of this thesis work is functional studies of anionic MOFs toward selective 
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separation of the aforementioned constituents. To accomplish this, attempts were made to design and 

synthesize several functional anionic MOFs with both different inorganic and organic anions inside the 

pores as extra-framework functionalities. Such linkers facilitate the formation of anionic frameworks 

coupled with extra functionality through exchangeable uncoordinated cations within the porous cavity of 

the framework. Design strategies were centered on building compounds that were specifically targeted for 

the remediation of hazardous pollutants, including heavy metal oxo-cations, radioactive species (via 

surrogate cations), antibiotics and pesticides via ion-exchange pathways, and compounds with polar sites 

for the adsorption of hydrocarbons and greenhouse gases. Furthermore, responding to emerging demand 

for wearable electronics, self-powered sensors, and e-skin with compatible and flexible/ dynamic devices 

has resulted in rapid advancements in Triboelectric Nanogenerators (TENG) related technologies that use 

MOFs as a versatile platform. MOFs have acquired precedence in latter years as low, medium, and high 

power mechanical (or any translational) energy harvesting devices and have been explored recently for 

the conversion of mechanical energy into electricity by means of Nanogenerators (NG), utilizing the 

virtue of being a multifunctional, tunable platform, thus extending the applications of a TENG. In this 

respect, we sought to comprehend the in-depth design concepts affecting NG and developed a simple, 

unique, reusable, and flexible NG composed of MOFs and MOPs capable of successfully harvesting 

irregular mechanical energy. The mechanics of the TENG were thoroughly explored and 

demonstrated. Advanced tunability and stabilization strategies enabled outcomes to validate the 

advantages of APMs in a diverse range of applications. 

Chapter 1. Introduction 

An overview of MOFs and their scope in terms of structural diversity and approach is provided in the 

introduction. It has been suggested that selecting building blocks and metal nodes judiciously is important 

for creating functional MOFs. In particular, the potential for stable "O and N-donor" linker-based MOFs 

is provided, and the contributions of various types of organic ligands in the construction of MOFs have 

been thoroughly examined. Additionally, a thorough discussion of MOF classification based on structural 

variety (MOF generations) and residual framework charge (ionic and neutral) is provided. Additionally, 

various approaches for synthesising ionic MOFs have been thoroughly covered. An overview of the wide 

applications of ionic MOFs has been presented, particularly in the areas of uranium sequestration and 

toxic aquatic pollutant remediation. The importance of on-demand uranium extraction from seawater 

(UES) in mitigating growing sustainable energy needs while overcoming high salinity and low 

concentration barriers has been thoroughly researched and demonstrated in this context. Additionally, the 

issue of hazardous and toxic pollutants contaminating water has been extensively discussed. A brief state-

of-the-art overview has been provided since the current work's main focus is the use of anionic MOFs for 
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energy and environmental applications. The methods for creating anionic MOFs and the functions of 

cations have been briefly discussed because one of the most crucial things to consider is how the 

functional cations inside of them can be altered. Additionally, the maiden report on the improvement and 

tuning of MOF-based composites aimed for TENG applications through rational and methodical 

alterations in organic ligand chemistry is detailed here. This was done while purposefully maintaining 

identical conditions in view of isoretucularity of frameworks, dimensions of thus formed composites, and 

fabrication method. The current discussion makes an effort to establish a logical and mechanical 

understanding of the electronic effects attributed to functionalities that have been substituted for ligands 

(such as halogen substitution) and greatly improve the triboelectric characteristics of MOF composites. In 

the light of aforementioned work and its nature, the dissertation is divided into two parts or sections that 

are themed on environmental applications and energy applications simultaneously. 

References:  

1) Luminescent Metal-Organic Frameworks as Chemical Sensors (Book Chapter). 

Y. D. More, S. Fajal, S. Dutta, Sujit K. Ghosh,  CRC Press, 2022. (Accepted; In Press) 

2) Ionic Metal-Organic Frameworks (iMOFs): Progress and Prospects as Ionic Functional Materials. 

S. Dutta,† Y. D. More,† S. Fajal, W.  Mandal, G. K. Dam, S. K. Ghosh.  

Chem. Commun. 2022, DOI: 10.1039/D2CC05131A. 

Part-I: Functional Anionic MOFs for Environmental Applications 

It is a prevailing fact that we are in an era of energy crisis and sustaining the world's energy supply in the 

face of increased energy demand while considering the environmental hazards posed by fossil fuels 

remains a challenging endeavor. An uninterrupted, reliable, and clean energy supply continues to be a 

major challenge that mankind is facing today. According to the International Atomic Energy Agency 

(IAEA), nuclear power will remain among the few existing reliable energy sources in the future. Since 

nuclear technologies could provide energy for generations to come, uranium recovery from 

unconventional sources such as natural seawater has gained cutting-edge research interest. However, as 

nuclear technologies advance with increasing demand for uranium, the gap between uranium supply and 

demand has become more glaring simultaneously. This is because the world's known geological deposits 

of uranium are finite and will be depleted within the next couple of decades. In view of the 

aforementioned daunting situation, uranium strewn and rationed in the oceans is gaining scientific 

attention. The ocean stores 4.5 billion tons of uranium, which is equivalent to a nearly endless uranium 

supply. Therefore, uranium extraction from seawater (UES) is desperately needed to make nuclear energy 

a sustainably long-lasting energy source. The recovery of uranium from seawater is widely acknowledged 

to be one of seven chemical separations that are projected to have a substantial impact and repulse on our 
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society. However, meeting the UES in a timely manner through the development of uranium adsorbents is 

still a formidable challenge. In this section, we devoted our effort toward pore-engineering of stable 

anionic MOFs via deployment of Lewis basic site functionalized ligand and swapping different functional 

uncoordinated cations inside the pore. This section of the thesis is divided into two Chapters, Chapter-2 

and Chapter-3. In Chapter-2, we established the effectiveness of a novel anionic metal-organic framework 

(iMOF-1A) adorned with rare Lewis basic pyrazinic sites as a uranyl-specific trap serving as a robust ion 

exchange material for selective uranium extraction. While in Chapter-3, selective and rapid identification 

of hazardous aquatic pollutants, i.e., of antibiotics and pesticides in aqueous solution, besides Paraquat 

capture, is carried out by delving into the particular fluorescence quenching mechanism of a recently 

created highly luminous, electronically rich, porous metal-organic framework (iMOF-4A). The iMOF-4A 

demonstrated a specific, substantial quenching response in the presence of electron-deficient antibiotics 

like Nitrofurantoin (NFT) and Nitrofurazone (NFZ), as well as herbicides like Paraquat (PQ) in water. 

Chapter 2. Superior Uranium Extraction from Seawater by Trap Grafted Anionic Metal-

organic Frameworks 

On-demand uranium extraction from seawater (UES), often known as uranium mining, is one method that 

has the potential to meet the rising need for environmentally friendly sources of energy. However, due to 

the extremely low concentration of uranium in saltwater and the high salinity of seawater, selective 

uranium recovery from seawater has continued to be a significant difficulty. In this study, we 

demonstrated a novel anionic metal-organic framework called iMOF-1A. It is adorned with a rare Lewis 

basic pyrazinic nitrogen site called Pyz-N. This site functions as a uranyl-specific nanopocket that serves 

as a robust ion exchange material for uranium extraction. Additionally, the intrinsic ionic characteristics 

of this material help to minimize leaching. The ionic adsorbents were able to sequester 99.8% of the 

uranium in just 120 minutes (from 20,000 ppb to 24 ppb). Additionally, they were able to adsorb 

extraordinarily large amounts of uranium, including 1336.8 mg g-1 and 625.6 mg g-1 from uranium spiked 

deionized water and artificial seawater, respectively, with a very high distribution coefficient, Kd
U > 0. 

The material achieves the UES standard of 6.0 mg g-1 in just 18 days, in contrast to the 30-day limit of 

UES, and it harvests 9.38 mg g-1 in 30 days from natural seawater that has not been contaminated in any 

way. It has a very high enrichment index of 5754 in comparison to the previously well-known outstanding 

uranium adsorbents. Isothermal titration calorimetry (ITC) studies demonstrated the precise quantification 

of detailed thermodynamic parameters of adsorption on MOF in the liquid phase. These parameters, 

which had previously been unknown in uranium sorption experiments, were demonstrated by the precise 

quantification of detailed thermodynamic parameters of adsorption on MOF in the liquid phase. Infrared 

nearfield nanospectroscopy (nano-FTIR) and tip-force microscopy (TFM) techniques enabled chemical 
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elucidation of the host-guest interaction at the atomic level in sub-micron crystals. Additionally, these 

techniques demonstrated the occurrence of capture events throughout the MOF single crystals in addition 

to on their surfaces. An existing mechanistic insight has been uncovered as a result of the synergistic 

combination of extensive experimental and computational studies. These studies directly reveal the 

ultrahigh selectivity for uranium capture from seawater. 

(Manuscript under revision)  

Superior Uranium Extraction from Seawater by Trap Grafted Anionic Metal-organic Frameworks.  

Y. D. More,† S. mollick,† S. Saurabh, S. Fajal, M. Tricarico, S. Dutta, W. Mandal, J, -C. Tan and S. K. 

Ghosh. 

 

 

 

Chapter 3. Efficient Recognition and Capture of Specific Toxic Organic Pollutants Using 

Water-Stable Highly Luminescent Anionic Metal-organic framework 

Newly developed antibiotics and pesticides are two examples of anthropogenic wastes that have 

contributed to water pollution through their misuse or inappropriate application. Because of the serious 

consequences for human health, the detection (identification) of antibiotics and pesticides in wastewater 

must be carried out promptly and selectively. A promising sensory material for the detection of antibiotics 

and pesticides in water is still sought for practical reasons. Ionic metal-organic frameworks (iMOFs) are 

an innovative class of porous materials that may be useful for the detection of aqueous micropollutants. 

We investigated the fluorescence quenching process of a newly developed very bright, electrically rich, 

porous metal-organic framework in order to detect antibiotics and pesticides in aqueous solution (iMOF-

4A). In the presence of electron-deficient antibiotics like Nitrofurantoin (NFT), Nitrofurazone (NFZ) and 

herbicides like Paraquat (PQ) in water, the iMOF-4A showed a particular, considerable quenching 

response. Both NFT and NFZ were detected at detection limits of 6.68 ppm and 7.18 ppm, respectively, 
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demonstrating the iMOF-4A's exceptional sensitivity. However, they were among the best-performing 

bright MOF-based sensing materials with PQ detection limits of 1.79 ppm. The selectivity analysis study 

showed that iMOF-4A was exceptionally selective since its fluorescence detection performance was not 

significantly affected by the presence of the many different antibiotics and pesticides that were present at 

the time of the study. Furthermore, it may be regenerated for ongoing usage without appreciable loss of 

functionality following a detection test. In addition, time-resolved photoluminescence lifespan decay 

analyses and density functional theory were used to provide light on the in-depth mechanistic 

investigation of iMOF-4A's detecting skills (DFT). These studies point to two mechanisms, photo-

induced electron transfer (PET) besides fluorescence resonance energy transfer (FRET), as the causes of 

selective quenching of emission. Additionally, an isothermal titration calorimetry (ITC) investigations 

was conducted to show that iMOF-4A can pick up low concentrations of electron-deficient antibiotics 

from a model of hospital wastewater. An iMOF-4A-based mixed-matrix membrane has been designed 

and implemented to reproduce real-time antibiotic detection in water.  

(Manuscript under refinement) 

Efficient Recognition and Capture of Specific Toxic Organic Pollutants Using Water-Stable Highly 

Luminescent Anionic Metal-organic framework 

Y.D. More, S. Fajal, D. Majumdar, S. Mollick, S. Dutta,  M.M. Shirolkar, S. Saurabh, W. Mandal, S. K. 

Ghosh. 

Part-II: Advanced Porous Materials for Energy Applications 

Fossil fuels are used as an energy source on a global scale, which harms the environment and reduces 

their supply for future generations. As a result, there has been a greater reliance on renewable energy 

sources. While wind and solar energy have likely received the most attention, mechanical energy and 

other sources have received less. Historically, energy from mechanical (vibrational, translational...) 

motions such as human motion, wind, and tidal energy (water currents) has been largely wasted and 

ignored. Fortunately, the scientific community is starting to recognise alternative energy sources as part of 

the solution to the world's escalating energy-related problems. Mechanical energy conversion 

technologies have advanced significantly over the last ten years, particularly in the fields of wearable 

electronics, high-precision sensors, portable high-voltage sources, and distributed micro/nano-power 

sources. At the heart of this advancement are Triboelectric Nanogenerators (TENGs), which rely on the 

idea of charge separation achieved by relative motion between two disparate materials in close 

proximity— the process is expressed by the widely understood phenomena of friction. The "triboelectric 

series" depicts the differences in materials' ability to transfer or absorb electrons when they are in close 

proximity to one another. To achieve maximum power output, materials further apart in this series are 
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used as partners in a TENG device. The ability of the design to facilitate charge transfer is heavily 

influenced by how the device is configured. This section is split into two Chapters, 4 and 5. We used a 

highly stable MOF in Chapter 4 for a repeatable, robust, and tuneable application in the domain of 

Triboelectric Nanogenerators (TENG), whereas in Chapter 5, we used a chemically stable, solution 

processable, and hydrophobicity tuned series of MOPs blended by Polymer composites as a maiden 

example for on-demand self-powered energy devices, highlighting a maiden example in the domain of 

MOP derived TENGs with efficient power output. 

Chapter 4. Highly Stable and End-Group Tuneable Metal-organic Framework / polymer 

composite for Superior Triboelectric Nanogenerator Application  

This Chapter presented the maiden example of functional group (end group) tuned triboelectric output 

from MOF-Polymer composite. On-demand harvesting of operating power from the dynamic work 

environment is appealing for self-powered unattended electronics and electro-mechanics. Dynamic 

workplaces can be utilized to provide this power. This category includes the intriguing triboelectric 

Nanogenerator (TENG). It harvests mechanical energy lost in various workplaces. A typical TENG 

device uses two flexible, triboelectric series materials to separate charge carriers in response to 

mechanical energy stimuli. TENGs still lack performance tunability, modulatory electronic effects of 

constituents, and stability features for adverse and ambient working environments. Essentially, TENGs 

fail to meet these practical demands despite their flyweight-compactness, cost efficiency, high output, and 

variety of device materials. In this regard, Metal–organic frameworks (MOFs) is a choice of material that 

can optimise energy conversion due to their molecular tunability. We investigated the underexplored 

MOF subfamily UiO-66(Zr) (UiO: University of Oslo) to determine how synthetic tuning affects TENG 

output. UiO-66-X/PVDF (PVDF: Polyvinylidene difluoride) composites for TENG output amplification 

are designed and tuned using a prototype hybridization method that tunes organic ligand chemistry in 

isostructural Zr-MOFs. UiO-66-X/PVDF composites (X = H and Br) had excellent aquatic, thermal, and 

TENG power properties in addition to their MOF properties. Its underlying mechanism was studied. A 

functionalized 1,4-benzenedicarboxylic acid (H2BDC) linker tuned MOF electron withdrawing (EW) 

effect. Surface roughness and composite potential seemingly improved. The UiO-66-Br encased in a 

PVDF matrix's resulted into significant charge augmentation causing higher TENG performance due to 

increased electrification. Computational mechanistic studies support observations. Energy harvesters use 

contact electrification and electrostatic induction. Its durability and vertical contact-separation mode 

allow it to recover wasted energy. Functionalized TENG-2 provided 110.41 Vp-p output open circuit 

voltage and when compared to non-functionalized TENG-1 and PVDF film, this improved output of 

TENG-2 upto 2.92 and 14.12 times, respectively. The research includes a first-of-its-kind example of 
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ligand-mediated functional group-driven performance tuning of TENG and a mechanistic understanding 

achieved through strategic use of isostructural MOFs that use high-performance UiO-66/PVDF 

composites, by rationally comparing and correlating observations bound results, since functional group or 

halogen group is only embedded or modulated, hence such a halogen mediated alteration is expected to 

tune or alter the result. 

Reference:  

Y. D. More, S. Saurabh, S. Mollick, S. K. Singh, S. Dutta, S. Fajal, A. Prathamshetti, M. M. Shirolkar, S. 

Panchal, M. Wable, S. Ogale, S. K. Ghosh,  Adv. Mater. Interfaces 2022, 2201713.  

 

Chapter 5. Surface Feature Tuned Metal-organic Polyhedra for Triboelectric Nanogenerator: 

Self-Powered Sensors for Wearable Electronics  

In one of our notable works mentioned herein, we deployed our previously published series of Metal-

organic Polyhedra (MOPs)13, namely IPMOP-n (n = I, II, III, IV, i.e., IPMOP-A, IPMOP-PA, IPMOP-IL, 

IPMOP-V), for strategic application in Triboelectric Nanogenerators (TENG) due to its incremental 

hydrophobicity and its subsequent effect on triboelectric output in this Chapter. This was a novel 

discovery about the charge building process at the interface of polymer/MOP composites. Because of 

their miscibility in various organic solvents, crystalline porous materials such as MOP show significant 

potential for a wide range of applications and are suited for solution processing. Despite the fact that 

MOPs and MOFs have similar intrinsic porosities and physicochemical properties, the utilization of 

carboxylate MOPs is limited due to a lack of chemical stability. To take advantage of the benefits of their 

combined properties, a series of cages known for their a priori methodology for fabricating chemically 

resistant carboxylate MOPs via outer-surface functionalization were used in conjunction with a blend of 

suitable compositing polymers to stabilize MOP systems with weak metal-ligand bonds. These MOPs 

were carefully selected for their stability characteristics, which include resilience to a wide pH range, 
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stability in extremely acidic conditions, and in oxidizing and reducing media, which has been minimized 

by tuneable hydrophobic shielding. Molecular modelling studies back up these conclusions. A prototype 

method for chemically stable MOPs is described, in which the shift from an unstable to a chemically 

ultra-stable phase was accomplished by undertaking a fast gram-scale synthesis at room temperature 

(within seconds). These MOPs were rationally used in the manufacture of MOP/PVDF composites at 

various blending concentrations, and they were produced into flexible thin films using drop-casting, 

doctor blading, and electrospinning processes. All of these films were moulded into tiny, light-weight, 

and compact TENG devices. Because of the steady increase in hydrophobicity caused by shielding by 

alkyl and aryl groups, the devices displayed triboelectric output at very low optimal concentrations in the 

order of IPMOPs, as IPMOP-A, IPMOP-V, IPMOP-PA, and IPMOP-IL. A simultaneous increase in 

power density was seen at 201.66 mW/m2, 552.8 mW/m2, 1095.5 mW/m2, and 513 mW/m2. The chosen 

devices, namely IPMOP-IL/PVDF@5%, were then submitted to real-time tests, yielding stability, 

recyclability, and exceptional application display in power storage in batteries and capacitors, real-time 

LED, and mobile and medium-range electronic charging. In addition to being the maiden report in the 

cage-based TENG realm with such exceptional electric output attributes, the materials solution 

processability facilitates the generation of foldable self-charging devices as well as lighter and more 

durable self-powered goods (outfits). 

(Manuscript under refinement) 

Surface Feature Tuned Metal-organic Polyhedra for Triboelectric Nanogenerator: Self-Powered 

Sensors for Wearable Electronics 

Y.D. More, S. Mollick, S. Saurabh, S. Dutta, A. Shetty, M.M. Shirolkar, S. B. Ogale, S. K. Ghosh.  

Chapter 6. Summary and Perspectives 

In conclusion, there has been presented a brief overview of the insights gained through the cautious 

application of anionic MOFs and various functional porous materials in aqueous pollutant remediation 

and energy-related applications. The systematic design, synthesis, and functional research of anionic 

MOFs are the main objectives of this work since they hold the greatest promise for resolving difficult 

environmental pollution concerns and reducing the necessity for sustainable energy. The role of counter 

cations (both inorganic and organic cations) in pore-engineered and trap-grafted functional anionic MOFs 

to steer the structure-property correlation for specific purposes has been reviewed. The results of this 

thesis's research into anionic MOFs for rapid sensing, efficient capture, and consequent sequestration of 

aqueous and environmental pollutants, as well as novel approaches to device fabrication and structure 

property correlation for energy application, have been discussed in light of the state-of-the-art 

investigations. Next-generation ionic materials could be developed in the near future to address important 
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industrial and environmental concerns, and studies based on functional MOFs and porous materials for 

sustainable energy-environment applications and water pollution remediation could pave the way. 
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Anal. Analysis / Unit / Test / Compound 

AFM Atomic Force Micropscopy 

Calc. Calculated 

CCDC Cambridge Crystallographic Data Centre 

DMF N,N’-dimethylformamide 
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EDX Energy Dispersive X-ray Analysis 

FE-SEM Field Emission Scanning Electron Microscopy 

FTIR Fourier transform infra-red spectroscopy 

g Gram 

ICP-AES Inductively Coupled Plasma Atomic Emission Spectroscopy 

ICP-MS Inductively Coupled Plasma Mass Spectroscopy 

iMOF Ionic Metal Organic Framework 

IPMOP-A IISER Pune Metal-organic Polyhedra-Alanine 
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IPMOP-PA IISER Pune Metal-organic Polyhedra-Phenyl Alanine 

IPMOP-V IISER Pune Metal-organic Polyhedra-Valine 

ITC Isothermal Titration Calorimetry 
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MOP Metal-organic Polyhedra 
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mL Milliliter 
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Nano-FTIR Infrared Nearfield Nanospectroscopy 

PCP Porous Coordination Polymer 

PXRD Powder X-Ray Diffraction 

RT Room Temperature 

SCXRD Single-Crystal X-Ray Diffraction 

TENG Triboelectric Nanogenerator 

TGA Thermogravimetric Analysis 

TFM Tip-Force Microscopy 

UV Ultraviolet 

V Voltage 
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1. Introduction 

1.1 Metal-organic frameworks (MOFs): 

In the past few decades, the field of porous materials has experienced a parabolic boom throughout the 

scientific community as a result of its vast applicability across a range of fields and spectrum of applications. 

The reason for this surge is due to the fact that porous materials demonstrated potential that enables them 

for being deployed in variety of fields.1 Amongst its sub-classes, metal-organic frameworks (MOFs) or 

porous coordination polymers (PCPs) have emerged as a new research hotspot due to their enormous 

potential as next-generation inorganic-organic hybrid materials. This is due to the fact that MOFs and PCPs 

are both porous coordination polymers can be made of from numerous plausible combinations of ligands 

and metal ions that are chosen in regards with their desired applications.2 MOFs are solid-state porous 

crystalline materials that include the possibility for voids. They are made from bi- or multi-dentate organic 

struts that stretch indefinitely via metal nodes in a periodic way to form a framework structure (Figure 1.1). 

In most cases, the solvent molecules, counter ions, and unreacted ligands will continue to occupy the vacant 

space that is included within the framework after the synthesis process has been completed.3 According to 

the size of the pore-aperture, MOFs can be broadly categorised into three groups: ultramicroporous MOFs 

(pore size 0.7 nm), microporous MOFs (pore size 2 nm), and mesoporous MOFs (pore size > 2 nm). The 

freedom to design and create MOFs on demand, using a wide variety of organic ligands and metal cations 

as building blocks, is a significant advantage.
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Figure 1.1 Schematic representation illustrating general protocol to synthesize metal-organic frameworks (MOFs).

 

Likelihood of limitless permutations of networked structures that have been demonstrated to be industry 

leaders and choice of materials for material scientists in a variety of domains, including gas adsorption, 

sensing, ion conduction, catalysis, environmental pollutant capture, drug-delivery, and others. The freedom 

to design and create MOFs on demand, using a wide variety of organic ligands and metal cations as building 

blocks, is of a significant advantage.4-8  

1.1.1 Components of MOFs: 

In most cases, several varieties of organic ligand systems and 3d transition metal cations are required to 

successfully construct MOFs. The 3d transition metal cations are the favored choice besides 4d transition 

metal cations (ex. Zr(IV) ). The selection of these first row transition metal cations has unquestionably 

become vital as a result of the variety of benefits that they offer. For instance, Fe(II) can impart magnetic 

properties, while Zn(II) or Cd(II) [d10 cations] can impart fluorescence capabilities in the system. On the 

other hand, the incorporation of particular metal ions, such as the Zn(II) cation (for dynamic coordination 

sphere) and the Cu(II) cation (for Jahn-Teller distortion), has shown some promise in the development of 

dynamic MOFs, whereas 4d transition metal ions such as Zr(IV)  offer excellent chemical and water 

stability features.9-14 In the quest to create novel materials, achieving chemical stability has emerged as a 

significant obstacle. This is true not only in terms of the synthesis of compounds, but also in terms of their 

subsequent application in real time. When it comes to MOFs, the framework stability is closely associated 

with the strength of the metal-ligand bond. This highlights the necessity of making an informed choice of 

the metal cations during the design and synthesis of MOFs.15-18 On the other hand, the library of organic 

ligands is made up of a wide variety of functionalities, both in terms of the nature of the terminal binding 

moieties and the nature of the core or backbone of the organic ligands themselves.19-21 

Organic ligands can be divided into two broad categories: (a) oxygen-donor ligands, such as carboxylates 

(R-COOH), sulfonates (R-SO3H), phosphonates (R-PO(OH)2), and so on; and (ii) nitrogen-donor ligands, 

which contain N-heterocyclic aromatic groups as terminal binding units (pyridine, imidazole, triazole, 

adenine, pyrazine etc.). Because of their potent ability to bind with the majority of metal cations, 

carboxylate-based ligands have been used for the synthesis of the majority of MOFs ever since the invention 

of MOFs. This is why MOFs are called metal-organic frameworks. On the other hand, despite the fact that 

N-donor ligands are frequently used as the co-ligand in conjunction with carboxylate-terminal linkers, the 

field of standalone MOFs constructed from N-donor ligands has not been thoroughly researched.22-25 In 

addition, N-donor ligands can be divided into two broad categories, namely I neutral ligands and (ii) ionic 
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ligands, according to the charge that they carry. Because of their higher pKa values, ionic N-donor linkers 

with N-heterocyclic aromatic groups like pyrazolate, imidazolate, tetrazolate, etc. are able to form strong 

coordination bonds with the metal center, which in turn imparts a higher resistance to hydrolysis. In most 

cases, neutral N-donor moieties have been utilized for the synthesis of cationic MOFs. These neutral N-

donor moieties, which include imidazole, pyridine, triazole, and others, are then used as co-ligands to either 

increase the porosity of the MOF or provide additional functional sites. N-donor ligand-based MOFs are 

catching up with potential solutions in a number of fields, despite the fact that O-donor ligand-based MOFs 

are becoming more popular in the field of MOF and have been studied for a number of applications. This 

is despite the fact that N-donor ligand-based MOFs are catching up. 

 

 

Figure 1.2 Classification MOFs by their generation evolvement; outcome after the evacuation of guest molecules.

 

1.1.2 Types of MOFs: 

1.1.2.1 Classification of MOFs Based on Structural Aspect: 

The removal or desolvation of occluded guest (solvent or solute) from the voids of the MOF is known to, 

in most cases, result in a change in the structural rigidity of the MOF. On the basis of this, MOFs can be 
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grouped in a broad way into three generations (Figure 1.2).26 When the solvent molecules are removed from 

the first generation of metal-organic frameworks (MOFs), it is well known that the framework completely 

disintegrates. After the elimination of guests, the MOFs of the second generation are recognized for being 

robust and maintaining their structural integrity. The third generation of MOFs are known as the dynamic 

MOFs because they are able to change their structural rigidity when a guest is removed from the system 

and can return to their early phase when an antagonistic stimulus is applied to MOFs. 

1.1.2.2 Classification of MOFs Rendered by Charge: Neutral MOFs and Ionic-MOFs: 

Aside from their structures, metal–organic frameworks (MOFs) are typically divided into two categories: 

neutral MOFs and ionic MOFs. These categories are determined by the residual charge of the framework 

backbone (Figure 1.3).27-28 When it comes to neutral MOFs, the positive charge of the metal center is 

typically neutralized by a variety of charge-balancing moieties, like negatively charged coordinating linkers 

or the negative charge of the counter anions. In other words, the positive charge of the metal center is 

compensated.

 

 

Figure 1.3 Classification of MOFs on the basis of the charge of the framework backbone.

 

On the other hand, the framework backbone of ionic MOFs (iMOFs) has a residual unbalanced charge 

(positive or negative), which results in either cationic or anionic frameworks with some additional 
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framework counter-ions. The construction of ionic or neutral MOFs can be accomplished through the use 

of a variety of methods, and the synthetic procedures are steered by the underlying principles of 

coordination chemistry. These fundamentals explicitly emphasize the substantial role that is played by the 

selection of organic linkers and metal ions in MOF synthesis. 

1.1.2.2a Neutral MOFs: 

A clear predominance of published electronically neutral MOFs has been seen in the MOF literature. This 

type of MOF has positive charges on its metal center that are completely balanced through coordinating 

moieties, because then the MOF is considered to be electronically neutral. In scenarios like these, the 

electronic charge is neutralized by anionic linkers (chiefly carboxylate-based ligands) or negatively charged 

counter anions of the metal salts that are coordinated to a central metal ion (Figure 1.4a).29-31 

1.1.2.2b Ionic MOFs: 

In most cases, the formation of ionic MOFs is caused by the existence of an unbalanced framework charge. 

As a result, these MOFs need additional framework ions, which can either be negative or positive, in order 

to keep the overall charge balanced or neutral. Ionic MOFs can be split into two categories: anionic and 

cationic MOFs, depending on the type of residual charge that is carried by the framework backbone. The 

uncoordinated anions that are found inside the voids of cationic MOFs act to balance the framework 

backbone's net positive charge, which is generated by the cationic MOF's positive charge.

 

 

Figure 1.4  3D Packing diagrams revealing type of charge on the backbone of the framework: a) anionic MOF, and 

b) cationic MOF The data on crystal structures that relates to reported literature have been reproduced with the 

permission (colour codes: C, grey; O, red; N, blue; Zr, navy blue; Zn, yellow; Ni, dark green). H-atoms have been left 

out to retain clarity.
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In the case of anionic MOFs, the backbone of the framework carries a remnant anionic charge, which is 

compensated out by the uncoordinated cations (Figure 1.4b-1.4c). The free counter-ions provide additional 

ionic functionality, which has been discovered to be exceedingly suitable for a variety of uses. Despite the 

fact that the partial occupation of uncoordinated ions may result in the obstructing of pores and, as a result, 

a complete lack of access to the surface area.32-34 

1.1.2.2b.1 Strategic Outlook for of iMOFs: 

Despite the fact that ionic MOFs offer intrinsically charged networks for the reception of counter-ionic 

species, the synthetic techniques for target-specific applications are not easy to implement since they lack 

systematic methodical advancements. In order to successfully introduce ionicity into these MOFs, it is 

essential to have contributions from both functional organic ligands and metal ions or clusters.26 In addition, 

because of the charge-induced dipoles that are naturally present in ionic MOFs, certain applications are 

possible with these materials that are not possible with neutral MOFs. This distinguishes ionic MOFs as a 

significant and one-of-a-kind class of porous materials. In the following sections, a more in-depth 

discussion of the role that metal ions and organic ligands play in the synthesis of ionic MOFs as well as the 

distinctive applications of these materials will be presented. 

1.1.2.2b.2 Anionic MOFs: 

The primary component of an anionic metal–organic framework (MOF) is a framework backbone bearing 

negatively charge, while it also contains additional uncoordinated countering cations to balance out the total 

charge. Anionic metal-organic frameworks are typically constructed using metal cations that have greater 

coordination numbers. These frameworks produce more ionic character as a result of the increased number 

of organic ligands that concentrate around the metal nodes. When this transpires, the chemical stability of 

the molecule improves because the central metal nodes can better shielded by the larger proportion of 

ligands.35-38 constructing anionic metal–organic frameworks (MOFs) is difficult since the majority of the 

steps involved are unintentional. N, N-dimethylacetamide (DMA), N, N-diethyl formamide (DEF), and N, 

N-dimethylformamide (DMF), among other organic solvents, can undergo hydrolysis as well as subsequent 

decarbonylation in hydrothermal or solvothermal method conditions and can produce [NH2Et2]+ or 

[NH2Me2]+ cations, which results in the formation of anionic frameworks. Nowadays, this understanding is 

deliberately employed to get these cations within the framework intentionally. However, this process is 

only possible with a small number of organic solvents (Figure 1.5).35-38  
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Figure 1.5 Schematic representation of routes to synthesize anionic MOFs via pre-synthetic and post-synthetic 

methods (reproduced with the permission).

 

1.1.2.2b.3 Design Strategies and Fabrication of Functional Anionic MOFs: 

Considering the fact that the production of anionic frameworks typically occurs by chance, the rational 

design of anionic metal–organic frameworks (MOFs) has proven to be a difficult problem for researchers. 

N, N-dimethylacetamide (DMA), N, N-diethylformamide (DEF), and N, N-dimethylformamide (DMF), 

among other organic solvents, can undergo hydrolysis and subsequent decarbonylation in solvothermal 

conditions to generate [NH2Et2]+ or [NH2Me2]+ cations, which result in the generation of anionic 

frameworks. However, this process is only possible with a limited number of organic solvent. In their 

ground-breaking research, Rosi and colleagues showed that the well-known anionic MOF bio-MOF-1 

(Zn8(ad)4(BPDC)6O.2Me2NH2.8DMF.11H2O) included free [NH2Me2]+ cations within the pores. These 

cations are formed in-situ under specific solvent and conditions such as temperature.39 By employing the 

approach of decomposing organic solvents like DMF, DMA, or DEF, amongst others, in order to generate 

the counter cations within the MOFs, researchers have been successful in obtaining a number of anionic 

MOFs.40-42 Millange and his colleagues discovered a solid material of the MOF type that had either a 

standard FeIII/FeII charge order or a FeIII0.5FeII charge order.43 Single crystal X-ray diffractions, often 

known as SC-XRD examinations, provided additional evidence that proved the existence of counter DMA 

cations. The synthesis and devolopement of a series of microporous anionic MOFs possessing (3,4)-

connected C3N4-type framework [In3(btc)4]n
3n- was demonstrated in another report that was published in 
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2009. This report was the result of a collaborative effort between Feng, Bu, and other co-workers.44 They 

have demonstrated that anionic MOF can be prepared under a variety of synthetic conditions, including the 

following: I the use of solvothermal decarbonylation of solvents such as triethanolamine (TEOA), DMF, 

DEF, etc.; ii) the presence of an ionic liquid known as tris(2-hydroxyethyl)methylammonium methylsulfate 

(TEMA Ms); and iii) a deep eutectic solvent. A further essential pre-synthetic technique for the design and 

synthesis of anionic metal–organic frameworks (MOFs) is the utilization of charged secondary building 

units (SBUs). Eddaoudi and colleagues have reported the creation of many anionic MOFs through the 

utilisation of anionic SBUs in this line of research.45,46 A study on an isostructural series of anionic MOFs 

with scu topology was published in 2012 by Zhang and co-workers. The series in question is called 

[Me2NH2]-[M2(bptc)(μ3-OH)(H2O)2].47 An organic linker known as bptc (3,3′,4,4′-biphenyltetracarboxylic 

acid) and a tetranuclear butterfly-like [M4(OH)2] cluster were used to create each and every one of the 

anionic MOFs. Feng and his colleagues developed a general strategy for achieving varied charges of 

anionic, cationic, and neutral in In-SBUs by varying the ratio of In3+ ions and the organic linker (2,5-

furandicarboxylic acid). This was done in order to create the desired charge profile.48 In addition, it was 

discovered that the differentially charged SBUs had a direct influence on the final charges on the overall 

frameworks, which led to the formation of negatively charged, positively charged, and neutral MOFs.  

Post-synthetic modification, often known as PSM methods, are recognized as an effective technique of 

functionalizing MOFs, in addition to the pre-synthetic approach. In a pioneering work, Long and co-

workers presented an approach for implanting LiOiPr into a neutral MOF, specifically Mg2(DOBDC), using 

PSM in order to transform it to a anionic MOF. This strategy was used to convert Mg2(DOBDC).49 Because 

Mg2(DOBDC) include Mg2+ open metal sites (OMS), the inbound alkoxide anions are able to coordinate to 

the unsaturated metal centers. This leads to the creation of the anionic framework, which contains the free 

Li+ cations as counter ions inside the one-dimensional channels. A chemically stable neutral MOF (UiO-

66) was converted into an anionic MOF in 2013 by the same research group using a similar technique. This 

transformation was accomplished by grafting lithium tert-butoxide (LiOtBu) into the framework. The result 

was an anionic MOF.50 The dehydration of UIO-66 resulted in the formation of unsaturated Zr4+ sites. 

Subsequently, during the PSM, the incoming OtBu- anions were coordinated to the metal centers, resulting 

in the formation of an anionic framework with said counter Li+ cations contained within the pores of 

framework. 

1.1.2.2b.4 Advantages of Anionic MOFs: 

The presence of polarizable counter-ions in anionic MOFs confers an added advantage because it makes it 

possible for ion-exchange activities to take place during the incorporation of a variety of anionic species 
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into its framework. This freedom of counter ion exchange makes it possible to design and fabricate various 

functional anionic MOFs with a wide variety of anionic moieties, which would not be possible in neutral 

MOFs. This is because neutral MOFs cannot accommodate such a wide range of ions. Encapsulating ionic 

chromophore moieties that already have a high quantum yield by ion exchange, for instance, is all that is 

required to achieve the improved luminous characteristics and quantum yield of luminescent anionic MOFs. 

It has been demonstrated that anionic MOFs have a significant potential for the selective sequestration of 

specific environmental contaminants, whether they be antibiotics, therapeutics or relevant hazardous 

pollutants. They have been the frontrunners as the next-generation sequester material for the cleanup of 

harmful ionic environmental pollutants because of their powerful electrostatic contacts and their capacity 

to exchange ions. Due to their controllable ionic component and their strong charge-induced interactions 

with the molecules of the incoming guests and the framework, anionic MOFs have demonstrated a 

significant amount of promise in the fields of toxic pollutant sequestration, gas adsorption, and separation. 

The major limitations of iMOFs still remain in their processability as standalone powders and their 

framework stability in harsh chemical conditions, both of which are essential for real-time applications such 

as wastewater sludge. Despite the enormous potential and promises that iMOFs hold as the ion-exchangers 

of the next generation, iMOFs still have this major limitation. In order to meet the requirements for 

commercialization, it is required to solve issues such as cost-effectiveness, large-scale synthesis, and 

fabrication of more convenient forms. These issues include, but are not limited to, membrane preparation, 

device fabrication, and other related issues. Ionic metal–organic frameworks (iMOFs) are one of the most 

important and rapidly developing sub-classes of MOFs, which promise commercial utility as the next 

generation of ion-exchangers and a viable alternative to ion–exchange resins. Ionic MOFs hold paramount 

importance as one of the most important and rapidly developing sub-classes of MOFs. The scientific 

community has identified the next objective for itself as conducting additional research geared toward the 

bulk synthesis of iMOFs and bringing these compounds from the laboratory bench to commercial platforms. 

1.1.2.2b.5 Cationic MOFs: 

In a similar fashion, cationic MOFs are generally composed of a framework backbone that is positively 

charged and additional uncoordinated anions that serve to neutralize the charge of the overall framework. 

In most cases, the counter anions are allowed to roam freely within the framework's porous channels, where 

they can also coordinate with the mental center through the medium of weak electrostatic interactions. In 

recent years, cationic MOFs have demonstrated an amazing potential for a diverse range of applications, 

including the capture of environmental pollutants, sensing, catalysis, battery application, and other 

processes. Despite the enormous potential of this field, little has been done in this area. The investigation 

of cationic MOFs in the fields of industrial extraction/separation and aquatic remediation is still in a very 
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fledgling phase and evolving continually. The pre-functionalization of the cationic framework backbone 

and the presence of uncoordinated polar functional anions within the porous voids of cationic MOFs are 

just two of the many reasons why this type of material is considered to be the next generation of anion 

exchange material for use in a variety of environmental applications.27 

1.1.2.2b.6 Design and Fabrication of Functional Cationic MOFs: 

Synthesis of cationic MOFs can proceed either through a pre-synthetic method or through post-synthetic 

alterations of a subsidiary (secondary) functionality inside a neutral framework. Both of these methods are 

possible.51-58 Figure 1.6 provides a summary of the logical synthesis procedures that can be used to create 

cationic MOFs. 

 

 

Figure 1.6 A schematic representation of the pre-synthetic and post-synthetic strategies that are deployed in synthesis 

cationic MOFs (reproduced with the permission).
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The pre-synthetic engineering of neutral N-heterocyclic donor moiety linked ligands is where the majority 

of the work is done when it comes to the primary design strategy for cationic metal–organic frameworks 

(MOFs). Figure 1.7 illustrates ligands that serve as representative examples of the class. In this context, the 

five-member terminal donor groups such as triazole, pyrazole, and imidazole, amongst others, are favored 

over the six-membered heterocycles such as pyrazine and pyridine, due to the former's smaller size and 

more powerful binding capacity, respectively. These smaller 5-membered N-heterocyclic moieties can lead 

to a larger density of ligand molecules surrounding the central metal sites, permitting hexa-coordination to 

the metal nodes and shielding from the action of outside species. 

 

 

Figure 1.7 A schematic depicting the summary of organic ligands to be used in the synthesis of ionic MOFs.

 

This will reinforce the area around the coordination sphere of the central metal. In addition, the coordination 

number of the specific metal ion is satisfied solely by the functional ligands, and the metal center is covered 

by a high number of 5-membered rings. This high number of 5-membered rings acts as a shield here against 
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water molecules, which imparts hydrolytic stability in the MOF. Utilizing cationic imidazolium moieties 

in the ligand backbone is an additional method for synthesizing cationic MOFs via a pre-synthetic strategy. 

These ligands are made up of positively charged nitrogen atoms, which inherently give the framework a 

cationic character. Additionally, carboxylic acid-based ligands are utilised in the synthesis of cationic MOF 

by the deployment of a pre-functionalization strategy. In this approach, the carboxylic acid ligands that 

have a nitrogen heteroatom (such as a pyridine or pyrazine moiety) appended can be reacted with alkyl 

halide (R-X) moieties by means of nucleophilic substitution. This reaction results in the formation of an N-

R+X− moiety, with the halide (X−) anions being uncoordinated within the pores.  

The other method, known as post-synthetic modification, is an efficient way to produce cationic MOFs. 

Neutral MOFs are modified after they have been synthesised. For instance, a PSM-based approach could 

be used for the oxidation of metal centres, such as Fe2+, which would result in the formation of an oxidised 

metal centre, Fe3+; however, this would necessitate the addition of additional negative charge in order to 

maintain a charge equilibrium throughout the entire framework. Oxidation of these types of MOFs can lead 

to the production of cationic frameworks that contain extra-framework anions to maintain overall charge 

balance. 

1.1.2.2b.7 Advantages of Cationic MOFs: 

Due to their superior features such as tunable architecture, bimodal functionalization in terms of both 

framework backbone and uncoordinated functional anions, surface functionalization, ease in ion-exchange 

processes, and so on, cationic metal-organic frameworks (MOFs) have already shown enormous promise 

to become the leading contenders as the next generation cationic/anion-exchange materials. The tactical 

functionalization of cationic metal–organic frameworks (MOFs) has resulted in the emergence of critical 

features such as physicochemical stability and tunable pore size. Both of these features are necessary for 

the development of sophisticated ionic materials. In addition, cationic MOFs can be tailored in contexts of 

the framework building units that they use as well as the functionality that is appended to them in order to 

increase their applicability for selective anion exchange and to improve the overall interactions that guest 

anions have with the framework. In particular, the tunability of the uncoordinated anions as an extra-

framework functionality has evidenced to be a game-changing feature in a variety of applications. These 

applications include environmental pollutant sensing and capture, catalysis, optoelectronic-based 

applications, and others. These anions can be varied according to the requirements of the application, and 

they offer a wide variety of functional anions such as Cl−, Br−, SiF6
−, BF4

−, SO4
−, NO3

−, ClO4
−, and many 

others. In addition to these inorganic anions, organic moieties that contain carboxylic acid (-COOH), 

sulfonic acid (-SO3H), or phosphonic acid (-PO3H) groups can also serve as the extra framework anion to 
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ensure that the overall charge of the cationic framework is maintained. 

 

  

Figure 1.8 A schematic illustration of the wide variety of possible applications for ionic metal–organic frameworks 

(iMOFs) (reproduced with the permission).

The additional benefit of these uncoordinated anions is that the pore size of the cationic framework can also 

be tuned by varying these anions. This is an advantage that is not shared by the coordinated anions. As a 

consequence of this, the nanospace of the cationic framework can be functionalized and tuned by the 
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functional anions for applications that are target-specific. Furthermore, in the case of applications that are 

based on ion exchange, cationic MOFs make it possible to exchange the targeted guest anions through an 

ion-exchange process that also prevents any leaching of the inbound anions. In ion-exchange-based 

applications, cationic MOFs can therefore convey selectivity while maintaining a high level of efficiency. 

1.2 Applications of ionic MOFs: 

MOFs have been shown to be suitable for the tackling of a variety of real-world applications (Figure 1.8). 

These applications include fuel cell applications, the sensing of environmentally hazardous species, gas 

separation and storage, ion conduction, industrially relevant light hydrocarbon separation, removal of toxic 

and hazardous waste, magnetism, heterogeneous catalysis, and many more (Figure 1.8).59-67 The realization 

that structure and properties are inextricably linked has had a significant influence on the lightning-fast 

progress that MOFs have made toward developing these new applications. In addition to this, the target-

specific applications' requirements can be adapted to the functional networks in order to achieve optimal 

results. MOFs are still in the process of being developed as an important crystalline porous material. They 

are expected to garner a lot of attention over the course of the next few years for their applications in the 

real world, this is because MOFs possess such a tremendous amount of potential. The design, synthesis, 

and functional studies of anionic metal–organic frameworks (MOFs) constructed from ambidentate linkers 

bearing O-and N-donor atoms that are exclusively selective toward oxo-cations/cations (uranyl ions) and 

the remediation of toxic aquatic pollutants are the primary focuses of this current thesis. These topics are 

explored and addressed in the foregoing chapters. 

1.2.1 Gas adsorption and separation: 

MOFs have drawn unrivalled attention during the past two decades due to their custom molecular topologies 

and crystal packing patterns, as well as the possibility of using them as functional materials. A wide range 

of innovative uses for this class of materials, including gas storage, are among their most intriguing 

developments. Gas and hydrocarbon adsorption-based separation and purification are of utmost 

significance to industry. The search for sophisticated sorbent materials with specialized architectures is still 

ongoing due to the growing demand for an energy-efficient and environmentally friendly option for gas 

separation. Due to their customizable porous structures and substantial surface area, functional MOFs have 

attracted considerable scientific attention as promising sorbent materials for gas adsorption and separation. 

The literature is heavily populated with neutral MOFs despite the fact that a lot of research has been done 

on MOFs for selective gas adsorption and separation. Due to their distinctive structural characteristics and 

the counter-charged entities housed in nanospace, research on ionic MOFs as gas and vapor sorbent 

materials has accelerated. In this context, few contemporary examples of anionic MOF-based selective gas 
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separation and adsorption studies have been highlighted to understand the background of the same. Carbon 

Capture and Sequestration (CCS) technology, which involves removing CO2 from industrial exhaust gases, 

has gotten a lot of attention because it can be done economically and has the potential to cut greenhouse 

gas emissions by a significant amount. Selective CO2 capture from flue gases or natural gas refinement, 

specifically CO2/H2 (pre-combustion), CO2/N2 (post-combustion), CO2/O2 (air separation), and CO2/CH2 

(natural gas purification), unquestionably provides a difficult task to effectively address this environmental 

and energy issue. Literature reports on multifunctional MOFs show that in recent years, a design principle-

based method has been used to make multifunctional MOFs that successfully use the linker pre-

functionalization concept. Navarro and colleagues established in a ground-breaking study a universal 

approach for modifying porosity as well as sorption characteristics in an anionic MOF via cation-exchange. 

In this study, they present an anionic MOF called NH4@1, whose pores contain free NH4
+ cations. To create 

the cation exchange form A@1, NH4
+ cations were additionally exchanged with a variety of other cations. 

Differential uptake in N2 adsorption experiments on A@1 demonstrated the importance of cation diversity 

and ion-exchange in adjusting the porosity. The A@1(A=NH4
+, Et3NH+) framework demonstrates 

substantial interactions with C2H2 and CO2, although it shows low interaction with other gases, according 

to variable-temperature (273-363K) adsorption studies and gas chromatography investigations. The A@1 

framework additionally demonstrated the separation of benzene and cyclohexane as it noted a 5:1 separation 

ratio for benzene over cyclohexane.68 By fine-tuning extra-framework cations in an anionic MOF, (HPP-

rho-ZMOF), Eddaoudi and colleagues have achieved the ideal combination of structural functionality 

needed for the enhancement in hydrogen binding energies (HPP-rho-ZMOF).109 The investigations 

indicating influence of diverse cations on adsorptive absorption and energetics toward H2 has been reported 

precisely in the literature.69 Because of the Li-rho-reduced ZMOF's ionic radius, which creates huge gaps 

in the MOF for H2 storage, the authors discovered that it could store a few more H2 molecules. The results, 

according to the scientists, demonstrated the electrostatic field within the MOF cavity as being the primary 

factor in the increased sorption capability of such anionic MOFs. 

1.2.2 Sensing: 

Luminescent MOFs (LMOFs) are important in applications based on sensing. Among the several 

approaches, adjusting luminous characteristics by including emissive guest chromophores into the porous 

structure of MOFs can provide a more straightforward, beneficial, and effective method for creating a viable 

sensor. By post-synthetically exchanging their unbound cations from the framework with the desired 

cationic chromophores, such as luminous metals or metal complexes, organic species (dyes), and so forth, 

anionic MOFs have played a crucial role in fabricating good sensors in this dimension. Here, a few 

intriguing cases of anionic MOFs using cationic guest chromophores to detect distinct cationic molecules 
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have been highlighted to gain the background. In 2015, Maji and associates developed a 3D anionic MOF 

known as AMOF, which contains [NH2Me2]+ cations inside its pore. The ionic MOF demonstrated selective 

sensitization of Eu3+ cations by exchanging the free framework cations, as well as selective sensitization 

turn-off detection toward Cu2+ ions (Ksv = 1.986x103).70 Researchers have hypothesized that the ligand field 

splitting of the Cu2+ metal ions’d-orbitals was the cause of this turn-off behavior. Additionally, other heavy 

metal cations, such as Eu3+, Tb3+, Sm3+, and Dy3+, were partially incorporated into the MOF, and it was 

discovered that this diminished the distinctive emission spectrum of Eu3+@MOF at 410 nm following 

excitation at 317 nm.71 

1.2.3 Catalysis: 

Nowadays, catalysis is rendered to be a key method for generating the basic necessities of life, including 

food, water, and energy. With the world's population rising, the economy expanding at an exponential rate, 

and raw material costs declining, manufacturing in a sustainable way is crucial, and catalysis plays a big 

part in this. Due to their highly dense influential metal nodes or secondary building units (SBUs), 

functionalized organic linkers, highly crystalline nature, controllable active size, high porosity, and large 

surface area inside the framework, MOFs have been investigated as a potential console in the field of 

catalysis, especially for heterogeneous catalysis, and have drawn significant attention toward syntheses and 

material chemistry.72 One of the key requirements for developing MOFs-based effective catalytic activity 

is post-metalation or alteration of the framework.73 The additional free cations inside the framework can 

readily be replaced with particular catalytically active species, which may result in efficient catalytic 

activity, making anionic MOFs relevant for heterogeneous catalysis in this regard. Recent investigations 

have shown that an energy-intensive alternative approach based on MOFs can produce effective 

heterogeneous catalysts. 

1.2.4 Capture and Sequestration of Aquatic Pollutants: 

Pure water is the most vital resource for all living things. Industrial growth, rising pollution, water pollutants 

that are typically composed of highly toxic synthetic organic-inorganic compounds, and other factors have 

made fresh drinking water increasingly scarce. As a result, new effective and cost-effective environmental 

remediation techniques have been developed. Due to its high efficiency with rapid kinetics, low operational 

cost, good selectivity, and, most importantly, better flexibility towards building task-specific promising 

adsorbents, ion-exchange-based adsorption is thought to be more successful for pollutant removal 

implementation. Anionic MOFs, one of these effective sorbents, play an important role in the area of 

remediation of environmental pollutants by separating various types of hazardous cations from water by 

exploiting crucial features including porosity with large surface area and functional tunability. The ability 
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to modify anionic MOFs' molecular level functions elevates them to a higher class of sorbent than existing 

adsorbents.74-76 Among the potentially poisonous pollutants, organic dyes, antibiotics, and pesticides, 

besides hazardous oxo-anions and oxo-cations, are extremely dangerous industrial and anthropogenic 

contaminants that severely pollute water. Therefore, it is essential to completely remove these stable species 

before releasing them into the natural water system. Also, anionic MOFs are a better platform for 

decontamination than dyes, pharmaceutical waste, and trace and ultra-trace cations, like uranyl cations, 

when compared to existing traditional materials. 

1.2.5 Uranium Capture and Sequestration: 

We are living in an age in which the need for energy all across the world keeps skyrocketing, and we are 

also witnesses to the great turbulence that is shaking our globe. Energy consumption is affected by a wide 

range of socioeconomic factors, including urbanization, population growth, industrialization, the level of 

socioeconomic development, and the pace of technological advancement. As a result of the depletion of 

existing energy sources, the provision of long-term energy that is both sustainable and renewable has 

emerged as one of the most pressing challenges that humanity must confront.77 In light of the numerous 

environmental problems that are caused by the combustion of fossil fuels, such as pollution, climate change, 

and the destruction of biodiversity, the development of alternative energy sources is an absolute necessity 

that carries a great deal of weight in both the scientific and technological communities. 78 Because it does 

not contribute significantly to the emission of greenhouse gases, nuclear energy is regarded as one of the 

most promising low-carbon solutions among established technologies. 77 Due to the importance of uranium 

in nuclear reactors, there has been a significant increase in the number of nuclear activities that involve 

mining, processing, and recovery of uranium. This is essential in order to ensure a steady supply of 

renewable energy. However, the fact that geological stocks of uranium ores are running low at an alarming 

rate is a cause for concern. Based on the current rate of use, the world's supply of uranium ores will be 

exhausted in fewer than a hundred years, or even sooner.78 It is estimated that there are around 4.5 billion 

tons of uranium in the ocean, which makes it a potentially enormous resource that might support the 

generation of nuclear energy for millennia.79-80 Uranium extraction from seawater calls for cutting-edge 

research in the field of materials, and it is considered to be one of the seven most sought-after methods of 

chemical separation, which, if ever perfected, would bring about revolutionary changes on a global scale.81 

Despite the fact that a variety of different adsorbents have been developed in an attempt to extract uranium 

from saltwater, there has been little success (UES).78,82-86 However, their performance in a laboratory setting 

is typically restricted, and the most of them suffer from extremely low adsorption kinetics, limited uptake 

capacity, and poor selectivity. This is due to the fact that their uptake capacity is restricted. As a result, the 

production of brand-new, long-lasting adsorbents that are capable of meeting the strict commercial criteria 
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that have been established as a result of the economic development of UES is very much required in order 

to accomplish the urgent demand for a sustainable energy source.87 Metal-organic frameworks, often known 

as MOFs, are a champion material in the field of reticular chemistry. These frameworks are created by the 

coordination of metal centers (clusters or metal ions) and organic struts.88,89  

 

 

Figure 1.9 A schematic illustration of a trap-grafted anion-exchangeable MOF indicating capture of uranyl ions 

selectively from a mixture of other interfering cations.  

 

Ionic MOFs, also known as i-MOFs, are potentially the most significant manifestations of MOF-based host 

matrices. They account for residual charge, which can be either negative or positive, and can be repeatedly 

exchanged for more appropriate ions. As a result, they are able to impart desirable functional properties. 

Anionic metal–organic frameworks, also known as iMOF-A, are a subclass of ionic MOFs. Anionic MOFs 

have been regarded as a class of multifunctional materials due to the numerous propositions they have made 

in a variety of fields, including selective capture, gas storage, drug delivery, catalysis, photonic applications, 
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and a great deal more.90-93 The presence of charged species within the frameworks causes certain 

interactions, which can be effectively exploited as ion-exchange sorbents for the purpose of sequestering 

cationic visitors. Because the imprisoned cation serves as a charge-balancing ion and is therefore an 

essential component of the structure, the possibility of the trapped cationic visitors leaking away is also 

eliminated. In addition, ionic properties that have Lewis basic sites that aren't difficult to reach can be able 

to provide further advantages thanks to the selective binding affinity of particular analytes within the 

frameworks (Figure 1.9).94,95 MOF-based adsorption and electrocatalytic extraction techniques have 

become the leading candidates for the selective capture of a wide variety of pollutants, including radioactive 

species, due to their unprecedented potential. This is because these techniques have the ability to selectively 

capture a wide variety of pollutants.96,97 The complete thermodynamics of MOF-analyte interactions 

occurring in aqueous media have been left mostly unexplored, despite the fact that this information is 

essential for the design of the next-generation of sorbent materials. This is despite the fact that tremendous 

efforts are currently being devoted to the detailed realization of chemical and structural features that 

influence the adsorption process. 

 

 

Figure 1.10 Schematic representation illustrating selective uranium separation by ionic sorbents or iMOFs.

 

Through a combination of ion-exchange and interaction mechanisms, one can aim to make use of an anionic 
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metal–organic framework (MOF) for the effective recovery of uranium. Owing to aforementioned facts, 

attempts can be made in direction of selective, fast and effective capture of Uranyl ions and relevant ionic 

species by attempting synthesis of functionalized or trap grafter ionic adsorbents (Figure 1.9), which should 

be blended by properties of stability and reusability. Conceiving and developing novel and hydrolytically 

stable anionic MOFs or comparable materials, as well as deploying critical corroboratory experimental 

tools for the remediation of priority environmental pollutants, could pave the way for new pathways aimed 

at efficient uranium extraction, thereby addressing the billion-dollar issue of energy deficit and effective 

pollutant remediation (Figure 1.10). 

1.2.6 Toxic Aquatic Pollutants Remediation: 

The misuse or improper application of recently developed antibiotics and pesticides are two examples of 

anthropogenic wastes that have led to water contamination. The identification of antibiotics and pesticides 

in wastewater must be conducted expeditiously and judiciously due to the grave ramifications for human 

health. Considering practical reasons, a suitable sensory material for the sensing and detection of antibiotics 

and pesticides in aqueous medium is still being explored. Ionic metal-organic frameworks (iMOFs) are a 

novel type of porous materials that could be used to detect aqueous micropollutants. The neurological 

system, respiratory system, and reproductive systems of living organisms are all adversely affected by 

prolonged contact with these dangerous species.98 The systematic and routine monitoring of these species 

has evolved into a key research issue due to the negative effects and high level risk of antibiotics and 

pesticides in water. Numerous established analytical techniques have been used over the past few decades 

for the detection of these toxic species, including raman spectroscopy (RS), mass spectroscopy (MS), LC 

with UV detection (LC-UV), liquid chromatography-tandem mass spectrometry (LC-MS), and ion mobility 

spectroscopy (IMS).99-102 All of these approaches had drawbacks, including lower efficiency, higher costs, 

longer processing times, and a requirement for specialized employees. Therefore, it has become a current 

research interest to create easy-to-use, economical, quick-response, highly sensitive methods for the 

selective detection of dangerous species. According to this perspective, fluorescence-based detection 

methods have gained popularity due to their high selectivity, sensitivity, rapid sensing response, simplicity 

of use, and lower cost.103-105 

Due to its high fluorescent quantum yield, high selectivity and sensitivity, reusability, lower operational 

and fabrication costs, etc., the luminescent porous materials-based fluorescent technique for detecting 

target-specific environmental contaminants has recently gotten a lot of attention from researchers.  

106-109 Modern porous materials like metal organic frameworks (MOFs), and iMOFs in particular, are 

showing promise for use in sensing applications in comparison to traditional adsorbents like activated 
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carbon, zeolites, resin, etc. due to their improved sensitivity, high selectivity, and quick response times.107,110 

 

 

Figure 1.11 Schematic representation illustrating classification of Antibiotics (reproduced with permissions).
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Figure 1.12 Schematic representation illustrating classification of the chemical water pollution.

 

The detection of these species with affordable, chemically and thermally stable, highly luminous MOFs has 

rarely been studied, despite the small number of MOF-based antibiotics and pesticide sensing studies that 

have been published.86-91,105,107,111 It is advantageous to build effective sensory materials when such 

materials with the aforementioned features are successfully developed and fluorophores are intelligently 

incorporated. These compounds' high porosity and broad surface areas enable quick mass diffusion and 

robust contact with the analytes, further enhancing their sensitivity and prompt detection response, 

respectively.112-118 Additionally, these materials' heterogeneous nature and great chemical stability allow 

for easy and superior regeneration detection abilities as well as "real-time" prospective sensory materials 

that are beneficial in many environments.119-120 Hence, the strategic choice of iMOFs as a potential stable 

sensory material for the specific task of sensitively identifying antibiotics and pesticide residues in steam, 

taking into account the goal of targeted and sensitive detection as well as the facts of developing a low-

cost, simple-to-use, portable, reliable, highly stable, and effective juncture sensory material. However, ionic 

MOFs, particularly the anionic MOFs are very rarely explored toward the capture of pesticides with 

competitive capacity. Hence, in order to fast-track the development and explore the huge potential of ionic 
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MOFs, efforts shall be devoted toward selective sequestration of the toxic anthropogenic and agricultural 

wastes deploying anionic MOFs. 

 

Figure 1.13 Schematic representation illustrating a) End-group tuning in the iso-structural MOFs UiO-66; b) 

Strategies tuned MOPs intended for potential TENG application (reproduced with the permission).
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1.3 Porous Materials for Energy Applications: 

 

 

Figure 1.14 Schematic representation general fabrication procedure adopted for MOF and polymer based composite-

materials aimed for mechanical energy harvesting device.

 

Globally, fossil fuels are utilized as a source of energy, which either harms the environment as well as 

diminishes their source or availability for forthcoming generations. It really has entailed an uptick in the 

use of renewable energy options. Solar, tidal and wind power may be the most investigated renewable 

energy sources, but mechanical energy and perhaps other sources of energy have gathered minor attention. 

The energy from many mechanical movements or motions, including human motion, wind, tidal and so on, 

has historically been mostly wasted and disregarded. Surprisingly, the scientific community is beginning 

to recognize alternative energy sources as part of the solution to the intensifying energy-related concerns. 

In particular, customizable electronics, high-precision sensors, portable high-voltage sources, and 

distributed micro/nano-power sources have seen great strides in mechanical energy conversion technologies 

over the past decade. The Triboelectric Nanogenerators (TENGs), which primarily take advantage of the 

idea of charge separation produced by relative motion between two dissimilar materials in close 

proximity—the well-known phenomenon of friction being a manifestation of the process—are at the center 

of this research. The so-called "triboelectric series" depicts the differences between materials based on their 

ability to transfer or absorb electrons when moving in close proximity, friction is a well-known 

phenomenon that represents the process. The so-called "triboelectric series" depicts the differences between 
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materials based on their ability to transfer or absorb electrons when moving in close proximity. To achieve 

maximum power output, a TENG device combines materials that are further apart in this series.  

Appropriateness of design facilitating charge transfer is largely determined by the configuration of the 

device. In the following chapters, this issue has been addressed in detail, which includes a highly stable 

MOF for reproducible, robust, and tuneable applications in the domain of Triboelectric Nanogenerators 

(TENG), followed by a brief discussion of results highlighting chemically stable, solution-processable, and 

hydrophobicity-tuned series of MOPs blended by polymer composites for on-demand self-powered energy 

devices with efficient rated power (Figure 1.13). 

1.3.1 Isostructural MOF Composites for TENG: 

Fossil fuels are used as a source of energy on a worldwide scale, which harms the environment and reduces 

their supply for generations to come. This has made increased usage of renewable energy sources necessary. 

While solar and wind power are possibly the most researched sources of renewable energy, mechanical 

energy and other sources have gotten marginal attention. In actuality, the energy from various mechanical 

motions, including human motion, water-tidal, and wind has historically been largely wasted and 

disregarded. The existence of such energy sources has fortunately caught the interest of scientists as a 

potential partial answer.121 Utilization of MOF derived composites are quite appealing proposition for the 

development of self-powered unattended electronics and electro-mechanics is the on-demand harvesting of 

operating power from the dynamic work environment. The triboelectric Nanogenerator, also known as a 

TENG, is an intriguing piece of equipment that belongs to this category. Its primary objective is to harvest 

the mechanical energy that is otherwise lost in a variety of working environments. In order to get over the 

constraints of present energy technology and contribute to the advancement of cleaner energy, Wang and 

his team devised an efficient technique for TENG manufacture in 2012.122-123 The TENG is able to transform 

a variety of energy forms, including those from mechanical, wind, and water sources, into electricity.124-126 

TENG can perform in four distinct operational modes, including single electrode modes, freestanding, , 

vertical contact-separation, and lateral sliding, using contact electrification and electrostatic induction as 

operating principles. A tribo-layer and a conducting layer are among two most crucial TENG components 

since they come into contact with the two different triboelectric materials. They must be attached to a 

substrate material acting as a support framework in order to make a functional device.121,127-129 One of the 

numerous advantages of TENG is its low cost, straightforward design, high power output, and improved 

conversion efficiency. Numerous applications, including chemical and biological sensors, large data 

sensing, therapies, and self-charging, are possible with TENG, hence it is used in numerous self-powered 

applications due to its simplicity in manufacturing, material choice, high power output, and versatility in 

producing direct current.127-129 In a typical TENG device, two functional materials that have the advantages 
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of flexibility and significantly different triboelectric properties (Triboelectric series) are combined to 

produce charge carrier separation in response to various kinds of mechanical energy stimuli. Despite 

impressive quality factors such as flyweight-compactness, cost efficiency, high output, and a broad choice 

of materials for device designs, TENGs continue to fall short on these practical demands continue to fall 

short on real time demands such as performance tuning, modulatory electronic effects of constituents, and 

stability features on demand for adverse and ambient working environments. 

 

 

Figure 1.15 Schematic representation illustrating mechanism in contact-separation mode (vertical) with simultaneous 

stages viz. releasing, released, pressing and pressed (reproduced with the permission).
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Considering inherent features for molecular tunability, metal–organic frameworks (MOFs) have the 

potential to be utilized in ways that are beneficial to the process of optimizing energy conversion. 

Hydrolytically stable and isostructural series of MOFs can be considered as choice of materials to navigate 

the systematic tuning MOF functionalities to elucidate the consequent TENG output. Blend of MOF and 

polymer matrix thus can become the foundation for increased electrification as a direct consequence of the 

significant increase in charge and TENG output performance owing to functionality tuning in MOFs. 

1.3.2 MOP Derived Composites for TENG: 

Crystalline porous materials have seen an astounding transformation over the past couple of decades, and 

researchers from various fields have paid close attention to them.130, 131 Metal-organic frameworks (MOFs) 

and covalent-organic frameworks (COFs) have gotten a significant amount of attention among crystalline 

porous solids rendering to their large surface area. Further, aforementioned materials (MOFs, COFs, PCPs) 

have been looked into for a wide range of applications including gas separation and storage, catalysis, 

sensing, and energy storage or conversion, etc. 132–137 MOPs, which stand for metal–organic polyhedra, are 

a subclass of crystalline porous materials that were introduced roughly at the same time as PCPs or 

MOFs.133,134 Several hydrolytically stable (water stable) MOFs and COFs have been produced over the past 

few years as a result of the understanding of their rational design strategies, which has sped up their 

advancement toward practical uses.135-140 However, the development of carboxylate MOPs for application 

studies has been severely hampered by the absence of systematic methods to prepare stable MOPs. Despite 

the fact that there are several general methods has been reported for the synthesis of MOPs bearing voids, 

still the bulk of carboxylate MOPs reported in the literature have been discovered to be hydrolytically 

unstable.141-144 Because of their instability and loss of crystallinity as a result of the inevitable aggregation-

driven blocking of active sites following guest removal, such MOPs' solid-state applications are 

hampered.145,146 There is a lack of a comprehensive design strategy. This is a very useful property for 

quickly making thin-film based devices, electrolytic solutions and membranes, as well as for a variety of 

active additives (filler) in polymers and ion channels, as well as for various biochemical applications.147 

But, if stabilized, metal-organic polyhedra (MOP) show great promise for a wide variety of uses and are 

suitable for solution processing owing to their miscibility in diverse organic solvents.148,149 

These MOPs can be chosen considering stability features, such as resistance to a broad pH range, stability 

under oxidizing and reducing media, and in strongly acidic conditions, which has been mitigated due to 

tuneable hydrophobic shielding. A prototype approach can be conceptualized towards chemically stable 

MOPs, whereby the transition from an unstable to a chemically ultra-stable phase can be achieved by 

performing a quick gram-scale synthesis at ambient temperature (within seconds). Further, these MOPs can 
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be rationally deployed in the preparation of MOP/PVDF composites at different blending concentrations 

and fabricated into flexible thin films by means of drop-casting, doctor blading, and electrospinning 

methods, to give fabricated films that can be moulded into tiny, light-weight, and compact TENG devices. 

Owing to their gradual increase in hydrophobicity due to shielding by alkyl and aryl groups, such a class of 

MOPs can be effectively used for tuning of TEMG output and power density as a function of hydrophobic 

features. If chosen, the right blend of polymer matrix and MOP loading concentration can produce a real-

time outcome in terms of tunability, stability, recyclability, and application display in power storage in 

batteries and capacitors, real-time LED illumination, and mobile and medium-range electronic charging. 

Considering overall progress and development in the field so far, there is no literature report till now 

encasing applications of MOP-derived composites in TENG applications. Thus, in view of existing 

literature and progress in the domain of nanogenerators, MOP-based TENGs can be considered as a 

potential area of research. MOP–polymer composite materials generally exhibit features of solution 

processability, which can instill the potential for fabricating thinner and more durable self-powered 

merchandise (wearable nanogenerator fabrics), as well as flexible self-charging electronics. 

 

Figure 1.16 Schematic representation illustrating incremental hydrophobic shielding of IPMOP’s (reproduced with 

the permission).

 

1.4 Thesis Overview at a Glance: 

The focus of the current thesis work is primarily on the design and synthesis of novel ambidentate ligands 

as well as the utilization of a few existing ligand systems to produce application-specific novel anionic 

MOFs and their thorough application-bound investigation. Additionally, stable and viable functional porous 

materials are meticulously deployed with an emphasis on energy and environmental applications. Although 
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anionic MOFs are now the center of extensive research in a number of application areas, still little is 

understood and explored about their capacity to selectively and efficiently capture uranium for the 

remediation of harmful aquatic contaminants besides its sequestration aimed for applications in the field of 

energy, similar is true for their potential rendering to sorting and identification of other toxic aqueous 

pollutants such as antibiotics or pesticides. Through our understanding of chemistry and expertise in 

functional porous materials, we set out to address some truly exciting problems in the realms of energy and 

environment. In line with the theme context, the entirety of the thesis is broken up into two broadened 

sections, and each of those sections is further broken up into two chapters each. Porous functional anionic 

MOFs for environmental applications were covered in depth throughout part I with subdivisions into 

chapters 2 and 3, while advanced porous materials for energy applications were addressed and covered in 

depth throughout part II with subdivisions including chapters 4 and 5.  

We have provided a brief synopsis with necessary insights that have been obtained through the careful 

application of anionic MOFs and a variety of functional porous materials in aqueous pollutant remediation 

and applications related to energy, respectively. The systematic design, synthesis, and functional studies of 

anionic metal–organic frameworks (MOFs) have been primary goals of this work. This is due to the fact 

that anionic MOFs hold great promise for resolving challenging environmental pollution concerns owing 

to their inherent ionic nature that minimizes leaching and allows exchange of specific chemical species with 

greater selectivity, thereby sequestering targeted pollutants and reducing the need for sustainable energy. 

An insightful review was done on the function that counter cations, which can be either inorganic or organic, 

play in pore-engineered and trap-grafted functional anionic MOFs to steer the structure-property correlation 

for a variety of different applications. The results of the research conducted for this thesis into anionic 

MOFs for the rapid sensing, efficient capture, and consequent sequestration of aqueous and environmental 

pollutants, as well as novel approaches to device fabrication and structure property correlation for energy 

application, have been discussed in light of the investigations that are currently considered to be state-of-

the-art. It is possible that in the not too distant future, the production of the next generation of ionic materials 

will allow a compatible path for the resolution of significant industrial and environmental issues. Studies 

based on functional MOFs and porous materials for sustainable energy-environment applications and 

cleaning up water pollution might be able to make this a reality. 
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We are living in an age of energy shortage, and keeping the world's energy supply in the face of rising 

energy consumption while taking into account the risks posed by fossil fuels remains a difficult task. A 

continuous, dependable, low carbon emission endowed clean energy supply remains a significant obstacle 

that humanity of the entire world faces.1 Nuclear power will remain one of the few existing reliable 

energy sources in the future, as per predictions made by according International Atomic Energy Agency 

(IAEA). Since nuclear technological advances have the potential to provide energy for future generations, 

uranium recovery from alternative yet abundant sources including natural seawater has piqued the interest 

of scientific community.2 However, as nuclear technologies advance and clamour for uranium grows, the 

gap between supply and demand for uranium has grown wider. This is due to the fact that the world's 

known geological uranium reserves are finite and will be diminished within the next few decades 

considering approximations made by IAEA.3 In light of the aforementioned perilous situation, scientific 

interest is growing for the uranium sprawled across the oceans or seawaters.3 The ocean contains 4.5 

billion tonnes of uranium, which equates to a nearly limitless supply.4,5 As a result, uranium extraction 

from seawater (UES) is critical to making nuclear energy a long-term energy source. That is why 

recovery of uranium from seawater has been included in the gamut of seven chemical separations that are 

expected to have a significant impact and repulse on our society.6 Meeting the UES in a timely manner 

through the development of uranium adsorbents has remained a formidable challenge.3,7 We attempted 

and concentrated our efforts in this section on pore-engineering and consequently trap grafting through 

selective functionality introduction to obtain stable anionic MOFs by deploying Lewis basic site 

functionalized ligands and swapping out various uncoordinated cations inside the pore. This section of the 

thesis is divided into two chapters, chapters 2 and 3. We demonstrated the effectiveness of a novel anionic 

metal-organic framework (iMOF-1A) adorned with rare Lewis basic pyrazinic sites as a uranyl-specific 

trap serving as a robust ion exchange material for selective uranium extraction in chapter 2.  

The lack of clean drinking water has grown to be a serious issue across many regions of the globe and 

accounted among major concerns of the twenty-first century.8,9 Water contamination poses an increasing 

risk to the overall ecology and ecosystem as urbanisation and population increase continues.10 

Anthropogenic water pollutants including emergent organic contaminants are a substantial contributor to 

water pollution. The term "contaminant" is defined as any foreign physical, chemical or biological 

substance in water by the Safe Drinking Water Act (SDWA). Antibiotics and pesticides are two manmade 

wastes that are regarded as important pollutants that seriously pollute water.13 Penicillin is a well-known 

antibiotic that has been used as an antimicrobial agent active against bacteria. Due to its capacity to 

suppress the growth of numerous diseases, it has been widely prescribed and used as a medicine in 

hospitals for both people and animals.14,15 Additionally, since agriculture sector has expanded, it is now 
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used in fields including fisheries, food production, beekeeping, and other industries.13,16,17 However, 

microbial resistance to antibiotics  are brought on by the its overuse. However, antibiotic misuse results in 

microorganism resistance to them. In line with this, the environment as well as food chain is severely 

harmed by the abuse or overuse of such substances on animals.18−20 In addition, pesticides, another 

category of potential organic contaminants, have become "cause for concern." In order to boost 

productivity, pesticides have been widely utilised in modern agriculture.13,21,22 Pesticides are not only 

highly poisonous to agricultural pests by nature, but also highly water soluble and ultimately reaches to 

diverse water bodies. The neurological, respiratory, and reproductive systems of living things are 

adversely affected by prolonged exposure to these dangerous species.23−25 Given the negative effects and 

high levels of risk posed by the aforementioned organic pollutants in water, thorough and routine 

monitoring of such species is becoming a critical research area. In chapter 3, in addition to Paraquat 

capture, the selective and rapid identification of hazardous aquatic pollutants, such as antibiotics and 

pesticides in aqueous solution, is accomplished by delving into the specific fluorescence quenching 

mechanism of a recently synthesized highly luminous, electrically rich, porous metal-organic framework 

(iMOF-4A). In the presence of electron-deficient antibiotics like Nitrofurantoin (NFT) and Nitrofurazone 

(NFZ), as well as herbicides like Paraquat (PQ) in water, the iMOF-4A demonstrated a specific, 

significant quenching response, which is discussed in details in the sections to follow by. 
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2.1 Introduction 

We live in an era of growing global energy demand and consequent tremendous instability that is 

affecting our world and society as well! Energy usage changes according to a variety of socio-economic 

factors, including urbanization, population growth, industrialization, economic development, and 

technological advancement. Considering the decline of conventional energy sources, long-term 

sustainable power supply has emerged as one of humanity's most pressing challenges.[1] Accounting for 

many ecological difficulties associated with the use of fossil fuels, such as pollution, climate change, and 

biodiversity crises, the need for alternative forms of energy is critical in both technological and scientific 

fields.[2] Nuclear energy has become one of the most preferred low-carbon options among established 

technologies owing to its negligible commitment to emissions of greenhouse gases.[1] Because uranium is 

a vital part of nuclear reactors, the massive increase of nuclear operations related to its mining, 

processing, and recovery is critical for the dependable supply of sustainable energy. Unfortunately, there 

is an increasing scarcity of geological deposits of uranium ores that will become depleted in far less than a 

century or perhaps sooner if world consumption continues at its current rate.[3] 

 

Scheme 1. A schematic illustration of a trap grafted cation exchangeable MOF that is capable of 

selectively extracting uranyl ions from a variety of other competing cations. 

In this context, the sea possesses around 4.5 million tons of uranium, making it a potentially massive 

source to support nuclear power production for generations.[4,5] Uranium recovery from the sea 
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necessitates cutting-edge materials research and is regarded as one of the seven most important chemical 

separations that, if perfected, would have revolutionary worldwide impacts.[6] Despite attempts made to 

create a variety of novel adsorbent materials for uranium recovery through seawater (UES).[3,7-11] On a 

laboratory scale, however, their capabilities are typically restricted, with the majority suffering from 

incredibly low adsorption kinetics, poor selectivity, and reduced uptake capacity. To meet the crucial 

demand for continuous power supply, the development of novel long-lasting adsorbent materials that 

meet the strict commercial requirements imposed by the economic progression of UES is essential.[13] 

MOFs constitute flagship materials in reticular chemistry, produced by coordination involving metal 

centers (clusters or metal ions) and organic scaffolds.[14,15] Ionic MOFs (i-MOFs) are perhaps the most 

important MOF-based hosting matrix representations, providing for lingering charges, either negative or 

positive, that may be recurrently swapped with more suitable ions, hence delivering preferred functional 

capabilities. Anionic MOFs (iMOF-A), a subtype of ionic MOFs, have indeed been regarded as a family 

of functional materials due to their numerous uses in preferential capture, gas storage, drug 

administration, photonic applications, catalysis, and other areas.[16-19]  

 

Figure 1. a) Synthetic protocol leading to iMOF-1A; b) View (Perspective) of iMOF-1A revealing its bi-

porous nature containing ultramicroporous channels sustaining the framework; c) Orderly (repetitive ) 

arrangement of DMA cations inside the pore; (colour codes: purple—Ni, grey—C, white—O, cyan-

blue—N, guest—scarlet red (DMA cations), H atoms  and solvent molecules are omitted for clarity). 
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The presence of charged species inside the architectures causes certain interactions that may be 

effectively used as ion-exchange adsorbents for cationic guest entrapment. Because the captured cation is 

an intrinsic component of the framework or structure, being a charge-compensating ionic species 

Furthermore, given the specific binding affinity of some analytes within the frameworks, ionic 

characteristics with conveniently accessible Lewis basic sites may provide further advantages (Scheme 

1).[20,21] Because of their remarkable potential, MOF-based adsorption and electrocatalytic extraction 

approaches have recently emerged as frontrunners for the preferential capture of a wide range of 

contaminants, including radioactive substances.[22,23] While immense efforts have been made to fully 

understand the chemical and structural characteristics that affect the adsorption behavior, the 

comprehensive thermodynamics of MOF-analyte interaction processes in aqueous solutions has gone 

largely unexplored, despite the fact that it is critical for designing next-generation sorbents.  

We attempted to use an anionic MOF for effective uranium recovery via ion-exchange and interaction 

mechanisms. Because of the loosely lying dimethyl ammonium (DMA) cations that may be readily 

replaced, iMOF-1A, as a hydrolytically viable anionic framework, has the promise to be a trailblazer 

throughout this regime. The anionic adsorbent (iMOF-1A) recovers 99.8% uranium in only 120 minutes 

(20000 ppb to 24 ppb) and has an exceptionally high distribution coefficient Kd
U  0.97 X 106 mL g-1, 

having a greater affinity towards uranium. When compared to previous documented MOFs, an iMOF-1A 

had a very high uranium adsorption capacity of 1336.8 mg g-1 from water. The material effectively 

decreased trace quantities of uranium levels in a variety of water sources, including potable water, lake 

water, river water, and artificial seawater, to less than the Environmental Protection Agency (EPA) 

drinking water regulations in the United States (U.S.). The anionic adsorbent extracts more than 50% of 

the uranium from natural seawater (i.e., 7.1 gallons) and recovers 9.38 mg g-1 uranium over 30 days with 

an excellent enrichment index of 5754. The ITC studies offer a thorough measurement of the 

thermodynamics of the sorption process in water media, which was previously unknown in the area of 

uranium capture. Interestingly, the nano-FTIR and TFM experiments revealed that the sequestration 

mechanism is related to both ion exchange and supramolecular interactions within iMOF-1A crystals. 

Coupled theoretical and experimental analyses also showed that the excellent selectivity and high 

uranium capacity are due to the development of chelation at the Lewis basic N-sites that are heavily 

decorated.  

2.2 Experimental 
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2.2.1 Materials and measurements 

The procedures described below were used to synthesize iMOF-1A. All components, comprising 

reagents, ligand precursors, and solvents, all commercially available and used without additional 

processing as received, except as otherwise stated. Removal of solvent in vacuo is the distillation process 

where the solvent is removed employing a rotating evaporator and an effective vacuum pump. High 

vacuum was used to dry the products that had been received as solids or syrups. On precoated Merck 

silica plates of specifications F254, 0.25 mm thickness, analytical thin-layer chromatography was carried 

out; chemicals were seen by UV light. Using a Perkin-Elmer 1600 FT-IR spectrometer, IR spectra were 

captured. On a Bruker Avance 400 MHz with CDCl3 and DMSO-d6 as the solvent and TMS as the 

internal standard, NMR spectra were captured. On the Waters Synapt G2, high resolution mass 

spectroscopy (HRMS) was carried out. The materials were purchased from Sigma-Aldrich, Alfa 

Aesar, Avra Chemicals and TCI Chemicals depending on their availability. 

2.2.2 Syntheses 

Synthesis of Intermediate L': For 48 hours, 2-Aminopyrazine (5 g, 52 mmol), and 4-FBN (4 – 

Fluorobenzonitrile, 13.20 g, 109 mmol), and CsF (cesium fluoride, 16.55 g, 109 mmol) were refluxed in 

N, N-dimethylformamide (DMF) (250 mL), as shown in Scheme 2. After cooling down reaction mixture 

to room temperature, it was concentrated in vacuo at 55 ºC and extracted into ethyl acetate using a solvent 

extraction method with a water ethyl acetate 1:1 ratio. The organic phase was collected, dried over 

sodium sulphate, and vacuum concentrated. On precoated Merck silica plates of specifications F254, 0.25 

mm thickness, analytical thin-layer chromatography was carried out to obtain Intermediate L' (13.91 g, 

89.9%) as an almond white solid. Yield: ~89.9%. 1H NMR (400.31 MHz, Chloroform-d) (Appendix 1) δ 

8.25 - 8.17 (m, 3H), 7.60 (d, J = 8.7 Hz, 4H), 7.17 (d, J = 8.7 Hz, 4H); 13C NMR (100.67 MHz, CDCl3) 

(Appendix 2) δ 151.8, 146.0, 140.7, 137.3, 136.6, 132.0(3C), 123.7(3C), 12 Appendix 3: HRMS 

Calculated value for C18H11N5 [M+H]+: 298.1048; found mass value: 298.1086. 

Synthesis of Acid Ligand LH2: Column purified L' (7.5 g, 17 mmol) and potassium hydroxide (2.30 g, 

41 mmol) were refluxed for 24 hours in a 200 mL water/ethanol (1:1) solvent mixture. After allowing the 

reaction mixture to cool to room temperature, it was acidified with diluted HCl in an ice bath until pH5 

was reached. The precipitated product LH2 (4,4'-(pyrazin-2-ylazanediyl)dibenzoic acid) was easily 

removed by filtering and thoroughly washing with cold water, same is shown in Scheme 2. Dried LH2 

appeared to be a yellow whitish powder that was purified further using silica gel column chromatography 
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to remove unwanted imposed spots (MeOH:DCM 15:75). 7.27 g, 86% yield 1H NMR (DMSO- d6, 400.31 

MHz) (Appendix 4) δ 9.9, δ 8.30 - 8.20 (m, 3H), 7.94 (d, J = 8.9 Hz, 4H), 7.24 (d, J = 9.0 Hz, 4H); 13C 

NMR (100.67 MHz, DMSO- d6) (Appendix 5) 172.0(2C), 159.2, 153.4(2C), 136.3(6C), 130.3 (7C). 

Appendix 6: HRMS Calculation for C18H13N3O4 [M+H]+: 336.0940 is exact mass; 336.0978 is found 

mass value. 

Synthesis of iMOF-1A: By combining 290.8 mg (1 mmol) Ni(NO3)2.6H2O and 335.3 mg (1 mmol) 4,4'-

(pyrazin-2-ylazanediyl)dibenzoic acid (i.e. LH2) in 30 mL DMF, green single crystals of iMOF-1A 

(compound 1) were obtained, as shown in Scheme 3. The mixture is sonicated again to obtain a 

homogeneous solution, and 5 mL of 0.08 N HCl is added. The resulting solution is thoroughly mixed and 

transferred to a teflon-lined, crew-capped glass vial. The vial was heated to 120 °C under autogenous 

pressure for 48 hours before being slowly cooled to room temperature. Compound 1 single crystals in the 

shape of a green cube were obtained with an 83% yield (considering metal weight). To improve the yield 

of crystalline product, the same reaction can be scaled down to 1/10th, i.e. 3 mL DMF and 0.5 mL 0.08N 

HCl per a single 8 mL glass vial by reducing the scale of total reagent and solvents by order of 10. 

2.2.3 Characterizations and physical measurements 

Both; Single crystal X-ray measurements and Powder X-ray diffraction (PXRD) patterns were performed 

to determine and confirm crystal structure of iMOF-1A. With Cu K radiation ( = 1.5406 ) at a scan speed 

of 0.5º () min-1 and a step size of 0.01° in 2θ, powder X-ray diffraction (PXRD) patterns were carried out 

using a Bruker D8 Advanced X-ray diffractometer at 298 K i.e. at room temperature. On the Perkin-

Elmer STA6000, TGA analyser, thermogravimetric analysis profiles were captured with a heating rate of 

10 ºC min-1 in a N2 environment. Field-emission scanning electron microscope (FESEM, make: A Zeiss 

Ultra Plus) with an integrated charge compensator and integrated AsB and EsB detectors (make: Oxford 

X-max instruments 80 mm2) was used to capture the morphology of the crystalline solids (Carl Zeiss 

NTS, GmbH). To lessen charge, a 5–10 nm Au coating was sputtered onto the samples. The elemental 

analysis was performed with a 15 kV voltage and an EDX detector. An accumulation time of 600s was 

used for data collection. All of the materials were dissolved in isopropanol (0.5 mg/mL) and sonicated for 

30 min in preparation for high-resolution TEM examination. The upper portion of the solution was then 

collected to prepare TEM samples on a lacey carbon-coated copper grid after the samples were left for 2 

minutes (Electron Microscopy Science). The HRTEM (JEM-2200FS, JEOL) was used for TEM imaging 

while it was operating at 200 kV of acceleration voltage. A Bruker 400 MHz NMR spectrometer was used 
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to record NMR spectra. Parts per million (scale) are used to express carbon chemical changes. Using a 

KBr pellet and the NICOLET 6700 FT-IR spectrophotometer, the IR spectra were obtained in the 500–

4000 cm-1 range. BelSorp-Max equipment was used to measure gas adsorption (Bel Japan). The activated 

samples were heated at 120 °C under vacuum for 12 hours prior to adsorption measurements using 

BelPrepvacII. Leica DM6B EPI-Fluorescence device was used to record the fluorescence imaging. 

Simultaneous ICP Spectrometer, ARCOS, was used to perform ICP-AES analysis. Thermo Fisher 

Scientific's quadrupole inductively coupled plasma mass spectrometry system was used for the ICP-MS 

operation. Inorganic ventures were used to purchase multi-element standards. Thermo Fischer Scientific's 

K-Alpha+model and an Al Kα source were used for the XPS tests. The supplemental crystallographic 

data for this work can be found in the CCDC 2208426 file. These data are available from The Cambridge 

Crystallographic Data Centre at no cost and can be requested through their website at 

www.ccdc.cam.ac.uk/data request/cif. 

2.2.4 Uranium capture study 

Adsorption study: Uranyl nitrate hexahydrate (UO2(NO3)2.6H2O) salts were dissolved in deionized water 

to generate U(VI) solution. A 20 ppm starting concentration of the U solution (comprised of U(VI) ions) 

was used in kinetics studies. In comparison to the U solution's 45 mL, the adsorbent was 20 mg. Using the 

data from this time-dependent investigation, we computed the elimination percentage and declining 

amount of the U with time using the given equations: Dt = [(C0-Ct)/C0]*100, where C0 and Ct are the 

initial and final concentrations, respectively, at a given time. The following two equations were used to 

examine the simplified kinetic models of the pseudo-first-order and pseudo-second-order for the 

adsorption kinetics: 

ln(Qe-Qt) = lnQe - k1 

t/Qt = 1/(k2* Qe) + (t/Qe) 

The U solution with an initial concentration of 25–1000 ppm and a pH of 7 was employed in isotherm 

studies. The U solution was 6 mL, the adsorbent 2 mg, and the contact duration 12 hours. After 12 hours, 

the filtrate was collected using a syringe filter (0.2 m), the concentration was determined using ICP-

AES, and the following equations were then fitted. 

Langmuir Model, Qe = (Qm*Ce)/(KL+Ce); Here Ce(ppm) and Qe(mg g-1) stand for the equilibrium U 

concentrations and U adsorbed fraction at equilibrium, respectively. The maximum proportion of U per 
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mass of adsorbent required to completely form a monolayer is Qm (mg g-1). The binding strength is related 

to the constant KL (mg L-1). 

Freundlich Model, Qe = Kf*(Ce)1/n; Here, Kf and 1/n (Freundlich model constant)  indicates capacity and 

intensity for adsorption respectively. HNO3 (1M) and KOH were added to the U solution, which had a pH 

range of 3 to 9, in the pH-dependent investigation (1 M). The U solution was 4 mL in volume, the 

adsorbent 2 mg, and the contact duration 12 hours. A binary and well-mixed solution with an initial 

concentration of 5 ppm and a pH of 7 was employed in the selective adsorption tests. It comprises both U 

and other metal ions. Adsorbent is administered in doses of 2 mg, 2 mL of solution, and 2 hours of 

contact time.  

The following two equations are used to calculate the Kd value and selectivity (S).  

Kd = [(C0-Ce)/Ce).(V/m).103] 

S = Kd
U/Kd

M 

Unit for Kd value is mL/g.  

Capture study of U (in presence of other competing ions): Equimolar and mixtures of competing salts 

(NaCl, KCl, KBr, CaCl2, MgCl2, Sr(NO3) 2, CdCl2) were added to the U solution in order to conduct 

capture tests in order to investigate the effects of competing ions. In a 3 mL of U-containing solution, 3 

mg of iMOF-1A was administered. For two hours, all metal ions were in the same environment (pH 7 

and 5 ppm concentration). 

Trace amount capture experiments: U capture tests using trace amounts (5000 ppb, 50 ppb, 1000 ppb, 

100 ppb, 500 ppb, and 10 ppb) were carried out in a 15 mL drum vial having magnetic stirring bars at 

room temperature and a constant stirring speed of 400 r.p.m. A solution comprising 5 mL of U and 5 mg 

of iMOF-1A was consumed. The solution was filtered using a syringe equipped with a 0.22 μm nylon 

membrane filter while being continuously stirred for 2 minutes. Different time intervals were used to 

measure the kinetic adsorption study. 

Kinetics of U removal (from different water samples: potable water, river water, lake 

water, artificial seawater): The simulated/ model seawater was formed by following an existing 

literature report. At room temperature, U spiked various water samples (such as 5 ppm, 40 mL) and 

adsorbents (15 mg) were added to a 50 mL conical with a magnetic stirrer. At the desired time intervals, 
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aliquots (5 mL) of the mixture were taken and the adsorbents were further filtered through a 0.22 m 

nylon membrane filter. ICP-MS was used to determine the U concentrations in the resulting solutions. 

U removal kinetics (from the natural seawater): 10 mg of MOF (adsorbents) have been added to 35 

mL of seawater (natural) sample and the mixture was mixed at room temperature in order to determine 

the U removal kinetics from seawater. At required time intervals, aliquots (5 mL) of the mixture were 

taken and the adsorbents have been filtrated using a syringe fitted with a 0.22 m (mesh size) membrane 

filter. The U concentrations in the resulting solutions were determined using ICP-MS. 

U extraction from Seawater: We have collected 7.1 gallons of seawater from the Seawater (Arabian sea, 

Juhu beach, Mumbai) in order to extract uranium from seawater. The experiment was carried out at room 

temperature with 6 mg of iMOF-1A as the adsorbent. ICP-MS was used to analyze the U concentration 

on a regular basis at suitable intervals. 

U uptake via breakthrough experiments: In a mortar pestle, 1.3 g of iMOF-1A and 25 g of sand were 

mixed and filled in a glass tube with an internal aperture of 6 mm and a length of 2.5 ft. To reduce the risk 

of material leaching, a small amount of cotton was kept at the bottom of the composite and sand mixture. 

The solution contained U as well as the salts CaCl2, SrCl2, Mg(NO3)2, CdCl2, KCl,and NaCl, with an 

initial concentration of 3 ppm. Excess water treatment were given for column rinsing, even before to the 

breakthrough experiment, and the flow rate for the outlet solution was set to 0.13 mL/min. 

Recyclability test: The U-loaded MOF was regenerated in the presence of 0.001 M K2CO3 solution and 

stirred for 10 hours. iMOF-1A is found to be stable and Ni+2 leaching is not observed (Appendix 11, 

Appendix 13 and Appendix 20). 

2.3 Result and Discussion 

As mentioned earlier, iMOF-1A was synthesized on a bulk scale (Appendix 1-7) using the solvothermal 

process, in which a mixture of ligand (LH2=4,4'-(pyrazin-2-ylazanediyl)dibenzoic acid) and 

Ni(NO3)2.6H2O was heated at 120 C in a programmed oven for 48 h (Appendix 1-6 and Scheme 2-3), X-

ray diffraction on a single crystal indicated that the substance crystallized in the centrosymmetric cubic 

(I23) space group. The co-ordination microenvironment for iMOF-1A was determined to be {[Ni3L3(µ-

O)][2·DMA]}; where L = 4,4'-(pyrazin-2-ylazanediyl)dibenzoate, which consists of free dimethyl 

ammonium ((CH3)2NH2
+ i.e. DMA) cation and free pyrazinic nitrogen sites (Pyz-N) in the (Figure 1). The 

exchangeable free DMA cations are organized in the channels of the 3D pore, whereas the free Lewis 
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basic nitrogen sites are densely tethered inside the pore (Appendix 8). Powder X-ray diffraction (PXRD) 

patterns validated the crystallinity and purity of the bulk phase (Appendix 9). Up to roughly 220 C, 

thermogravimetric analysis (TGA) revealed a significant loss of free guest molecules (Appendix 10). 

Patterns of variable temperature powder X-ray diffraction (VT-PXRD) obtained by heating the compound 

to elevated temperature proved the complex's structural integrity up to 400 C. (Appendix 11b). In 

addition to seawater, the chemical stability of the materials was evaluated by submerging them in various 

chemical environments (Appendix 11a–11c). Several days of structural stability in water and other 

solvents was proven by unaltered PXRD signals (Appendix 11a). In addition, the crystal of iMOF-1A 

was immersed in a wide variety of pH solutions, and the identical PXRD patterns indicated the 

remarkable stability across a wide pH range (Appendix 11a-11c). 

 

Figure 2. Uranium capture from various uranium-spiked water systems by iMOF-1A. (a) Kinetics of 

uranium removal efficiency from spiked water samples spiked with 20,000 ppb uranium at V/m = 2250 

mL g-1. (b) Langmuir isotherms. (c) pH dependent adsorption capaci-ty tests. (d) Recyclability test. (e) 

Distribution coefficient, Kd value of iMOF-1A for different meddling cations. (f) Comparison of uranium 

adsorption capacities from uranium-spiked water comprising various reported excellent adsorbents. 
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Figure 3. Uranium capture by iMOF-1A. (a) Comparison of the distribution coefficient and uranium 

adsorption capabilities for different good adsorbents from water. (b) At V/m = 2666.7 mL g-1, the kinetics 

of uranium extraction efficiency from different water samples spiked with 5000 ppb uranium. (c) The 

percentage of uranium removed from artificial seawater containing varying concentrations of uranium by 

iMOF-1A, atV/m = 1000 mL g-1. (d) Breakthrough experiments with an iMOF-1A packed bed on a 

mixed solution containing 3 ppm uranium and 3 ppm other competitive metal cations in water. (e) % of U 

removed from natural, unadulterated seawater (i.e. natural seawater). (f) During 30 days of immersion in 

natural seawater (uranyl ion concentration of 3.4 ppb), the adsorption performance for uranyl ions 

meeting UES criteria. 

For uranium capture investigation, we attempted to use the ionic functionality provided by the chemically 

robust anionic framework containing ordered Pyz-N and tertiary amine sites.[24,26] As a preliminary 

screening test, following a few hours of dipping iMOF-1A crystals in uranium-laced water, the colour of 

the solution underwent a slight change and the green crystals turned yellow (Appendix 12-13). Motivated 

by these results, we conducted systematic uranium sorption studies and tracked them using inductively 

coupled plasma mass spectrometry (ICP-MS). The saturation capacity in 20 ppm uranium-contaminated 

water can only be achieved in 120 minutes with low leaching of iMOF-1A, in stark contrast to many 

other adsorbents that require longer adsorption times (Figure 2a, Appendix 14–15, and Appendix Table 

1). The experimental results fit well enough with pseudo-second-order kinetics, indicating that 
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chemisorption is responsible for the sorption of uranyl cation onto iMOF-1A (Appendix 16). The 

experimental isotherm results fit the Langmuir model well, indicating the monolayer chemical adsorption 

of uranyl ions on ionic adsorbents (Figure 2b and Appendix 16-18). According to the isotherm data, the 

material absorbed 1336.8 mg g-1 of uranium from the water sample being investigated. Notably, this 

acquired capacity value is among the best in the MOF domain and unquestionably equivalent to the other 

good uranium adsorbents previously described (Figure 2f and Appendix Tables 2, 3).[3,11,25] In addition, 

the materials adsorbed uranium from a variety of pH solutions, confirming that iMOF-1A is a promising 

candidate for uranium recovery from seawater (Figure 2c, Appendix 19). The recyclability of the ionic 

adsorbent materials demonstrates their immense potential for recovering uranium from seawater spanning 

multiple cycles (Figure 2d, Appendix 20 and Appendix Table S4). 

High salinity in natural seawater has a significant impact on uranium absorption at trace levels. [27] 

Capturing trace amounts of uranium selectively from a large variety of competing cations within the same 

solution is therefore essential for UES.[11,12,25] The distribution coefficient (Kd) has been determined to 

evaluate the affinities of uranium towards the framework and its functions (Figure 2e-2f, Figure 3a, and 

Appendix 21, Appendix Table 5). Materials with a Kd value greater than 104 mL g-1 are identified as 

suitable for uranium extraction. 28 The estimated Kd value for iMOF-1A is significant, 0.97 x 106 mL g-1, 

which is two orders of magnitude greater and equivalent to the values reported for outstanding adsorbents 

in the existing literature (Figure 3a and Appendix Tables 3, 5).[22,29] The unusually high Kd value shows 

that the framework and uranium ions are able to interact significantly. The materials are also capable of 

efficiently removing uranium from various water systems, including potable water, river water, lake 

water, and artificial seawater, to less than 30 ppb, the U.S. Environmental Protection Agency's limit for 

hazardous waste and drinking water standards (Figure 3b and Appendix 22-26, Appendix Table 6-7).[30] 

A trace amount of uranium was extracted from synthetic seawater (artificial) while pursuing seawater 

uranium extraction (Appendix 27). It was discovered that the iMOF-1A effectively removes trace 

amounts of uranium from artificial seawater, validating the material's potential for uranium recovery from 

seawater (Figure 3c). Further, breakthrough tests were conducted using the accurately weighted 

desolvated phase of iMOF-1A to determine the practicality of this material for uranium collection from 

seawater. The complete passage of all cations through the iMOF-1A bed was identified after 21 hours, 

whereas uranyl cations required 67 hours to do so (Figure 3d, Appendix 28). Strong coordinative 

interactions found among both uranyl ions and the free Lewis basic nitrogen sites (Pyz-N), delivering a 

nanopocket-trap in the form of anchoring protruding from the pore surface of the ionic MOF, i.e. iMOF-
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1A, clarify the phenomenal selectivity towards uranyl cations compared to other cations. All of these 

impressive experimental results indicate that anionic adsorbents may be used as a new adsorbent for 

targeted uranium recovery from seawater. iMOF-1A was then used to retrieve uranium from natural 

seawater using samples from the Arabian Sea in Mumbai, India. [31] Within only 30 days, the iMOF-1A 

adsorbed 9.38 mg g-1 of uranium (Figure 3e, 3f and Appendix Table 7) and reduced the uranium 

concentration by more than half (3.4 ppb to 1.63 ppb) (Figure 3e, 3f and Appendix Table 7). Notably, this 

quantity is comparable to other amazing adsorbents that have been reported in the literature (Appendix 

Table 7). The estimated enrichment index for this material is almost 5754, which makes it a great 

adsorbent for recovering uranium from seawater. 

 

Figure 4. ITC thermograms resulting from injections of (a) UO2
2+ salts, (b) Ca2+ salts and (c) Na+ salts. 

The inset depicts the magnitude of the exothermic peaks. The magnitude of thermodynamic parameters of 

(d) UO2
2+ salts, (e) Ca2+ salts and (f) Na+ salts; demonstrating uranium chemisorption and entropy 

relevance in comparison to other cations.  

To investigate the thermodynamic characteristics underlying the adsorption processes occurring in 

iMOF-1A in aqueous solutions, isothermal titration calorimetry (ITC) studies were conducted on 

competing cations (Figure 4, Appendix 29–33).[32,33] ITC measurements provide direct assessment of the 

entropy, enthalpy, and Gibb's free energy variations underlying adsorption processes and can be measured 

in a single experiment (Appendix 29–33, Appendix Table 8). In addition to the UO2
2+ cations, model 

divalent and monovalent competing cations, Ca2+ and Na+, were used for the ITC studies (Figure 4a-c). 
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The ITC research demonstrates that the adsorption process is thermodynamically favored, as indicated by 

the negative change in Gibbs free energy, and that the adsorption phenomena depicted in Figure 4a, f 

operate via exothermic processes. We showed that UO2
2+ adsorption is entropically more favorable than 

the adsorption of other competing model cations (Figure 4d, f). In addition, ITC tests indicated that 

uranium interacted with Lewis basic nitrogen decorated sites, i.e., Pyz-N, of the scaffolds. This study is 

the first attempt in the field to look into the thermodynamic properties of uranium adsorption (capture) in 

water solutions, including the most competitive cations. It has the potential to become a standard 

integrative tool for future sorption and separation studies in the solution phase. 

Extensive experimental and computational experiments (Figures 5–6 and Appendix 34–57 and Appendix 

Tables 9–10) were conducted to get a comprehensive understanding of the uranium–MOF interaction 

mechanisms. After the MOF was substituted with uranium, Raman spectra revealed the presence of 

uranium-specific peaks in the spectrum (Appendix 41). Following adsorption on the surface of iMOF-1A, 

the features of the red vibrational spectra shifted from 932 cm-1 to 912 cm-1, as measured by FTIR spectra 

(Appendix 42). The peak displacement toward a lower vibration frequency confirmed a robust interaction 

between both the adsorbent surface and cationic uranyl ions. The conclusive proof of framework and 

uranyl ion interaction was subsequently investigated using XPS (Figure 5a, Appendix 43–47). The XPS 

survey spectrum displays binding energy peaks for U 4f that have been moved to a lower binding energy 

area, indicating that uranyl ions interact strongly with iMOF-1A. Figure 5a shows that the enhanced 

features of the N 1s peak showed that uranyl cation interacted a lot with Pyz-N in the frameworks. With a 

spatial resolution that surpasses the diffraction limit of light, the host-guest interactions at the single-

crystal level were investigated using nano-FTIR spectroscopy (Figure 5b, 5c).[34,35] This method uses a 

blend of scattering-type scanning near-field optical microscopy (s-SNOM) besides infrared 

nanospectroscopy to measure the vibrational spectra of separate sub-crystals even when single-crystal X-

ray diffraction cannot be used. Due to the local complexity of the framework, its symmetry is broken at a 

depth of 20 nm along the grain boundary of the iMOF-1A crystals, resulting in significantly broadened 

and extra peak features in the nano-FTIR spectrum in comparison to the far-field ATR-FTIR spectra. 

Large single crystals are shattered into tiny shards to show their interiors, and then sub-micron crystals 

that are suited for nano-FTIR local probing are chosen at random. The spectra were then normalized to 

the silicon substrate spectrum by averaging twelve independent measurements with a 14-second 

integration time. 
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Figure 5. Uranium capture in iMOF-1A single crystals; a) Magnified XPS spectra of N 1s for 

UO2
2+@iMOF-1A; b) Nano-FTIR spectra of iMOF-1A, UO2

2+@iMOF-1A and UO2
2+ salt, inset: 

nanoscopic spots corresponding to a probe size of ~20 nm; c) Local probing spots of UO2
2+@iMOF-1A; 

d) TFM for iMOF-1A; e) TFM quantification plots for UO2
2+@iMOF-1A, TFM reconstructions 

corresponding to different pressure points showing local stiffnesses of a single crystal.; insets: the 

Young’s modulus map. 

By swapping with DMA cations, the development of a distinctive vibrational band of UO2
2+ in the 

UO2
2+@iMOF-1A at 926 cm-1 establishes the presence of UO2

2+ in the MOF host-framework (Figure 

5b). The presence of a unique UO2
2+ vibrational band in various local regions of randomly chosen MOF 

single crystal pieces indicates that the exchange process has happened all across the bulk crystals. Within 

the same crystal fragments, the typical signal for UO2
2+ is intermittently redshifted, demonstrating that 

sequestration is driven by both ion exchange and supramolecular interaction mechanisms (Figure 5c). 

Using the s-SNOM setup, in contact mode as opposed to tapping mode, a technique known as tip force 

microscopy can also be used to assess mechanical properties (TFM).[36,37] The TFM method provides us 

with the local mechanical characteristics of individual nanocrystals in the form of a map of Young's 

modulus derived from the surface stiffness measurements of the sample. In the inset pictures, the Young's 

modulus maps of the crystals are depicted, with the red region representing the TFM probing zone and the 
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blue region representing the silicon substrate (Figure 5d, 5e). Throughout the pure MOF single crystals, 

the bimodal gradient of Young's modulus is observed (Figure 5d). Nonetheless, following the uranium 

exchange procedure, a significantly greater stiffness value of nearly 7 Gigapascal (GPa) appeared in 

addition to the 4.2 GPa across the crystals (Figure 5e). The appearance of a new modulus all over the 

crystals shows that uranium capture involves both ion exchange and supramolecular contact.  

 

Figure 6. a) ESP of asymmetric unit of iMOF-1A and b) ESP of iMOF-1A unit after UO2 interactions. c) 

Distribution of HOMO–LUMO in an iMOF-1A, UO2
2+ and after interaction between iMOF-1A and 

UO2
2+. DFT-optimized guest-interaction sites in iMOF-1A including; d) exchangeable DMA cations and 

e) UO2
2+, highlights the N···UO2

2+ interaction between the framework Pyz-N atoms and UO2
2+ molecules. 

Simulations based on the density functional theory (DFT) were used to substantiate the experimental 

results (Figure 6, Appendix 52–55). Figure 6a depicts the ESP of the asymmetric iMOF-1A unit, while 

Figure 6b depicts the ESP of the iMOF-1A unit after UO2
2+ contacts. It is important to notice that 

following UO2
2+ contacts, the ESP of iMOF-1A changes substantially and the coordination of DMA 

cation to iMOF-1A disappears. The work demonstrates that UO2
2+ engages preferentially with aromatic 

nitrogen (Pyz-N) of iMOF-1A. In this study, we examined the HOMO-LUMO interactions between 

iMOF-1A and UO2
2+ in order to identify changes in energy level. This quantum mechanical data is 

necessary for evaluating the collective electronic interactions between iMOF-1A and UO2
2+. The HOMO 

regulates a molecule's ability to donate electrons, while the LUMO regulates its ability to take electrons. 
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Consequently, the physicochemical interactions are caused by the active sites between the molecules. 

Figure 6c depicts the distribution of HOMO–LUMO within iMOF-1A, UO2
2+, and iMOF-1A following 

contact with UO2
2+. Initially, prior to UO2

2+ interactions, iMOF-1A HOMO and LUMO are separated by 

4 eV, whereas UO22+ HOMO-LUMO are separated by 2.4 eV; however, the interaction between iMOF-

1A and UO2
2+ reduced the HOMO-LUMO gap to 1.8 eV. Utilizing frontier molecular orbital theory and 

Koopman's theorem, theorems were utilized to get the theoretical findings. As observed, the LUMO of 

UO2
2+ sits between the conduction and valance bands of iMOF-1A. This permits electron transport from 

the iMOF-1A HOMO to the UO2
2+ LUMO, thus decreasing the HOMO–LUMO energy gap of the 

coupled system.  

To acquire an additional mechanistic understanding of the current interaction between iMOF-1A and 

UO2
2+, we analyzed the iMOF-1A subunit alone (Figure 6d). Since a single subunit of iMOF-1A contains 

two DMA cations, the cation exchange process generates a framework interaction that allows both of the 

DMA cations to be selectively replaced by a single UO2
2+ per subunit; UO2

2+ then interacts with the 

aromatic Lewis basic nitrogen site (Pyz-N) of iMOF-1A to stabilize its form within the iMOF-1A 

scaffold. Importantly, the interaction between UO2
2+ and iMOF-1A is selective and is not affected by the 

presence of other competing cations like KCl, NaCl, SrCl2, CdCl2 and Mg(NO3)2 (Appendix 52-56). 

2.4 Conclusion 

Using the ion exchange and interaction processes, we were capable of successfully accomplishing 

uranium extraction using a highly stable and new anionic MOF (iMOF-1A). The framework has the 

capability of effective capture of trace levels of uranium in a wide range of water systems, including 

artificial seawater. This encompasses the framework's ability to capture minute quantities (trace amounts) 

of uranium. The ionic adsorbent demonstrates ultrafast capture kinetics along with a surprisingly high 

enrichment index (5754), as well as a high sorption capacity that was deduced dually both from uranium 

infused (spiked) water and natural seawater. These capacities, which are among the highest values 

documented in the field of MOFs, were 1336.8 mg g-1 and 9.38 mg g-1, respectively. The experiments 

using nano-FTIR and TFM provided support for the idea that U capture proceeds uniformly throughout 

the MOF crystals. This finding confirms that ion exchange mechanisms and supramolecular interactions 

are both involved in the uranium sequestration processes. The findings are further corroborated by 

computational investigations that are comprehensive and consistent throughout their entirety. The recent 

findings may lead to new avenues towards efficient uranium extraction coupled with critically important 
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experimental assessment and molecular level analysis, which will assist in triggering the construction of 

novel anionic MOFs or similar materials, and the addition of essential corroboratory experimental 

methods for the remediation of high-risk environmental contaminants. 

2.5 Appendix Section 

 

Scheme 2. Synthesis of dicarboxylic acid ligand LH2.  

 

 

Appendix 1. 1H NMR spectra for intermediate linker L'.  
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Appendix 2. 13C NMR spectra for intermediate linker L'.  

 

 

Appendix 3. HRMS spectra for linker L'.  
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Appendix 4. 1H NMR spectra for spectra for linker LH2.  

 

Appendix 5. 13C NMR spectra for spectra for linker LH2.  
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Appendix 6. HRMS spectra for intermediate linker LH2.  

 

Scheme 3. Synthesis Protocol deployed to obtain studied Ultramicroporous crystalline iMOF-1A. 
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Appendix 7. Scale up; (a) milligram scale (490±20 mg/batch) to (b) gram scale synthesis (20.9 g/ 

batch) of iMOF-1A in unit batch. Scale up ratio; 45x, x: minimum scale up size. 
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Appendix 8 (A). (a) Asymmetric unit of iMOF-1A, and (b-d) Metal node / SBU perspective view at 

various angles (color codes: grey – C, blue – N, Red – O, green – Ni); H atoms and water molecules are 

omitted for visual clarity. 

 

 



  | Chapter 2 

 
2.23 

 
 

 

Appendix 8 (B). Orthographic view of iMOF-1A showing arrangement of DMA guest cations 

channelized differently, i.e. in AB – type arrangement; along (a) c-axis, and along (b) a-axis, of an 

Ultramicroporous channels sustaining the framework. 
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Appendix 8 (C). Perspective packing view of iMOF-1A; (a) channelized arrangement (type –A), along–c 

axis and (b) channelized arrangement (type–B), along-a axis; Similar channelized arrangement is can be 

viewed along along-b (type–C) (color codes: red/purple – DMA resp., grey – C, blue – N, grey octahedra 

– Ni). H atoms and solvent molecules are omitted for visual clarity. 
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Appendix 8 (D). Packing views of iMOF-1A channel; (a) orthographic view along c – axis; (b) 

perspective packing view of pore along c – axis channel, indicating orderly arranged DMA cations with A 

– type arrangement, DMA cations in red, and (c) B – type arrangement along a – axis with DMA cations 

in purple; Same is observed along c – axis channel cab be called as C – type arrangement. (colour codes: 

grey – C, blue – N, grey octahedra – Ni). H atoms and solvent molecules are omitted for visual clarity.  
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Appendix 9. Characteristics Bragg peaks for both single crystal and bulk phase are confirmed from 

PXRD patterns of iMOF-1A Simulated, As synthesized bulk and desolvated phase. 

 

Appendix 10. Thermogravimetric analysis profile for different phases of iMOF-1A. 
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Appendix 11. (a) PXRD patterns in different pH solution (after 3 days); (b) VT-PXRD patterns; (c) Bar 

diagram represent the acid and base media stability phase of iMOF-1A. 



  | Chapter 2 

 
2.28 

 
 

 

 

Appendix 12. Visual imaging of iMOF-1A before and after U capture studies; dry form. 

 

 

Appendix 13. Zoomed view visualization of iMOF-1A single crystals after several days of saturated U 

solution treatment; wet form (local contrast in single view). 
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Appendix 14. Kinetics of U removal efficiency by iMOF-1A from water spiked with U (20 ppm) at V/m 

= 2250 mL g-1. 

 

 

 Appendix 15. Leaching test of U from iMOF-1A with different time interval.  
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Appendix Table 1. Comparison of present studies with other related studies / investigations of U 

extraction for variety of adsorbents conducted on U spiked water.  
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Appendix 16. The uranium sorption kinetics (pseudo second-order kinetics), indicating that the 

adsorption of uranyl ions onto iMOF-1A is attributed to chemical interactions. 

 

 

 

Appendix 17. Concentration dependent adsorption capacities for iMOF-1A at pH 7. 
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Appendix 18. Freundlich adsorption isotherm for iMOF-1A. 
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Appendix Table 2. Comparison of present study with other related studies / investigations of U 

extraction for various MOF derived adsorbents conducted using U spiked water. 
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Appendix Table 3. Comparison of present study with other related studies /investigations of U extraction 

for variety of adsorbents from U spiked water. 

 

Adsorbents Type 
Capacity 

(mg/g) 

Distribution 

Coefficient 

(Kd) 

Reference 

i-MZIF90(50) macro-MOF 1489.13 1.22 x 107 
Energy Environ. Sci., 2022, 15, 

3462 

iMOF-1A MOF 1336.8 0.967 x 106 This Work 

Zn2+-PAO 

hydrogel 
Hydrogel 1188 - Adv. Mater., 2020, 32, 1906615 

PIDO NF Fiber 
1187.05 

± 28.45 
2.84 x  105 

Adv. Energy Mater., 2018, 8, 

1802607 

HTC-AO Carbon 1021.6 0.5 x 104 J. Mater. Chem. A, 2014, 2, 1550 

BP-PAO 
Black 

Phosphorous 

990.60 ± 

37.39 
- 

Angew. Chem. Int. Ed., 2020, 59, 

1220 

UCY-13 MOF 984 - J. Mater. Chem. A, 2020, 8, 1849 

PIDO/Alg Hydrogel 910.98 1.72 x 104 
Adv. Funct. Mater., 2019, 29, 

1901009 

COF-SO3H COF 851 mg 9.8 x 106 Adv. Sci., 2019, 6, 1900547 

POP-oNH2 -AO POP 530 8.18 x  105 Nat. Commun., 2018, 9, 1644 

KMS-1 
Layered Metal 

Sulfide 
382 1.5-4.8 x 104 

J. Am. Chem. Soc., 2012, 134, 

16441 

FJSM-SnS 
Layered Hybrid 

Thiostannate 
338.43 2.64 x 104 

J. Am. Chem. Soc., 2016, 138, 

12578 

PPA@MISS-

PAF-1 
Composite 307.3 2.18 x 107 Chem, 2020, 6, 1683 

H-ABP Fiber 302 - 
Energy Environ. Sci., 2019, 12, 

1979 

MISS-PAF-1 PAF 253 1.4 x 107 ACS Cent. Sci., 2019, 5, 1432 

H2BHT 
Supramolecular 

Chelator 
105 - Nat. Commun., 2019, 10, 819 
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Appendix 19. Adsorption capacity of U from aqueous solution at different pH (inset: two tailed T-test 

applied, non-significant, indicating less variance in capacity for pH 3-9).  

 

 

Appendix 20. Recyclability test of iMOF-1A for U recovery from water representing adsorption 

capacities in different cycles. 
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Appendix Table 4. Adsorption capacity and elution efficiency (%) of iMOF-1A for each experimental 

cycle conducted during the recyclability test.  

Cycle Number 
Adsorption Capacity 

(mg/g) 
Elution Efficiency (%) 

1 1336.8 100 

2 1304.18 97.56 

3 1267.28 94.8 

4 1273.03 95.23 

 

 

 

Appendix 21. U removal percentage from a binary and mixture of equal concentration of variety of 

interfering cations by iMOF-1A at V/m = 1000 mL g-1.  
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Appendix Table 5. The distribution coefficient (Kd) estimation from a 5 ppm U spiked solution for 

iMOF-1A, at V/m = 1000 mL g-1. 

iMOF-1A Distribution Constant (Kd
U) Selectivity (Kd

U/Kd
M) 

Only UO2
2+ 96.67 x 104  

KCL 10.65 x 104 9.07 

NaCl 5.88 x 104 16.44 

Sr(NO3)2 0.82 x 104 117.89 

KBr 5.78 x 104 16.72 

CaCl2 1.27 x 104 76.11 

MgCl2 0.71 x 104 136.15 

Mixture of Salts 0.37 x 104 261.27 
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Appendix 22. Removal % at different time interval; (a) recovery of U from 5 ppm U spiked water at a 

V/m = 2666.7 mL g-1 by iMOF-1A; (b) decrease in the concentration of U from water as a function of 

time. 
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Appendix 23. Removal % at different time interval; (a) recovery of U from 5 ppm U spike lake water at a 

V/m = 2666.7 mL g-1 by iMOF-1A; (b) decrease seen in the concentration of U from water as a function 

of time. 
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Appendix 24. Removal % at different time interval; (a) decrease seen in the concentration of U from 

water as a function of time; (b) U recovery from 5 ppm for U spiked river water at a V/m = 2666.7 mL g-1 

by IMOF-1A. 
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Appendix 25. Removal % at different time interval; (a) Concentration decrease of U from water as a 

function of time; (b) U recovery from 5 ppm U spiked artificial seawater (ASW) at a V/m = 2666.7 mL g-

1 by iMOF-1A. 
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Appendix 26. Comparative of U adsorption capacites of iMOF-1A from variety of U spiked water 

systems.  

 

Appendix 27. Comparison between Stock and MOF for U recovery from a various trace amount of U 

spiked Simulated / Artificial Sea Water.  



  | Chapter 2 

 
2.43 

 
 

 

Appendix Table 6. Comparison of present work with other related studies for U adsorption capacity by 

iMOF-1A from deionized water and artificial seawater. 

Adsorbents 

Deionized  

Water 

(mg/g) 

Artificial 

Seawater 

(mg/g) 

Reference 

i-MZIF90(50) 1489.13 895.6 
Energy Environ. Sci., 2022, 15, 

3462. 

iMOF-1A 1336.80 625.60 This work 

V2CT 174 377 
ACS Appl. Mater. Interfaces, 

2016, 8, 16396 

POP-oNH2-AO 530 290 Nat. Commun., 2018, 9, 1644 

AF series  of adsorbents - 200 
Ind. Eng. Chem. Res. 2016, 55, 

4110 

ND-AO 212 121 
ACS Appl. Mater. Interfaces, 

2016, 8, 28853 

MCM; Mesoporous Carbon 

Materials 
97 67 

Ind. Eng. Chem. Res., 2013, 52, 

15187 
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Appendix 28. This schematic depicts the breakthrough experiments performed by iMOF-1A packed bed 

on a solution containing 3 ppm uranium and 3 ppm of other competing metal cations in water.  
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Appendix Table 7. Comparison of present investigations with other related studies of U extraction from 

natural-nonspiked seawater for variety of adsorbents. 
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Isothermal Titration Calorimetry 

For each set of ITC studies, a Malvern MicroCal PEAQ-ITC microcalorimeter with a 20 (19+1) 

injections/cycling method capacity, a sample volume of 280 μL with a sample cell size of 200 μL, and an 

injection syringe volume of 40 μL was used. In a typical ITC experiment, the reference cell is filled with 

deionized water containing 18.2 megaohms of resistance and 0.055 micro Siemens of conductivity, the 

sample cell is filled with a MOF suspension, and the syringe contains an analyte solution. For all 

titrations, MOF suspension was used at a 1 mM concentration for all titrations, while cationic analytes 

were utilized at 10 mM concentrations. All MOF and analyte solutions were produced or made by using 1 

mM Tris-HCl buffer. Their pH levels were corrected to 7.00 using a Tris-HCl buffer at a pH of 7.4. 

Before collecting thermograms, 15 minutes were spent degassing all solutions. All thermograms were 

obtained at a constant rate of 750 revolutions per minute. The initial injection volume for each titration 

was set to 0.4 μL. Using the AGILENT 7800 ICP-MS, all analyte concentrations were measured. At least 

two titrations were collected for each analyte-MOF pair. The MicroCal PEAQ-ITC analytical software 

was used for data analysis. The injection temperatures of blank titrations (analyte into blank) were 

deducted from the injection heats of MOF suspensions. All measurements are taken at 298.15 K 

temperature. 
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Appendix 29. ITC thermograms and integrated heat plots for injections for (a) & (b) blank titrated against 

blank (Syringe, Cell, pH=7) (c) & (d) aq. Uranyl nitrate hexahydrate (10 mM, syringe loaded, pH 7) 

titrated against blank (cell loaded, pH 7) and (e) & (f) Blank (Syringe loaded, pH 7) is titrated against 

suspension of iMOF-1A (10 mM, cell loaded, pH 7). 
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Appendix 30. ITC thermograms and integrated heat plots simultaneously for injections of (a) & (b) UO2
2+ 

titrated against iMOF-1A , (c) & (d) Ca2+ titrated against iMOF-1A  and (e) & (f) Na+ titrated against 

iMOF-1A. 
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Appendix 31. ITC integrated heat plots indicating minimum error bars and residuals for injections of (a) 

UO2
2+ titrated against iMOF-1A, (b) Ca2+ titrated against iMOF-1A and (c) Na+ titrated against iMOF-

1A . All heat plots having χ2 (chi^2) value within limits. 
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Appendix 32. Thermodynamic parameters for interacting analytes (a) UO2
2+ (b) Ca2+ and (c) Na+ 

indicating changes in Gibbs free energy, enthalpy, entropy for the interactions with iMOF-1A. Error bars 

represent the standard deviation of triplicate measurements. 
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Appendix 33. Trend in each thermodynamic parameter for interacting analytes (a) UO2
2+ (b) Ca2+ and (c) 

Na+ indicating changes in Gibbs free energy, enthalpy, entropy for the interactions with iMOF-1A. Error 

bars represent the standard deviation of triplicate measurements. 
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Appendix Table 8. The concentration and thermodynamic parameters derived from ITC experiment for 

prime competing cations captured in iMOF-1A. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Parameters UO2
2+ Ca2+ Na+ 

Temperature (°C) 25.1 25.3 25.2 

Bin Binding Binding Binding 

[Syr] (M) 1.00E-03 1.00E-03 1.00E-03 

[Cell] (M) 1.00E-04 1.00E-04 1.00E-04 

Ligand in Cell MOF MOF MOF 

N (sites) 0.957 0.460 0.377 

KD (M) 6.20E-07 5.90E-07 1.25E-05 

∆H (kcal/mol) -4.09 ± 0.0512 -8.82 ± 0.1591 -13.70 ± 0.2096 

∆G (kcal/mol) -8.47 ± 0.1026 -8.51 ± 0.0665 -6.69 ± 0.0799 

T∆S (kcal/mol) 4.38 ± 0.0499 -0.313 ± 0.0989 -7.01 ± 0.1351 
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Appendix 34 A). FESEM images of iMOF-1A; before capture (a, c) and after capture (b, d) of uranyl 

cations indicating retention cubic crystalline morphology of evacuated (desolvated) phase and that of U 

treated phase, as revealed by FE-SEM analysis. 
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Appendix 34 B). Elemental Mapping profile of desolvated iMOF-1A revealing cubic crystalline 

morphology of desolvated phase. 
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Appendix Table 9. EDX analysis of desolvated iMOF-1A.  

Element Weight% Atomic% 

C K 55.12 63.47 

N K 12.93 12.76 

O K 25.82 22.32 

Ni K 6.13 1.44 

Totals 100.00 100.00 

 

 

 

Appendix 35. FESEM-EDX spectra of desolvated iMOF-1A. 
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Appendix 36. Elemental Mapping profile of iMOF-1A after 24 hour U capture studies. 
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Appendix Table 10. EDX analysis of iMOF-1A after 24 hours of U treatment.  

 

Element Weight% Atomic% 

C K 39.75 56.58 

N K 8.38 10.23 

O K 29.18 31.18 

Ni K 1.69 0.49 

U M 20.99 1.51 

Totals 100.00 100.00 

 

 

 

 

Appendix 37. FESEM-EDX spectra of iMOF-1A after 24 hours of U treatment. 
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Appendix 38. PXRD patterns of iMOF-1A before and after capture study. 

 

 

 

 

 

 

 

 

 

Appendix 39. Elemental mapping from FESEM experiment. In the cracked inside-surface of the MOF (at 

pink inset) in order to confirm loading of U within the MOF structure.  
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Appendix 40. FESEM-EDX spectra of U loaded iMOF-1A revealing inside portion of crystal rendered 

post-fracking. The mapping shows successful loading of U within the MOF. 

 

 

Appendix 41. Raman spectra of individual compounds (Uranyl salt and iMOF-1A) and U loaded MOF 

(U@iMOF-1A) rendered for comparison. 
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Appendix 42. FTIR spectrum comprising uranyl salts and uranium loaded i-MOF1A, red shifted from 

932 cm-1 to 912 cm-1.  

 

Appendix 43. XPS survey spectrum of iMOF-1A pre and post U capture studies.  
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Appendix 44. U@iMOF-1A XPS spectra at high resolution for uranyl nitrate (U 4f). U is more tightly 

bound with the iMOF-1A, as seen by the shift in the typical peaks for U 4f toward lower binding energy 

following capture study. 
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Appendix 45. Comparison the iMOF-1A, C 1s XPS spectra with and without the addition of U at high 

resolution. The loading of U into the framework caused the typical peaks for C to shift towards higher 

energy, indicating strong interaction between U and the coordinative functional groups of the framework. 

 

 

Appendix 46. Spectra of O 1s captured by iMOF-1A at high resolution XPS both before and after 

capturing U. A substantial interaction between U and the framework is indicated by a shift in the typical 

peaks for O to higher energy after loading of U into the framework. 
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Appendix 47. High resolution XPS spectra of N 1s spectra of pristine iMOF-1A (Add N1s Spectra for 

iMOF-1A).  

 

 

Appendix 48. TGA curves before and after capture studies. 
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Appendix 49. N2 sorption isotherms recorded at 77 K before and after U capture studies. 
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Appendix 50. (a) U capture in single crystal of iMOF-1A; (b) Nano-FTIR rendered image UO2
2+@MOF 

for a spot in a MOF single crystal (red spot on crystal represent the probing region for nano-FTIR); (c) 
Characteristics vibrational band shifted to lower wavelength after exchanging with U salts indicating 

strong interaction between frameworks and UO2
2+.  
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Appendix 51. Nano-FTIR local region for; (a) (probing depth ~ 20nm) characterization of individual 

single crystals, vibrational band of UO2
2+ in a different regions of a randomly selected MOF single crystal 

revealing exchange phenomena prevailing throughout in a crystals; b) similar analysis over 5 spots in an 

another U loaded single crystal. 

 

 

 



  | Chapter 2 

 
2.67 

 
 

 

Appendix 52. (a) 3D Cannoli surface of iMOF-1A, hows the hollow pore of MOF (in blue colour), (b) 

3D cannoli surface with volume; (red color: packed region and blue color: pore volume,), (c) one 

dimensional cannoli surface alongwith volume derived from given figure.  

 

 

 

 

 

 

 

 

 

 

Appendix 53. (a) ESP distribution depiction of iMOF-1A (i.e. unit cell) and, (b) ESP distribution seen 

after UO2
2+ interactions. The ESP color scale for both cases represent presence of medium energy (blue), 

low energy (green), and high energy (red) packets. 
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Appendix 54. ESP distribution of iMOF-1A unit cell post-interaction with variety of cations. (a) UO2
2+, 

(b) NaCl, (c) KCl, (d) CdCl2,  (e) CaCl2, (f) Mg(NO3)2. The ESP color scale for all above cases represent 

presence of medium energy (blue), low energy (green), and high energy (red) packets. 
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 Appendix 55. Chemical structure of iMOF-1A unit cell after interaction with various cations. (a) UO2
2+, 

(b) NaCl, (c) KCl, (d) CdCl2,  (e) CaCl2, (f) Mg(NO3)2. 
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Appendix 56. Simulation studies of iMOF-1A pore channel representing selective interaction of UO2
2+ in 

presence of a broad range of interfering/ meddling cations which are commonly present in natural 

seawater (color codes; U= yellow, O= deep red). 
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Appendix Table 11.  Crystal data and structure refinement for iMOF-1A. 

 

Identification code  iMOF-1A (IMF) 

Empirical formula  C256 H260 N52 Ni12 O64 

Formula weight  5793.66 

Temperature  296(2) K 

Wavelength  0.71073 Å 

Crystal system  Cubic 

Space group  I23 

Unit cell dimensions a = 26.252(7) Å, === 90 

b = 26.252(7) Å 

c = 26.252(7) Å 

Volume 18092(14) Å3 

Z 2 

Density (calculated) 1.064 Mg/m3 

Absorption coefficient 0.675 mm-1 

F(000) 6016 

Crystal size 0.100 x 0.100 x 0.100 mm3 

Theta range for data collection 1.900 to 28.243°. 

Index ranges -34<=h<=34, -28<=k<=34, -34<=l<=34 

Reflections collected 246223 

Independent reflections 7467 [R(int) = 0.0762] 
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Completeness to theta = 25.242° 99.8 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.95 and 0.90 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 7467 / 480 / 410 

Goodness-of-fit on F2 1.055 

Final R indices [I>2sigma(I)] R1 = 0.0460, wR2 = 0.1382 

R indices (all data) R1 = 0.0508, wR2 = 0.1434 

Absolute structure parameter 0.008(19) 

Extinction coefficient 0.00056(13) 

Largest diff. peak and hole 0.733 and -0.367 e.Å-3 
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3.1 Introduction 

Since the earliest beginnings of uncovering their application-based frontiers, metal-organic frameworks, 

also known as porous coordination polymers (PCPs), have captivated unrivalled interest over the past 

twenty years. This is due to the fact that metal-organic polymeric frameworks can have tailor-made 

molecular topologies and lattice packing motifs in addition to having the potential to be used as functional 

materials. This family of materials has given rise to a wide variety of applications, some of which include 

gas adsorption, ion exchange, chemical purification, sensing, ionic conductivity, drug administration, 

catalysis, and optoelectronics.[1-9] This category of functionalized crystalline solids has the distinct 

advantage of being able to have tailorable architectures because of the freedom of adjusting coordination 

nanospaces that can be achieved as a result of the wide variety of organic linkers that can be used and the 

multiple oxidation states that can be achieved by the metal nodes.[10] The search for suited MOF materials 

is driven primarily by a few unique advantages, including the materials' ordered architectures that include 

long-range arrangement, coordinately unsaturated metal nodes or open metal sites (OMS), unique micro-

porosity with abundant guest accessibility, and linker modulation-derived pore surface modification.[11] 

Even though it is not essential to include all of these previously mentioned aspects in a single MOF in 

order to derive applicability, it has been shown that even the advent of a single aspect or the tactical 

amalgamation of different facets is necessary in order to imbue MOFs with specific application areas that 

are specifically targeted, making them guest-responsive luminescent probes.[12] The pollution of the 

world's water supplies has emerged as one of the most urgent challenges facing humanity in the 21st 

century.[13] It is generally agreed upon that having access to sanitary and unpolluted waterways is 

necessary in order to completely comprehend human rights.[14] The unavoidable increase in the global 

population, in conjunction with rising rates of urbanization and energy consumption, poses a direct risk to 

the continuation of life in a sustainable form on planet earth for future generations.[15] As a consequence 

of this, the encroachment of natural resources and the production of enormous quantities of hazardous 

waste are both visible in the ecosystem of the earth and in its bodies of water.[16] The "Sustainable 

Development Agenda" of the United Nations continues to focus on making sure that everyone has access 

to freshwater that is free from contamination, despite the fact that this is already the case.[17] 

Organic micropollutants like antibiotics, pesticides, or herbicides like paraquat are examples of modern 

type water pollutants. This is due to the fact that organic micropollutants like these can have negative 

effects on human health, in addition to the fact that organic micropollutants like these can be found in 
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high concentrations in aquatic systems.[18] Antibiotics research and use has progressed a lot in past few 

decades (Scheme 1). Both antibiotics and pesticides see widespread application in the medical treatment 

of bacterial infections in humans, animals, and plants, as well as in the agricultural production of a wide 

variety of food products.[19] On the other hand, the herbicide paraquat (N,N′-dimethyl-4,4′-bipyridinium 

dichloride), which is also known as methyl viologen, is notorious for the high level of danger it poses to 

human health when used as a non-selective herbicide.[20] 

The United States Environmental Protection Agency (US-EPA) places a cap on the amount of paraquat 

that can be present in drinking water at 0.1 µg/ L, which is equivalent to 0.7 mL/L.[7]  The excessive use, 

abuse, and even, on occasion, improper use of these potentially harmful species has resulted in severe 

pollution of the environment. This ubiquitous species has, since the beginning of time, been wreaking 

havoc on the continuity of life by wreaking havoc on all living organisms.[21] The ever-increasing human 

population, in conjunction with the ever-increasing activities that result in the generation of anthropogenic 

waste, is to blame for the introduction of these hazardous chemical substances into the natural water 

reserves, which results in the pollution of the essential water resource.[22] Consequently, taking into 

consideration the public health concern as well as the significance of water quality, the methodical 

identification and removal of these waste water contaminants using a technique that is precise and 

dependable has become an important and topical research interest. In this field, up until this point, there 

have been a variety of techniques that have been utilized or are currently being researched for the purpose 

of detecting antibiotics and pesticides. Mass spectrometry (MS), liquid chromatography-mass 

spectrometry (LC-MS), liquid chromatography with ultraviolet detection (LC-UV), high-performance 

liquid chromatography (HPLC), gas chromatography-mass spectrometry (GC-MS), Raman spectroscopy, 

and other similar techniques have all seen significant application in recent years.[23-25] However, these 

exclusive instrumental methods are difficult, expensive, time consuming, less efficient, and require expert 

personnel. Because of these factors, the ability to detect and determine targeted analytes in real time is 

restricted by these methods.[25] In addition, the currently utilized strategies for the elimination of paraquat 

herbicide are neither effective nor sufficiently developed due to the extensive chemical processes that are 

involved. Therefore, the development of methods that are highly efficient, cost-effective, and simple for 

the recognition and sequestration of specific pollutants from water media has become highly desirable and 

a significant concern for the scientific community. This is because water media are a significant source of 

pollution. 
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Scheme 1. Decade wise progressive illustration of different classes of antibiotics; depicting bacteriostatic 

agents used for restricting growth and reproduction (light green) and bactericidal agents employed for 

bacterial cell death. 
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According to this point of view, fluorescence-based optical recognition and adsorption followed by ion-

exchange-based removal techniques have recently been investigated as potentially useful methods for 

selectively detecting targeted pollutants in water and specifically separating them from one another, 

respectively. Both of these techniques are based on optical recognition.[26,27] It is important to note that 

fluorescence-based detection techniques have been considered more effective than other conventional 

sensing technologies. This is due to the benefits of fluorescence-based detection techniques, which 

include long fluorescent lifetimes, high luminescent quantum yield, large stokes shifts, strong sensitivity, 

high selectivity, simplicity, portability, and easy, economical operation. It is important to note that 

fluorescence-based detection techniques have been considered more effective than other conventional 

sensing technologies.[28] Over the course of the last few years, a variety of fluorescent materials have been 

utilized, along with this straightforward method, in order to facilitate the accurate detection of a wide 

range of chemicals, pollutants, gases, metal ions, anions, and other types of ions and chemicals.[29] In 

addition to this, with that being said, the identification of targeted toxics is not the only solution. After the 

detection of particular species, effective separation or removal is considered to be more productive 

towards real-time, effective environmental remediation. In this context, as was mentioned earlier, 

adsorption, followed by a method that is based on ion exchange, is an excellent strategy for the effective 

removal of toxic contaminants. Now, even though there has been some encouraging progress made 

through the utilization of various types of luminescent materials for the selective and sensitive detection 

of a variety of antibiotics and pesticides as a long-term battle field, more efforts are still required for the 

point-of-use application. In addition, the selective elimination of paraquat from water media through the 

utilization of an efficient re-generable material is a highly desirable goal, but it is still a frontier that is 

infrequently investigated.[29,32] The majority of the reports that were found in the body of research 

investigated the potential of materials for either detection or adsorption performance. However, research 

into the creation of a single material that could simultaneously detect and remove toxic substances from 

water, such as paraquat, is still evolving and in demand. Additionally, the kinds of materials that can be 

used for more than one thing would be the best choice for the most effective, efficient, and cost-effective 

ways to clean up the environment. 

In light of the discussion that was just presented, as well as the objective of creating a single material that 

is capable of efficient identification and sequestration of selective pollutants, we came to the conclusion 

that the utilization of luminescent functionalized porous materials could be a promising platform for our 

endeavors. Traditional porous materials, such as zeolites, silicates, activated carbons, and resins, among 
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others, finding difficulties due to restrictions in pore tunability, having less selectivity, having less 

sensitivity, and so on. However, there is a new class of porous materials, named as metal-organic 

frameworks where these issues has been diligently addressed.[33] In this scenario, outstanding 

developments in the field of metal-organic frameworks (MOFs) and their potential applications have been 

the subject of cutting-edge research interest in the recent past.[34] As an advanced class of porous 

materials, MOFs, which are crystalline hybrid porous solids constructed from the coordination assembly 

of metal nodes or metal clusters with organic linkers or ligands, have recently been recognized as one of 

the most promising candidates for a wide spectrum of applications ranging from energy properties to the 

environment. MOFs are crystalline hybrid porous solids constructed from the coordination assembly of 

metal nodes/metal clusters with organic linkers or ligands.[35] Because of their one-of-a-kind properties, 

such as the presence of long range ordered structural porosity and a high surface area, as well as the 

molecular level tuning of functionalities in the organic ligand and secondary building units (SBUs), 

MOFs can be used as a material for the molecular recognition and selective adsorption of a variety of 

toxics from water medium. This is due to the fact that MOFs possess molecular-level tuning of 

functionalities.[36] In addition, the inherent preconcentration effect in the nanospace of MOFs, along with 

optimised host-guest interactions, increases the sensitivity towards target-specific analyte detection and 

adsorption.[37,38] These findings has been reported extensively in literature. In addition, the heterogeneous 

nature of MOFs contributed to their excellent reusability, which was another advantage they offered.[39] 

Now, the incorporation of luminescent properties into MOFs is a necessary requirement for the 

fluorescent-based detection of antibiotics or pesticides using MOFs. The utilization of π-electron rich 

organic ligands, transition metal cations with d0-d10 electronic configuration, and incorporation of 

emissive guest into the nanospaces of MOFs are some of the constructive strategies that help make 

luminescent MOFs (LMOFs), which are considered to be one of the most promising materials for 

selective and sensitive detection of various species. In this view, luminescent MOFs (LMOFs) are 

considered to be one of the most promising. It is important to point out that in the recent past, a large 

number of LMOFs have been documented as a potential sensory material for the detection of 

environmentally relevant toxic species. This is something that should be mentioned.[40,41] On the other 

hand, research into the sensing ability of LMOFs toward antibiotics or pesticides in water medium has 

received a relatively smaller amount of attention than it has received in other areas. Once more, one can 

easily introduce fluorophores with specific interaction sites into the nanopores of MOFs by strategically 

modifying the organic linkers of MOFs and also by using d10 metal cations. This results in high 
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luminescent nature and selective interaction with targeted analytes, respectively.[39,40,41] This methodical 

grafting of functional fluorophores onto LMOFs explored their potential as an excellent medium for the 

detection of selective antibiotics and pesticides/herbicides. On the other hand, it is possible to achieve 

adsorption of cationic species such as the toxic paraquat by developing anionic water stable 

functionalized MOFs. In addition to this, the size of the pores in MOFs is also an important factor in the 

process of selective adsorption. Therefore, because it was of particular interest to us, we devised a 

strategic plan for the development of a water-stable anionic functionalized MOF with intense luminescent 

nature. This material possesses the ability to detect antibiotics and pesticides with high sensitivity and 

selectivity while simultaneously capturing paraquat-based herbicides from water. 

 

Figure 1. Outlook of the virtues utilized and general approach deployed for sensing and capture studies of 

anthropogenic waste (antibiotics and pesticides) in the present work. 

It is important to point out that although studies based on the detection of antibiotics and pesticides using 

MOFs have been published in the scientific literature, but only a small number of those studies were 

carried out using a variety of organic solvents rather than an aqueous medium, and surprisingly least were 

focused on paraquat capture using MOFs.[41,42,43] Because of this, the practical real-time sensing 
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application is severely restricted. It is necessary for the probe to maintain its integrity in water if it is to be 

used for the detection of aqueous phase pollutants and for the application of MOFs in their removal. In 

addition, the scope of the majority of these studies is typically restricted to the detection of only such 

species. It has not yet been demonstrated that water-stable luminescent MOFs are capable of performing 

selective adsorption, which is then followed by the detection of herbicides like paraquat (Figure 1). In 

addition, there are a minuscule number of studies that investigated the process of either recognizing or 

removing paraquat from water medium.[21,44] 

3.2 Experimental  

3.2.1 Materials 

All of the chemicals and reagents, starting materials, and solvents were acquired commercially and 

utilized without additional purification. Paraquat (PQ) was acquired from Sigma-Aldrich with desired 

purity. Since all medicines and pesticides have a hazardous nature, wearing the appropriate safety 

equipment (masks, gloves) is always recommended. 

3.2.2 Synthesis 

Synthesis of iMOF-4A: By combining 0.03 mmol of Cd(NO3)2.4H2O, 0.03 mmol of 5-aminoisophthalic 

acid (AIA: H2NC6H3-1,3-(CO2H)2) and 0.03 mmol of Benzene-1,4-dicarboxylic acid (BDC: C6H4-1,4-

(CO2H)2) DMF: o-xylene in the ration of 2:1 mL  and 0.3 mL 0.05 N HCL at 105 °C for 48 hours (before 

being slowly cooled to room temperature), single crystals of iMOF-4A. Crystals in the shape of a sheet 

and rectangular blocks were obtained with an 86% yield (considering metal weight). A light-transparent 

to yellowish crystals were formed after the reaction. Initially formed product was washed with DMF to 

remove any soluble pre-cursor then further subjected to solvent exchange by means MeCN exchange for 

72 hours (dipping iMOF-4A in MeCN) and  swapping out the aliquots of solvent daily prior subjecting it 

to activation.  The synthesis of MOF material has been shown to render itself insoluble in those solvents.   

It was filtered off after three days and then activated at 100 °C for 24 hours. 

3.2.3 Physical measurements and Characterizations 

Both; Single crystal X-ray measurements and powder X-ray diffraction (PXRD) patterns were performed 

to determine and confirm crystal structure of iMOF-4A. Single-crystal X-ray data of iMOF-4A were 

collected at temperature close to or retained to 150 K using a Bruker D8 Venture Duo X-ray 
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diffractometer (it is equipped with Microfocus X-ray source, that is being operated at 50 W; 50 kV/1 

mA), graded multilayer optics for monochromatic Mo Kα radiation (λ = 0.71073 Å) focused X-ray beam 

and Photon 100 CMOS chip based detector system. Crystal was placed on CryoLoops (nylon , Hampton 

Research) with Paraton-N (oil, Hampton Research) and PXRD were performed using Bruker D8 

Advanced X-ray diffractometer at room temperature having Cu Kα radiation (λ = 1.5406 Å). 

Thermogravimetric analysis patterns were evaluated using Perkin-Elmer STA6000, TGA analyzer in N2 

atmosphere with 10 ºC min-1 of heating rate. The morphological features of iMOF-4A’s crystalline phase 

was recorded using instrument model identified Zeiss Ultra Plus field-emission scanning electron 

microscope (FESEM) having an integral charge compensator and embedded AsB and EsB detectors (Carl 

Zeiss NTS, GmbH). Sputter-coating was deployed on ample surface with a Au film (5-10 nm) to 

minimize charging, only on requirement or whenever necessary otherwise avoided. The elemental 

analysis was performed at a fixed voltage which is equipped with an EDX detector. Acquisition of data 

done over 600 seconds. BelSorp-Max gas adsorption instrument was used (Bel Japan). The activated 

samples were heated in a vacuum at 120 C for or over 12 hours with BelPrepvacII before undertaking 

adsorption measurements. The Jobin Yvon Fluoromax-4 spectrofluorometer (HORIBA Scientific) with 

stirring attachment was used for the fluorescence measurements. Analyses of UV-vis absorption in an 

optical quartz cuvette (10 mm path length) were conducted using a Shimadzu UV 3600 UV /Vis /NIR 

spectrophotometer over the full spectrum of 200-800 nm. On a Fluorolog-3 spectrofluorometer, the 

steady-state photoluminescence studies were captured (HORIBA Scientific). Clear, high-detail, 

background-free images of the required compounds were obtained using a confocal laser scanning 

microscope (Zeiss, Oberkochen, Germany; Model LSM 10). The fluorescence imaging was done using 

model identified as DM6B EPI-Fluorescence instrument of Leica make. Crystallographic information file 

report generation is in progress with crystallographer along with R factor of 5.4, however these data will 

be made available at earliest from The Cambridge Crystallographic Data Centre at no cost and can be 

requested through their website at www.ccdc.cam.ac.uk/data request/cif. 

In order to gain further mechanistic perspective into the molecular level pathway for selective and 

dynamic photoluminescence quenching mediated by antibiotics and pesticides, we carried out First-

principle calculations based on density functional theory (DFT) and obtained HOMO - LUMO energy 

gaps for subunit of MOF and subunit for various antibiotics and pesticides. DFT calculations were 

performed in the application Discovery Studio 2017 (Accelrys). All of the MOF calculations were carried 

out with a high standard of accuracy. The DMol3 code was taken into account for the single-point energy 
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calculations with the three-parameter B3LYP function. Starting with geometry optimization with the 

same parameters (Auto mode Multiplicity factor, Double Numeric Plus Polarizing (DNP+) basis set, and 

water as solvent), MOF, antibiotic, and pesticide molecule structures were completely relaxed. The 

geometry of the MOF was then relaxed, and a structural simulation was run using the simulated annealing 

method to identify potential sites of antibiotic and pesticide interactions. 

3.2.4 Recyclability Test  

Following the initial NFT or NFZ detection cycle, the MOF was then separated by centrifugation from the 

suspension in a 2 ml Eppendorf. The compound was then rinsed with water and MeCN and left to dry at 

room temperature for few hours. After two hours in a 75 °C oven, the MOF powder was once again 

contained in a water-acetonitrile (3:2) combination and utilised in a sensing titration experiment to detect 

antibiotics (NFT and NFZ) and pesticides (paraquat). We then carried out the same steps for the 

remaining sensing cycles. For paraquat dependant recycling, process is described in details in the paraquat 

sorption studies. iMOF-4A is stable to aforementioned antibiotics solution and stability of the iMOF-4A 

can be correlated appropriately from Figure 3 and Appendix 3-4.  

3.2.5 Paraquat Capture Studies 

Paraquat adsorption experiments 

By dissolving a required quantity of Paraquat in deionized water (R=18.2 MΩ·cm), desirable 

concentrations of Paraquat solutions were achieved. During the sorption studies, the concentration of the 

solutions was monitored using UV-Vis spectroscopy. The tests described below were carried out for 

MOF. Wherever possible, PES membrane filters with 25mm diameter and 0.45 micron pore size were 

employed. 

Paraquat adsorption kinetics 

In a Paraquat solution (20 mL, 0.05 mM), the adsorbent / MOF (20 mg) was added. Before being mixed 

at room temperature, the resulting mixture was sonicated for the first 10 seconds. 2 mL of the solution 

were extracted and filtered using a 0.45 m PES membrane filter at various time intervals. UV-Vis 

spectroscopy analysis at 257 nm was used to determine the remaining amount of Paraquat. 

The amount of Paraquat at given time interval t, qt, was estimated by: 
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Where Ci and Ct are the initial/ beginning and timed (t) Paraquat concentrations, qt (mg g–1) is the quantity 

of Paraquat adsorbed at time t (min), Mw is molecular weight for Paraquat and m (g) is the amount of 

iMOF-4A used for adsorption. 

The data thus obtained was fitted with a pseudo-second-order kinetic model: 

 

Where kobs is denoted  pseudo-second-order rate constant (mg g-1 min-1) while qt and qe represents the 

adsorbate uptake per g of adsorbent at time interval t and at equilibrium, respectively, (mg/g). 

Paraquat sorption 

iMOF-4A (2.5 mg) was then added to 5 mL paraquat solutions of different initial (beginning) 

concentrations (0.5, 0.6, 0.7, 0.8, 0.9, 1.0, 1.5, 2.0 mM). The sonicated suspension was mixed/ rotated at 

room temperature overnight until equilibrium is reached. After filtering the solutions through a 0.45 μm 

membrane, they were further subjected to UV-Vis spectroscopic evaluation (absorbance at 257 nm) of the 

new paraquat concentrations. 

MOF regeneration for Paraquat studies 

To the 15 mL Paraquat solution (0.05 mM), 20 mg MOF was poured and stirred for 10-15 minutes. The 

mixture was subjected to centrifugation for 10 minutes at 10000 rpm, and the supernatant is removed. 

Methanol (15 mL) was then added to the residual MOF in the pellet, which was again stirred for 15 

minutes before being centrifuged again. The MOF was washed four times with methanol, dried, and 

utilized in the following adsorption cycle for Paraquat adsorption. 

3.3 Result and Discussion 

iMOF-4A compound was produced through the reaction of a synthetic organic ligands (L1 and L2) with 

Cd(NO3)2 metal salts in a solvent mixture consisting of 2:1 DMF: o-xylene (Scheme 2). For more 
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information regarding the ligand synthesis and characterizations, structural features, see the Appendix 

section for further details. Large crystals of an off-white colour and a block shape were produced as a 

result of the solvothermal process (Scheme 2). iMOF-4A formed in a monoclinic crystal structure, as 

determined by single-crystal X-ray diffraction (SCXRD), which has a monoclinic, C2/m space group 

(Scheme 2, Appendix 1) with coordination environment comprising {[Cd2(AIA)2(BDC)]·2(DMA)·xG}n 

with lattice parameters as a = 12.6572 Å, b = 10.2650 Å, c = 15.9070 Å and angles as α =γ=90 o, β 

=101.70 o. As seen, the asymmetric unit of iMOF-4A is composed of one Cd (II) metal ion, one AIA unit, 

half of one BDC unit (which are forming by in-situ hydrolysis of the ligand during MOF synthesis), and 

one unit of free DMA cation, where AIA stands for 5-amino isophthalic acid, and BDC stands for 1,4-

benzene dicarboxylic acid also G stands for the guest molecule (Scheme 2, Figure 2). It was also found 

from the SCXRD data of iMOF-4A that the coordination environment of the metal center (Cd (II)) is 

octahedral with six coordination bonds.  

 

Scheme 2. Illustration of synthetic scheme, asymmetric unit, cell parameter and structural feature of 

iMOF-4A (sequentially left to right). (C: grey, N: blue, Cd+2: yellow, O: red, H atoms omitted for clarity) 
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This information was obtained from the compound. Among them, four coordination bonds were 

assembled to the metal center with two individual oxygen atoms of both hydrolyzed AIA and BDC linker, 

and the remaining two coordination bonds were connected with oxygen and nitrogen atoms of one water 

and amine group of AIA linker, respectively. In total, six coordination bonds were seen (Scheme 2). 

Reticular extension of two individual ligands (AIA and BDC) containing carboxylic O-donor based 

ditopic ligand along with one water molecule and one amino group surrounding a Cd(II) metal ion 

fabricated a 2D sheet like network, which further constructed in an overall porous framework. Cd(II) 

metal ion (Scheme 1-2, Figure 2, Appendix 2).  

 

Figure 2. Insights on structural features, guest arrangements (DMA) and pore (channel) apertures viewed 

along a & b crystallographic axes for iMOF-4A. 

The previously described one-dimensional porous channel of the MOF is made up of free-exchangeable 

DMA cations. These cations helped to keep the framework's overall charge in equilibrium, turning it into 

an anionic structure (Figure 2). In addition, the data from the single-crystal X-ray crystallographic 

measurements (SCXRD) revealed the presence of electron-rich aromatic benzene rings of the linkers, 
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which were systematically aligned through the porosity channel of the MOF. These rings had the potential 

to operate as accessible sites for the guest analytes that were being targeted (Figure 2, figure 5). In 

addition to this, such a configuration results in a significant distance between the cadmium metal nodes 

that are close to one another (Figure 2, Appendix 2). The packing diagram of iMOF-4A showed a one-

dimensional channel pore with a rectangular effective pore aperture of 3.02 Å along the crystallographic 

axis b-axis, and the accessible void volume for unit cell of the iMOF-4A was predicted to be 2023 Å. 

iMOF-4A also had a crystallographic axis that ran parallel to the b-axis and a-axis (Figure 2, Appendix 

1,2). Following the single crystal examination, a powder X-ray diffraction (PXRD) investigation was 

carried out in order to assess the bulk phase purity of the MOF sample that had been manufactured. The 

bulk-phase purity of the MOF was demonstrated by the good collaboration between the simulated and as-

synthesized phase PXRD patterns (Figure 3a). The PXRD profile also reveals that the as-made phase of 

the MOF has a highly crystalline structure. After that, a thermogravimetric study, also known as TGA, 

was performed in order to investigate the thermal behavior of iMOF-4A. The thermogravimetric analysis 

(TGA) profile of the as-synthesized phase of MOF showed an initial loss of weight at two different 

temperatures (first at > 50 C and second at > 130 C), which corresponds to the loss of occluded solvent 

molecules, o-xylene and DMF, respectively, tapped in the pores of the MOF while it was being 

synthesized (Figure 3b). In addition, the TGA profile indicated that the MOF exhibited a high level of 

thermal stability (i.e., > 250 C). Analysis using field emission scanning electron microscopy (FESEM) 

was utilized so that researchers could investigate the surface morphology of the MOF. The FESEM 

images of the as-synthesized MOF samples displayed microcrystalline crystals with a robust character 

that were iMOF-4A. (Figure 3b, Appendix 4-6). After that, the as-synthesized MOF sample was 

desolvated, and then it underwent a solvent exchange with acetonitrile. This was done so that the porosity 

nature of the MOF could be investigated afterwards (MeCN). The as-made crystals were submerged in 

the MeCN solvent for a period of seven days as part of the activation process for the MOF (during which 

the solvent was replaced twice a day by a fresh one). After a week had passed, the crystals were allowed 

to air-dry at ambient temperature before being subjected to a vacuum treatment and heated at 120 C (see 

the Appendix section for details). PXRD analysis of the MeCN exchange and desolvated phase of the 

MOF revealed high crystallinity as well as structural integrity that was comparable to that of the 

simulated structure (Figure 3a). These observations provided further support for the hypothesis that the 

MOF possesses a highly resilient nature upon activation and solvent exchange. In addition, the total 

replacement of pristine solvents with MeCN and the additional removal of MeCN solvent from the pores 
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of the MOF were observed from the TGA profiles of the solvent exchanged and desolvated phases, 

respectively. These phases were distinguished from one another by the fact that they were in opposite 

phases (Figure 2b). The TGA profile likewise demonstrated that the MOF exhibited a high degree of heat 

stability when in the desolvated state. In addition, it was discovered that the robust microcrystalline 

surface morphological nature of the MOF was maintained both in the phase in which the solvent was 

exchanged and the phase in which it was desolvated. This finding was supported by the FESEM pictures 

(Appendix 4-6). In addition, a FESEM-EDX study and an elemental mapping analysis were carried out in 

order to acquire an idea about the elemental composition of the MOF. Both sets of results indicated that 

there was a uniform distribution of all of the important components across the crystal surfaces of the 

desolvated MOF samples (Appendix 5-6). As a result, when the desolvated phase of the MOF had been 

prepared, the samples were put through an examination to determine their permanent porosity. In order to 

accomplish this, an adsorption-desorption measurement of nitrogen gas at a low temperature (77 K) was 

carried out. The N2 sorption data confirmed the usual microporous character of the MOF due to its sharp 

uptake of gas at low pressure with a type-I uptake profile (Figure 3c). 

Activated phase of iMOF-4A shows the maximum N2 uptake around 300 mL/g. The NLDFT pore size 

distribution was computed using this gas absorption profile, which confirmed the presence of micropores 

throughout the porous framework of the iMOF-4A. After that, the crystals were submerged in water at 

room temperature for seven days while an investigation of the water stability of the MOF was carried out. 

After taking the crystals out of the water, they were allowed to dry on a piece of paper before being 

transferred to another container for analysis. The PXRD profile of the water-treated phase showed a high 

level of crystallinity in addition to the absence of any structural deformation (Figure 3a). In addition to 

this, the similar TGA profile displayed a high degree of thermal stability even after the water was treated 

(Figure 3b). In addition, the microcrystalline structure of the MOF was found to be the same throughout, 

which led to the discovery of aqueous phase stability (Figure 3b, Appendix 3a, 3b). All of these results 

show that the MOF is very resistant to being broken down or hydrolyzed by water, which is a must-have 

for the applications that involve detecting aqueous phases. After the successful execution of these 

structural characterizations, an investigation into the optical properties of iMOF-4A was carried out, 

making use of a variety of the following characterization tools: Under UV light, the powder had a colour 

that was very intensely blue, despite its white appearance during the day (Figure 1). Images of the same 

very dark blue hue were seen when fluorescence microscopy was performed. As soon as we noticed that 

the powder had a highly luminescent colour, we hollered to collect the absorbance maxima of iMOF-4A. 
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Based on the results of the diffuse reflectance spectroscopy (DRS) profile, it was determined that the 

MOF absorbs the most light at a wavelength of (λmax) ~320 nm. Again, the solid-state photoluminescence 

(PL) emission spectra were recorded in the wavelength range of ~350 to 600 nm after exciting the MOF 

powder at a wavelength of approximately ~320 nm. The intensity of the emission profile was at its 

highest point at a maximum value of ~425 nm. A similar finding was made in the case of the MOF 

sample in water (solution-state PL profile) (Figure 4, Appendix 8-9). 

 

Figure 3. (a) Comprehensive analysis of PXRD spectra of the Cd MOF (i.e. iMOF-4A). (b) TGA profile 

of iMOF-4A (Cd MOF) under different scenarios. (c) N2 adsorption isotherm for iMOF-4A (d) FESEM 

image of desolvated phase of iMOF-4A. 
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3.3.1 Sensing Studies: 

Encouraged by these unique properties, such as their high luminescent nature, their porosity with a large 

surface area, and their water stability, the PL response of the iMOF-4A was tested for the sensing of 

various antibiotics and pesticides in water. Considering the facts, one is the essential requirement of 

potential sensory materials for aqueous phase real-time sensing applications, and another is the high 

hydrolytic stability of the probe, iMOF-4A, which was examined for a sensing experiment in an aqueous 

medium. For these studies, a wide variety of antibiotics, such as nitrofurazone (NFZ), nitrofurantoin 

(NFT), sulphapyridine (SPD), sulphaguanidine (SGD), sulphathiazole (STZ), ciprofloxacin (CPF), 

ampicillin (APC), norfloxacin (NFC), kanamycin (KMC), neomycin (NMC), spectinomycin (STC), 

amoxicillin (AMC), and a diverse class of pesticides, such as paraquat (PQ), 2,4-dichloro-1-(4-

nitrophenoxy)benzene (Nitrofen), 2,6-Dichloro-4-nitroaniline (DCNA), cypermethrin (CPM), 

chlorpyrifos (CHPS), carbetamide (CBM), (Appendix 7, Appendix 12), were selected as model toxic 

water pollutants to demonstrated the sensitive detection ability of iMOF-4A towards selective antibiotics 

and pesticides in water (Figure 4, Appendix 8-9). At first, to test the fluorescence response of the MOF 

towards the aforementioned antibiotics a through sensing titration experiment was conducted (see 

supporting information for details).  

After recording the fluorescence emission intensity of the pristine MOF, more spectra were recorded with 

the addition of each aqueous solution of antibiotic, individually, with an incremental addition of 20 μL 

and a total volume of 300 μL (Figure 4a,4d, Appendix 8-9). Among the various antibiotics, upon gradual 

addition, only nitrofurazone and nitrofurantoin were found to quench the emission intensity of iMOF-4A 

(Figure 4a,4d and Appendix 8,9). Whereas, the emission intensity was observed to be unchanged or 

slightly decreased upon the incremental addition of other antibiotics (Appendix 8,9). This result primarily 

illustrated the potent of iMOF-4A for the selective detection of NFT and NFZ compared to other 

antibiotics in water. Further, this result has been reorganized in a bar diagram profile to explore the 

relative percentage quenching of all the antibiotics (Figures 4a-4e). In addition to this, for a potential real-

time chemical sensor, high selectivity, or the sharp response towards target analytes in the presence of 

other interference, is an important parameter for practical application. Therefore, the binary selectivity 

test for antibiotics sensing with iMOF-4A was performed, following the similar sensing experiment 

(Appendix 12-28). Interestingly, it was found that the MOF exhibited a significant fluorescence 

quenching response towards only NFT and NFZ, even in the presence of an equal amount of other 
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antibiotics individually (Figure 4, Appendix 8,9). This data validated the highly selective nature or anti-

interference ability of the MOF towards selective antibiotic detection in aqueous medium. 

 

Figure 4. Sensing experiments derived studies of antibiotics: (a, d) Fluorescence emission spectra for 

iMOF-4A in diverse concentrations of NFT and NFZ their aqueous solutions. (b, e) Respective 
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Stern−Volmer plots for iMOF-4A in different concentrations of NFT and NFZ their aqueous solutions. 

(c, f) LOD estimation plots showing quenching response of iMOF-4A for NFT and NFZ, respectively. 

Henceforth, motivated by the strong fluorescence quenching response by NFT and NFZ antibiotics, 

further detail sensing studies were carried out with iMOF-4A. For this, again, a typical titration 

experiment has been conducted (see supporting information for detail). The emission intensity of the 

MOF was found to be quenched gradually upon the incremental addition of 1 mmol of aqueous solutions 

of NFT and NFZ individually (Figure 4, Appendix 9). Moreover, from these PL profiles, the quenching 

efficiencies for both NFT and NFZ were quantitatively determined using the Stern-Volmer (S-V ) 

equation, I0/I = KS-V [M], (where I0 and I are the PL intensities in the absence and presence of the 

analytes, respectively, KS-V  is the quenching constant, and M is the concentration of the analyte). [N1] 

From the KS-V plot, it was observed that a linear relationship was formed for both the cases of 

concentration of NFT and NFZ with their respective intensities (Figure 4a-4d). Furthermore, the 

quenching constant (KS-V) values were calculated as 6.02 x 104 and 7.62 x 104 M-1 for NFT and NFZ 

(Figure 4), respectively. It should be pointed out that the S-V plots were found to deviate from their 

linearity at higher concentrations, indicating the coexistence of both static and dynamic quenching 

properties behind the fluorescence quenching mechanisms of both NFT and NFZ, which is further 

explained. Now, apart from the selectivity, the high sensitivity of a sensory probe is an essential criterion 

in order to make it suitable for the promising sensing application. For this, the limit of detection (LOD) 

values of iMOF-4A towards NFT and NFZ were calculated by plotting the decrease in the PL intensity 

upon progressive addition of concentrations of analytes (see appendix section for further details). From 

the linear fitting plot between these two parameters, the LOD values for NFT and NFZ were calculated as 

6.68 and 7.18 ppm, respectively, with the correlation coefficient values (R2) of 0.987 and 0.991 (Figure 

4c, 4f). In addition to this, the kinetics or the time-dependent response of the quenching phenomenon of 

iMOF-4A was explored for NFT and NFZ antibiotics. For this experiment, a certain amount of analyte 

was added to the aqueous suspension of MOF and further kept for treatment with rotation at different time 

intervals. The emission intensity of iMOF-4A was found to be quenched rapidly and completely within 1 

min of treatment, whereas upon further increasing the time with the same amount of analyte, only a slight 

change in the emission was observed (Figure 4, Appendix 8, 9). This observation explored the rapid 

detection response of iMOF-4A towards selective antibiotics in water. All these results of high quenching 

efficiency and LOD values, along with rapid detection ability, promote iMOF-4A as one of the best 

performing sensing materials compared to other reported materials in the realm of antibiotic sensing. 
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Following this, the aqueous phase fluorescence detection of a variety of the aforementioned pesticides by 

iMOF-4A was investigated in greater detail. At first, these most commonly used pesticides, including 

paraquat, a non-selective herbicide (Appendix 12), were chosen for the sensing titration experiments 

following a similar previous protocol. Upon incremental addition of a total of 300 μL of a 1 mmol 

concentration of each pesticide individually into the aqueous suspension of iMOF-4A, the PL emission 

intensity was found to be quenched only in the case of paraquat, among the others (Figure 6a). Compared 

to paraquat, the emission profiles of other pesticides were found to be unchanged or slightly changed with 

the progressive addition of those analytes. This data was further plotted which represented the relative 

percentage quenching of all the selected pesticides. This study explored the selective turn-off response of 

iMOF-4A to paraquat only. The quenching efficiencies of iMOF-4A for these pesticides follow the order 

of Paraquat > 2,6-DC-4-NA > Carbetamide > Chloropyriphos > Cypermethrin > 2,4-DC-1,4-NPB. 

In addition to this, we further tested the anti-interference ability or binary selectivity of the MOF towards 

paraquat in the presence of other pesticides (Appendix 29a-29d). For this, a similar experiment was 

performed as in the case of antibiotics (see the Appendix section for details). As a result, it was found that 

upon addition of other pesticides (1 mmol), the emission intensity was slightly changed, whereas when 

we induced an equal amount of paraquat (1 mmol), the intensity became rapidly reduced. This analysis 

revealed that iMOF-4A exhibited a highly selective quenching nature toward the detection of paraquat in 

water, even in the presence of other pesticides. This was the case even when other pesticides were present 

as competing species. These data can also be visualized in a different way by using the bar diagram 

profile that is shown in figure 7b. Now, this selective detection ability of iMOF-4A towards paraquat in 

water, further inspired us to perform in-depth sensing studies.  

For which, again, a through titration experiment was conducted against paraquat with a similar procedure. 

Upon gradual addition of an aqueous paraquat solution, the emission intensity was observed to be 

quenched progressively (Figure 6a). From this PL profile, the fluorescent quenching efficiency of PQ was 

quantitatively determined by the S-V equation, as done in the case of antibiotics. The S-V plot for PQ was 

found to be linear at low concentration ranges; however, upon increasing the concentration of the PQ, the 

plot deviated from linearity and moved upward (Figure 6c). This type of nonlinear S-V profile 

phenomenon in a sensing study indicated the adsorption or energy transfer process between the analytes 

and the probe. Moreover, a high quenching constant (KS-V) value (4.93 x 104 M-1) of iMOF-4A towards 

PQ was calculated, which is among the best performing materials reported to date. Again, the sensitivity 

of PQ detection in water systems is highly desirable, for which we determine the LOD value of PQ based 
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on the standard deviation of five repeated emission data sets of pristine MOF and the KS-V  value of PQ 

(see supporting information for details) (Figure 6a, 6b). 

 

Figure 5. Depiction illustrative exchange process desired in iMOF-4A swapping DMA for paraquat 

(PQ). 

A very low detection limit was revealed for PQ capture, which corresponds to 1.79 ppm, which is the 

highest among all the reported materials used for paraquat detection. This makes iMOF-4A a promising 

and reliable sensing material for the selective and sensitive detection of paraquat in real water samples 

too. 

3.3.2 Sensing Mechanism 

In light of the successful sensing results described above, we have proposed the following mechanism as 

a possible explanation for how iMOF-4A can selectively detect antibiotics (NFT and NFZ) and pesticides 

(PQ) in water. According to the reports that can be found in the scientific literature, the primary factor 

that contributes to the reduction in the luminescence intensity of MOFs is either the framework 

deformation or the electron/energy transfer process that occurs between the fluorophores and the analytes. 

PXRD data of antibiotics and paraquat treated MOF samples were collected by us so that we could test 

the first possible mechanism. Even after the sensing studies, the PXRD patterns of the treated samples 

were found to be an exact match with the PXRD patterns of the pristine phase MOF. This unequivocally 
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demonstrated that the crystallinity of the material had been preserved along with its robust structural 

integrity (Figure 3a). In addition, the surface morphological characterization was performed with the 

assistance of FESEM after the sensing studies were completed. This validation of the retention of the 

morphology after the addition of antibiotics and pesticides was accomplished (Figure 3b,3c and Appendix 

3,4-6). Moreover, according to the EDX data, the homogeneous distribution of all the relevant elements 

throughout the crystals of the analytes treated iMOF-4A samples revealed that the chemical composition 

of the MOF had not been altered in any way (Appendix 5, 6b, 6c). Following the sensing study, it was 

discovered that the MOF exhibited similar behavior in terms of its thermal stability. All of these data 

suggested that the decrease in emission intensity of iMOF-4A was not caused due to structural 

deformation, which further ruled out the first possible quenching mechanism. This was because structural 

deformation was not the cause of the decrease. After that, we move on to investigate the other 

mechanisms that are responsible for the turn-off of the antibiotic and the sensing of the paraquat in the 

water. In the process of fluorescence quenching, the presence of energy transfer is strongly suggested by 

the deviation of the linear line in the S-V plot for NFT, NFZ, and PQ. This deviation was previously 

discussed. As a result, in order to investigate the role that fluorescence resonance energy transfer (FRET) 

plays in the origin of intensity quenching phenomena, the UV-vis spectra of all of the analytes (including 

all pesticides and antibiotics) were recorded. In addition, these spectra were plotted against the emission 

profile of iMOF-4A, which revealed the following result when it was done. FRET is one of the 

predominant mechanisms behind fluorescence quenching of iMOF-4A, both by selective antibiotics 

(NFT and NDZ) and pesticides (PQ) in water. This is because FRET involves the exchange of electrons 

between two molecules with different chemical structures. Hereafter, in order to get insight into another 

possible mechanism i.e., photoinduced electron transfer (PET), the density functional theory (DFT) 

studies were performed. With the help of DFT calculation, the highest occupied molecular orbital 

(HOMO) and lowest unoccupied molecular orbital (LUMO) of both the unit of MOF and analytes (all the 

antibiotics) were calculated and further compared (Figure 8). Among all the antibiotics, the LUMO of 

NFT and NFZ were found to lower in energy position with compare to LUMO of unit of MOF, which 

subsequently exist closest to the HOMO of MOF (Figure 8). However, in case of all other antibiotics the 

LUMOs are positioned far from the HOMO of the unit of the MOF. This observation revealed that upon 

exciting the system with UV-light, the electron of the MOF become excited, and further transferred from 

the LUMO of MOF to the LUMO of NFT and NFZ (antibiotics) via a photoinduced electron transfer 

(PET) process, which consequently decreased the luminescent intensity of the overall MOF-system. Now, 
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apart from the antibiotics, in case of pesticides or paraquat, similar observation was observed. For this 

upon photo irradiation, electron transfer from the MOF to paraquat become dominant, which caused 

selective turn-off response. However, other pesticides do not exhibit such phenomena owing to their high 

energy level of LUMOs. Again, this result indicated that the PET is another mechanism for the 

fluorescence quenching of iMOF-4A by selective antibiotics and paraquat. 

 

Figure 6. Sensing and capture studies of pesticides: (a) Fluorescence emission spectra (quenching) of 

iMOF-4A in gradient concentration paraquat aqueous solutions. (b) Thereby obtained LOD estimation 

plots for iMOF-4A at aforementioned concentrations of aqueous paraquat solutions. (c) Ksv plots 

obtained from quenching response towards paraquat. (d) UV-Vis spectra of Paraquat at different time 

interval of incubation with iMOF-4A indicating incremental capture. 

Moreover, iMOF-4A is constructed with electron-rich benzene moiety-based organic linkers and free 

DMA cations, which play a crucial role in the various supramolecular interactions (such as hydrogen 

bonding interactions, van der Waals interactions, etc.) as well as electrostatic interactions with the NFT, 

NFZ antibiotics, and paraquat pesticide. To explore these molecular interactions, DFT calculations were 

carried out using the linkers of the MOF with the aforementioned analytes. The geometry optimized 
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structure of the ligand of MOF and NFT, NFZ, and paraquat forms complexes as depicted by binding 

energy changes revealed post DFT calculations. The formation of these complexes between the respective 

analytes and unit of MOF plays a significant role in the specific binding for sensing. In order to gain 

further insight into the molecular interactions, the electrostatic surface potential (ESP) was calculated, 

which demonstrated the strong interaction with binding energies of between the ligands of the MOF and 

NFT, NFZ, and paraquat, respectively. Therefore, the fluorescence intensity of iMOF-4A was selectively 

and strongly quenched by NFT, NFZ, and paraquat. Furthermore, to understand the nature of the 

quenching process, lifetime measurement was conducted. The life expectancy of the MOF before and 

after treatment with antibiotics (NFT and NFZ) and pesticides (PQ) were measured and further compared. 

The average lifetimes of pristine and analytes treated MOF exhibited no significant changes. This 

demonstrated the presence of static quenching behind this turn-off response by NFT, NFZ, and paraquat 

in a water medium. At this point, considering all the factors, it can be concluded that the selective 

quenching behavior of iMOF-4A towards NFT, NFZ, and paraquat was mainly caused by the combined 

effect of FRET, PET, and different suitable interactions between the probe and analytes. As a result of the 

high selectivity, sensitivity, fast response, low detection limits, and ability to detect in water medium that 

iMOF-4A possesses, we are attempting to further investigate its regeneration recognition ability towards 

NFT and paraquat sensing.  

This ability is extremely significant for a real-time sensory material because it enables the material to 

detect the substance in question. The recyclability of the system was evaluated after the first cycle sensing 

experiment was carried out in accordance with a protocol very similar to the one described above. This 

was then followed by multiple iterations of washing/centrifugation/washing procedures. Following the 

completion of the compound's final cleansing with water, it was dried in an oven before being put to use 

in the subsequent round of sensing experiments. This process as a whole was repeated for a total of five 

cycles in order to obtain the conclusive quenching efficiencies, which were then plotted in the form of a 

bar diagram profile. The data on the recyclability of the NFT showed a superior sensing ability to that of 

the iMOF-4A, as there was not a significant reduction in the efficiencies that were observed. In the same 

vein, the results of the recyclability test for paraquat demonstrated high quenching efficiency even after 

several cycles. The purpose of these studies was to investigate the viability of iMOF-4A as a candidate 

for use in long-term, real-world, environmentally relevant organic micro-pollutant detection applications. 

3.3.3 Paraquat Capture Study  
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Figure 7. (a) Plots highlighting selective fluorescence quenching response of iMOF-4A for range of 

antibiotics indicating effective quenching response by NFZ and NFT, respectively. (b) Plots highlighting 

selective fluorescence quenching response of iMOF-4A for range of pesticides (grouped herbicides) 

indicating standalone quenching response by Paraquat. 

As mentioned earlier, only a few porous materials have been utilized so far in the literature, either as 

detection mediums or as adsorbent platforms, for the effective removal of toxic paraquat from water. 

However, materials that possess both the ability to selectively detect paraquat in water as well as the 
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ability to efficiently sorb paraquat from water present a clear advantage for the effective remediation of 

the environment. Inspired by the above successful sensing results and considering the unique properties of 

iMOF-4A (Figure 4a, Figure 7b and Appendix 11), e.g., its anionic nature with free exchangeable DMA 

cations inside the 1D channel pores of the porous MOF (Figure 5), we were further motivated to explore 

the paraquat sorption ability of iMOF-4A in water. A typical capture experiment (batch method) was 

conducted for the removal of paraquat from water. At first, for the kinetic experiment, a 0.05 mmol 

concentration solution of paraquat was chosen, and treated with iMOF-4A at different times (see the 

experimental section in the supporting information for details). 

 

Figure 8. HOMO-LUMO energy levels of unit of iMOF-4A and different antibiotics. 

After certain time intervals, the compound was separated from the paraquat solution with a filter, and the 

filtrate was examined by UV-vis spectroscopy to obtain the final concentration of the PQ. The UV-vis 

profile of the MOF treated solution exhibited a continuous decrease in the concentration of paraquat 

(Figure 6d). From this UV-vis profile, we further calculated the captured amount for paraquat and it was 

estimated invariable around 22 mg g-1. Percentage removal of paraquat with different contact times 

(Figure 6d). IMOF-4A removed ~58% of paraquat from water within 10 hours of treatment and almost 

~93% removal within 30 hours (Figure 6d). This data indicated rapid removal of PQ from a water 

medium by iMOF-4A. Furthermore, these kinetics data were found to be well fitted with the pseudo-
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second-order model fitting, with a high adsorption rate constant. Thereafter, exchange capacity is an 

important factor in order to explore the full potential of an ideal adsorbent. Therefore, next we evaluated 

the saturation capacity of paraquat in a high concentration solution and further treated it with iMOF-4A. 

3.4 Conclusion 

In summary, steered by the elucidated appropriate interactions among electron-rich and electron-deficient 

moieties, structured sensing experiments of electronically unsaturated hazardous micropollutants were 

carried out by developing easy to produce (a cost-effective), highly luminescent, and water stable ionic 

Metal-organic Framework. The iMOF-4A was produced through a straightforward reaction consisting of 

a single step synthesis, and it was discovered to be extremely luminescent in addition to being 

hydrolytically robust in nature. Proposed work includes a promising sensory material for the detection of 

antibiotics and pesticides in water. Ionic metal-organic frameworks (iMOFs) are an innovative class of 

porous materials that may be useful for the detection of aqueous micropollutants.  

We examined the fluorescence quenching process of a newly developed very bright, electrically rich, 

porous metal-organic framework in order to detect antibiotics and pesticides in aqueous solution (iMOF-

4A). In the presence of electron-deficient antibiotics like Nitrofurantoin (NFT) and Nitrofurazone (NFZ) 

and herbicides like Paraquat (PQ) in water, the iMOF-4A showed a particular, considerable quenching 

response. Both NFT and NFZ were detected at detection limits of 6.68 ppm and 7.18 ppm, respectively, 

demonstrating the iMOF-4A's exceptional sensitivity. However, they were among the best-performing 

bright MOF-based sensing materials, with PQ detection limits of 1.79 ppm. The selectivity analysis study 

showed that iMOF-4A was exceptionally selective since its fluorescence detection performance was not 

significantly affected by the presence of the many different antibiotics and pesticides that were present at 

the time of the study. Furthermore, it may be regenerated for ongoing usage without appreciable loss of 

functionality following a detection test. In addition, time-resolved photoluminescence lifespan decay 

analyses and density functional theory were used to shed light on the in-depth mechanistic investigation 

of iMOF-4A's detecting skills (DFT). These studies point to two mechanisms, photo-induced electron 

transfer (PET) and fluorescence resonance energy transfer (FRET), as the causes of selective quenching 

of emission. Additionally, an isothermal titration calorimetry (ITC) experiment was conducted to show 

that iMOF-4A can pick up low concentrations of electron-deficient antibiotics from a model of hospital 

wastewater. Finally, an iMOF-4A-based mixed-matrix membrane has been designed and implemented to 

reproduce real-time antibiotic detection in water. Therefore, current concerns that have developed as a 
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result of excessive use, abuse, or misuse of anthropogenic wastes (newly developed antibiotics and 

pesticides) can be effectively addressed by means of the strategies described above that are deployed 

through porous functional materials in order to effectively restrict or limit the direct negative effects of 

the hazardous pollutants mentioned. 

3.5 Appendix Section 

Appendix 1. Structural features of iMOF-4A viewed along crystallographic axes. 
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Appendix 2. Stacking of two dimensional layers to give three dimensional crystal lattice, zoomed view of 

pore channel showing ordered arrangement of DMA cations. 
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Illustration 1. (a) UV exposed activated solid phase of iMOF-4A. (b) Aqueous paraquat treatment of 

iMOF-4A powdered crystals revealing observable fluorescence quenching. 
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Appendix 3. (a) Differential water treatment and selected crystal for crystallographic and 

Thermogravimetric analysis. (b) Thermogravimetric analysis is iMOF-4A crystal revealing stability and 

desolvated phase until 250 C. 



  | Chapter 3 

 
3.31 

 
 

 

 

Appendix 4. FESEM analysis of iMOF-4A crystal, top row indicated as made crystals while bottom row 

indicates desolvated crystal revealing morphological retention post-desolvation. 
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Appendix 5. FESEM analysis revealing elemental mapping for elements (C, N, O, Cd) for iMOF-4A 

desolvated crystal; inset: region selected for analysis. 
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Appendix 6. (a) Area under analysis for FESEM and EDAX. (b) Atomic % of elements found post 

EDAX analysis. (c) Full scale EDAX spectrum showing presence of above listed elements that constitutes 

iMOF-4 crystals. 
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Appendix 7 A). Group of Antibiotics comprising different classes that are selected for sensing 

experiments; inset: antibiotics that resulted into fluorescence quenching response for iMOF-4A 
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Appendix 7. A). Group of Antibiotics selected for sensing experiments, all of above listed do not 

produced observable fluorescence quenching response. 
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Appendix 8. Selective fluorescence quenching response of different antibiotics (Sulphapyridine, 

ciprofloxacin, kanamycin, neomycin, sulphathiazole, amoxicillin, respectively) 
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Appendix 9. Selective fluorescence quenching response of different antibiotics; ampicillin, norfloxacin, 

sulphaguanidine, spectinomycin, nitrofurazone (NFZ) and nitrofurantoin (NFT) respectively. NFZ and 

NFT showing notable fluorescence quenching response for iMOF-4A. 
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Appendix 10. Chemical structures of the group of different pesticides selected for sensing and capture 

studies; inset: pesticide (paraquat) of choice for sensing studies. 



  | Chapter 3 

 
3.39 

 
 

 

 

Appendix 11. Fluorescence quenching response of iMOF-4A for variety of pesticides including (a) 

paraquat, (b) chloropyriphos, (c) 2,4-dichloro-1-(4-nitophenoxy)benzene, (d) carbetamide, (e) 

Cypermethrin, (f) 2,6-dicholro-4-nitroaniline. 
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Appendix 12. Fluorescence quenching response of iMOF-4A for amoxicillin titrated against NFT in 

aliquots of 300 µL each. 

 

Appendix 13. Fluorescence quenching response of iMOF-4A for ampicillin titrated against NFT in 

aliquots of 300 µL each. 
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Appendix 14. Fluorescence quenching response of iMOF-4A for azithromycin titrated against NFT in 

aliquots of 300 µL each. 

 

 

Appendix 15. Fluorescence quenching response of iMOF-4A for ciprofloxacin titrated against NFT in 

aliquots of 300 µL each. 
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Appendix 16. Fluorescence quenching response of iMOF-4A for kanamycin titrated against NFT in 

aliquots of 300 µL each. 

 

Appendix 17. Fluorescence quenching response of iMOF-4A for neomycin titrated against NFT in 

aliquots of 300 µL each. 
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Appendix 18. Fluorescence quenching response of iMOF-4A for norfloxacin titrated against NFT in 

aliquots of 300 µL each. 

 

Appendix 19. Fluorescence quenching response of iMOF-4A for sulphaguanidine titrated against NFT in 

aliquots of 300 µL each. 
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Appendix 20. Fluorescence quenching response of iMOF-4A for sulfathiazole titrated against NFT in 

aliquots of 300 µL each. 

 

Appendix 21. Fluorescence quenching response of iMOF-4A for amoxicillin titrated against NFZ in 

aliquots of 300 µL each. 
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Appendix 22. Fluorescence quenching response of iMOF-4A for ampicillin titrated against NFZ in 

aliquots of 300 µL each. 

 

Appendix 23. Fluorescence quenching response of iMOF-4A for azithromycin titrated against NFZ in 

aliquots of 300 µL each. 
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Appendix 24. Fluorescence quenching response of iMOF-4A for ciprofloxacin titrated against NFZ in 

aliquots of 300 µL each. 

 

Appendix 25. Fluorescence quenching response of iMOF-4A for kanamycin titrated against NFZ in 

aliquots of 300 µL each. 
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Appendix 26. Fluorescence quenching response of iMOF-4A for neomycin titrated against NFZ in 

aliquots of 300 µL each. 

 

Appendix 27. Fluorescence quenching response of iMOF-4A for norfloxacin titrated against NFZ in 

aliquots of 300 µL each. 
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Appendix 27. Fluorescence quenching response of iMOF-4A for sulphaguanidine titrated against NFZ in 

aliquots of 300 µL each. 

 

Appendix 28. Fluorescence quenching response of iMOF-4A for sulfathiazole titrated against NFZ in 

aliquots of 300 µL each. 
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Appendix 29. Selective fluorescence quenching response given by iMOF-4A upon treatment of 300 μL 

of (a) 2,4-dichloro-1-(4-nitophenoxy)benzene, (b) Carbetamide, (c) Chloropyriphos, (d) Cypermethrin, (e) 

Phenazaquin followed by the addition of 300 μL of PQ in each. 
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Worldwide reliance on fossil fuels for energy production is detrimental to ecosystems and threatens future 

supplies. Therefore, there has been a shift toward using renewable energy. Mechanical energy and other 

sources have likely received less attention than wind and solar power. Human motion, wind, and tidal 

energy are all examples of mechanical motions that have historically been underutilised. Fortunately, 

researchers are beginning to see alternative energy as a viable option for addressing the world's mounting 

energy crises. Wearable electronics, high-precision sensors, portable high-voltage sources, and distributed 

micro/nano-power sources are just some of the areas where mechanical energy conversion technologies 

have made great strides in the last decade. Triboelectric nanogenerators (TENGs) are central to this 

development because they rely on the principle of charge separation brought about by relative motion 

between two dissimilar materials in close proximity; the familiar phenomenon of friction is an expression 

of this process. Thereby, over the past few years, Triboelectric nanogenrators have received a great deal 

of attention in the renewable energy space.[1,3] The triboelectric effect and electrostatic induction were 

first successfully coupled by Wang and his team in 2012, allowing TENGs to generate tiny amounts of 

electricity.[1-5] Since then, TENGs have advanced greatly, and interest in studying them has exploded 

around the world. This alternative energy source emerges as the world undergoes an energy revolution 

and takes giant leaps away from burning fossil fuels.[4] It's also happening at the same time that a lot of 

sophisticated sensors and gadgets are being invented. Prioritization has shifted from device optimization 

to the 'energy bottleneck,' or the question of how to provide sustainable power for all these devices, for 

example, consider all the smartphones, tablets, and wearable sensors that people rely on regularly. In 

order to produce a research that broadens the scope of understanding and application of TENGs 

throughout results, we have made an effort to condense and comprehend the most recent developments in 

the field of TENGs for energy generation. We have done this by using our thorough understanding of 

these developments in a thematic manner. With a focus on developing nanogenerator devices that can be 

deployed for wearables, waves, winds, and transportation, the same has been lucidly summarised in the 

following chapters with emphasis on noteworthy results in a concise manner and highlighting particularly 

necessary results. We also look ahead to the opportunities and challenges that lie ahead for TENGs. 

We attempted and concentrated our efforts in this section on developing unique composites initially and 

then devices for real time applications by using advanced porous materials and their features tuned 

properties that are blended by polymer based composites. The triboelectric series illustrates the variation 

in electron transfer and absorption between materials at close proximity. Materials that are further apart in 

this series are used as partners in a TENG device to achieve maximum power output. How the device is 

set up has a significant impact on how well the design facilitates charge transfer. Chapters 4 and 5 make 

up this section. In chapter four, we used a highly stable MOF for a repeatable, robust, and tuneable 
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application in the domain of Triboelectric Nanogenerators, and in chapter five, we used a chemically 

stable, solution processable, and hydrophobicity tuned series of MOPs blended by Polymer composites as 

a first-of-its-kind example for on-demand self-powered energy devices that are correlated to 

hydrophobicity features of chemically functionalised metal-organic polyhedra (MOP), highlighting a 

first-of-its-kind example in the domain of MOP.[6] 
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4.1 Introduction 

The worldwide reliance on fossil fuels has a negative impact on the environment and threatens future 

generations' access to these resources. As a result, it's become more important than ever to rely on 

sustainable energy sources. Although solar and wind power have garnered the greatest attention, other 

forms of renewable energy, such as mechanical power, have been less well investigated. In reality, until 

recently, much of the energy available from various mechanical motions, such as human motion, wind, 

and water tidal energy, was wasted and disregarded. Fortunately, scientists have started to take note of 

these alternative energy sources, which can help alleviate some of the pressures on the energy sector.[1,2] 

Indeed, the last ten years have seen significant development in mechanical energy conversion 

technologies, particularly in the areas of distributed micro/nano-power sources, portable high-voltage 

sources, wearable electronics, and high-precision sensors. Triboelectric nanogenerators (TENG) are at the 

center of this development; these devices essentially utilize the idea of charge separation achieved by 

relative motion between two dissimilar materials in close proximity, with the familiar phenomenon of 

friction being a representation of this process. As seen in the so-called triboelectric series, the differences 

between materials arise from their different capacities to donate or take electrons in the context of the 

relative movement mode.[3] The TENG device's maximum power output is achieved by pairing dissimilar 

materials located further apart in this series. The way the devices are set up has a lot to do with how well 

a certain design lets charge flow between them.  

In 2012, Wang and co-workers developed an efficient method for TENG fabrication to overcome the 

limitations of current energy technology and thereby aiding the development of sustainable energy 

sources.[5] The TENG is capable of converting a wide range of energy forms into electricity, such as those 

derived from mechanical, wind, biomechanical, wave, and water flows.[7-9] Using contact electrification 

and electrostatic induction, the TENG can operate in four different modes such as single electrode modes, 

freestanding, vertical contact-separation, and lateral sliding. Considering that the two distinct triboelectric 

materials which come into contact with one another, a tribo-layer and a conductive layer are the two of 

the most important TENG components, and they must be bonded to a substrate material acting as a 

support framework in order to create a working device.[1,10-12] The cost-effectiveness, simplicity of design, 

large power output, and better conversion efficiency of TENG are only a few of the many benefits of this 

device.[10] Several strategies have been deployed in performance enhancements of TENG, such as low-

energy ion irradiation that can directly modify the chemical bonds and thereby functional groups of 
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triboelectric polymers at molecular levels. This method modifies the target polymer's electrification 

capabilities with negligible modification in its mechanical flexibility and surface roughness.[11] Variable 

rheological forging release times can be utilized to regulate crystallinity, molecular orientation and 

dielectric constant of materials. These variations in molecular structure and crystallinity result in unique 

electrification performance prior and after corona polarization, proposing several strategies for increasing 

the triboelectric outcome of electret and non-electret polymers.[12]  

Further, precise modulation of currents that are induced on skin can be brought to a sensitive virtual 

tactile sensation by means of electro-tactile (ET) devices.[13] TENGs may be used for a multitude of 

applications such as big data sensing, biological and chemical sensors, therapeutics and self-charging.[1,16-

18] Indeed, a rising number of self-powered applications are expected to be based on TENGs, because of 

its ease of manufacture, material selection, high power output, and ability to produce direct current using 

a variety of approaches.[10,14,15] Polymers prevail over metals in the triboelectric series, acting as the basic 

building blocks for TENG manufacture.[19,20] However, selective and orderly functionalization of 

polymeric materials is difficult, which instigates a strong need for the development and deployment of 

alternate multifunctional materials for TENG application. Metal Organic Frameworks in view of their 

molecular tuneability, appears to be the promising candidates in this respect. [1,14,16] MOFs have recently 

been used to harvest energy via a triboelectric nanogenerator (TENG), which combines the triboelectric 

effect with electrostatic induction.[21,22] Literature reports reveal TENGs fabricated from zeolitic 

imidazole framework members, HKUST-1, and a few other MOFs, including UiO series.[21,23] Due to 

their excellent performance and versatility, MOFs are employed as multi-functional materials in the 

triboelectric series.[21-23] MOFs can serve as positive or negative triboelectric materials depending on the 

functional group. Due to improved charge holding capability, the bromine-functionalized porous 

materials produce higher output with PVDF as the opposite layer than their non-bromine-containing 

counterparts do.[24] Fluorinated MOFs can also be highly tribonegative materials.[25] Long-term 

development requires nontoxic MOFs with no negative effects on the environment or biological 

systems.[21] In the future, non-toxic and biocompatible MOFs could be used to make new TENG-based 

stents and biodegradable sensors.[21,25]  

Besides, MOFs are well-known for their rich architectures and diverse functions, which are governed by 

ligands or metal ions, and have emerged as a new class of porous materials that promises to be the next 

generation functional porous materials, with added advantage of pre and post-synthetic 

functionalization’s. Unlike the majority of MOFs, zirconium-based MOFs are recognized for their 
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excellent stability due to strong coordination interaction between the zirconium metal ions and the organic 

ligands, which molds them into suitable platform for the development of composite materials.[26-28] UiO-

66 (UiO: University of Oslo), MOF with a Zr6O4(OH)4 cluster joined by a terephthalic linker, which is 

also prone to pre-synthetic functionalization by modifying length and functionality of the ligand which 

offers desired features of interest to the aforementioned TENG application.[1,29] UiO-66 has exceptional 

chemical and thermal stability, easy to synthesize, and has a relatively large surface area in conjunction 

with adjustable functionalities.[29] The influence of organic ligands on the characteristics of Zr-based 

metal–organic framework (Zr-MOF) for applications such as sensing, separation, and catalysis is 

extensively documented in the literature, but it still awaits rational and efficient utilization in the 

nanogenerator arena.[30] The family of UiO-66 MOFs inherits the great potential to be utilized to extend 

the triboelectric series as well as to find applications in the fields of mechanical energy harvesting.[31] 

Herein, we have introduced a functional group driven tuning of organic moiety (and thus MOF) that 

directly influence the TENG output performance. To achieve this, isoreticular frameworks of UiO-66 

(compound 1) and UiO-66-Br (compound 2) are strategically used, which have identical dimensional and 

operating conditions of composite-fabricated devices (1/PVDF and 2/PVDF), thus providing rational 

platform to elucidate, deploy and exploit functional groups electronic effects to govern TENG output 

performance. It allowed us to understand and utilize the virtue of tunable properties at nanoscale and to 

exploit its concurrent effect at bulk scale for MOF-TENG derived self-powered system and subsequent 

sensor applications. The guest free phases of compound 1 and compound 2 are probed as a potential 

triboelectric layer by means of MOF/PVDF composite in the TENG device.  

Compound 1 made up of Zr6O4(OH)4 secondary building units (SBUs) linked together by 1,4-benzene-

 

Scheme 1: Schematic illustration of the synthesis of compound 1 (UiO-66) and 2 (UiO-66-Br) by ligand 

functionalization. 
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dicarboxylate (BDC) ligands to form porous frameworks with Fm-3m face-centered cubic structure 

(Scheme 1).[32] The framework is made up of octahedral pores that are linked to smaller tetrahedral 

cavities by relatively thin windows of around 5Å. UiO-66's (1 and 2) marked stability is due to their 

robust SBUs and high coordination number.[32,34] It is well reported that by inserting functionalized BDC 

ligands with diverse chemical groups (e.g.,–COOH, –NH2, –NO2, –OH, –Br and –F), alters the gas 

adsorption, fluorescence, detection capacity for explosive stimuli, improved mechanical stability, 

considerable enhancement in CO2/CH4 separation performance, and other physical and chemical 

characteristics as compared to pristine UiO-66 MOF.[30,37,38] Thereby compound 2 is synthesized by 

functionalization of the BDC linker by –Br group inplace of H, i.e., tuning ligand chemistry that has 

resulted in a multifold (2.92 times) increase in open circuit voltage that improved for 2/PVDF when 

compared to 1/PVDF, thereby dramatically altering the features, while maintaining the framework's 

stability. The synthesis of the compounds 1 and 2 was verified by structural elucidation methods and 

Fourier transform infrared spectroscopy (FTIR) besides morphological examinations. The average surface 

roughness (Ra) value was investigated which is crucial for TENG devices. The flexible aluminium 

electrode layered over PVDF was selected as the opposite layer to UiO/PVDF in the TENG device owing 

to their positive and negative positions within the triboelectric series. The surface potential assessment 

(KPFM) and the precise electrical characterization confirmed the negative behavior of the UiO-66 family 

members when confined into PVDF.[9] The UiO-66/PVDF exhibits the highest output in the sequential 

trend as PVDF < TENG-1 < TENG-2. The fabricated device was extensively characterized for its stability 

and durability with steady long term voltage output load-matching analysis, resistance to ambient 

conditions, and diverse capacitor charging. The device was ultimately used to power a variety of low 

rating electronics like light-emitting diodes (LEDs).  

To the best of our knowledge, this is the maiden report on the advancement and tuning of MOF-based 

composites for TENG applications through systematic changes in organic ligand chemistry while 

deliberately maintaining identical conditions in terms of framework isoretucularity, composite 

dimensions, and procedure adopted for component and device fabrication. The present study thus 

attempts to pin down rational and mechanistic understanding to electronic effects attributed to ligand 

substituted functionalities (halogen substitution) and significantly enhance the triboelectric properties of 

MOF composites in a systematic way. 
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Scheme 2: Stepwise fabrication procedure (a-e) adopted for 1/PVDF and 2/PVDF composite 

based mechanical energy harvesting device; f) as made device. 

4.2 Experimental  

4.1.1 Materials 

UiO-66 and UiO-66-Br (compound 1 & 2 respectively) were synthesized by methods reported below.  

Unless otherwise noted, all materials including reagents, ligand precursors and solvents were 

commercially available and used as received and without further purification. Sigma Aldrich Co., Ltd. 

provided the zirconium tetrachloride (ZrCl4), PVDF, H2BDC, and H2BDC-Br. Rankem supplied N, N-

dimethylformamide (DMF), and hydrochloric acid (HCl,37%), while Avra Chemicals supplied benzoic 

acid (BA). All chemicals were used exactly as they were received. Products obtained as solids or syrups 

were dried using routine lab ovens. Spacer is purchased from 3M Tape. Aluminium sheet is purchased 

from physics equipments.  

DMF refers to N,N-Dimethylformamide  

PVDF refers to polyvinylidene difluoride ( −(C2H2F2)n−) 

ITO refers to Indium Tin Oxide (In2-xSnxO3) 

PET refers to Polyethylene terephthalate ((C10H8O4)n) 
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These chemicals were used without further purification. 

4.2.2 Materials Synthesis 

4.2.2.a) Synthesis of UiO-66 (1) and UiO-66-Br (2)  : Zr-BDC MOF i.e. UiO-66 (1) was synthesized by 

dissolving ZrCl4 (0.053 g, 0.227 mmol) and Terepthalic acid (H2BDC) (0.034 g, 0.227 mmol) at room 

temperature in N, N’- dimethylformamide (DMF) (24.9 g, 340 mmol). The resulting mixture was sealed 

in teflon lined stainless steel vessel and heated for 24 hours at 120°C in a programmed oven. The 

crystallization process was carried out in the oven under static circumstances. The resultant solid was 

filtered, repeatedly washed with DMF, and dried at room temperature after cooling in air to room 

temperature. Obtained MOF was dipped in MeOH for 4 days to exchange occluded solvent molecules 

with MeOH and solvent was replaced at interval of every 12 hours. The MeOH exchanged MOF was 

filtered and heated at 100°C under vacuum for 12 hours to get guest free compound 1. Thus obtained 

MOF was used for all measurements. Compound 2 was synthesized and activated in a similar manner, 

except using 2-Bromoterpthalic acid as the ligand. [56,57,62] 

4.2.2.b) Composite film preparation: MOF/PVDF composites were prepared by loading various wt. % 

of compound 1 & 2 in the viscous PVDF solution. 1 gram of PVDF pellets were stirred for 4 hours in 10 

ml of DMF at 60 °C. compound 1 & 2 were finely grinded to yield powered material which is further 

activated at 100 °C under vacuum, weighed and mixed with PVDF solution in the weight percent ratio ( 

MOF 1 & 2 : 5%, 10%, 15%, 20%). This viscous mixture then further drop-casted on ITO-coated PET 

surface (substrate) and dried at 80 °C for 6 hours in hot air oven to obtain finely dried thin composite 

films and ensuring curing of the PVDF polymer (Scheme 3). Similar films can be prepared by air drying 

for 24 hour and well as by doctor blading methods with retention of similar dimensions of thickness. 

MOF/PVDF composite films thus obtained are in the range of 266 to 289 µM (refer Appendix 13, S14) 

and further deployed for device fabrication. [58-61]  

4.2.2.c) Fabrication of TENG device: ITO-coated PET is deployed as one electrode and Al-coated PET 

as another. Both electrodes are coupled together retaining space among them by means of spacer with 

thickness of ∼1.5 mm. Electrical contacts were established at the ends of the electrodes with the help of 

copper tape/wires. Finally, the fabricated device was laminated on outer surface with the Kapton tape to 

attain electrical isolation. The thickness and the effective size of the as-fabricated device were found to be 

∼2.5 mm and 2.5 × 2.5 cm2, respectively. 
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4.2.3 Physical Measurements 

4.2.3.a) Characterization: Bruker D8 Advanced X-Ray diffractometer used for powder X-ray diffraction 

patterns which are seen in the 5° to 40° 2 range using Cu Kα radiation (λ= 1.5406 Å). The FTIR Spectra 

were obtained using a Bruker ALPHA-II FTIR-eco ATR in the region of 500-4000 cm-1 with total 

reflection (ATR) mode attenuation. Bel Japan's BelSorp-max device was used to study gas adsorption 

experiment. FEI Quanta 3D dual beam FESEM at 30KV was used to create the SEM images. Voltage and 

current were also measured on Keithley multimeter (DMM 7510 & 2450) with variable resistance. 

Asylum Research MFP-3D used for KPFM analysis of composite films. For the impact force and 

frequency source, we used mechanically modified sewing machine setup coupled with calibrated DC 

motor and precision impact striker. We measured force using PASPORT Force Sensor. [59,60,63] 

4.2.3.b) Nanogenerator performance measurements: Keithley multimeter (DMM 7510) was used to 

measure open circuit voltage of 10 MΩ to 1 GΩ input impedance at variable impact force with 5, 10 and 

15 Hz frequency. For the impact force and frequency source, we used mechanically modified and 

fabricated sewing machine setup. Force measurement done using PASPORT Force Sensor. Voltage and 

current were also measured on Keithley multimeter (DMM 7510 & 2450) with variable load resistance. 

Voltages are rendered as Open Circuit Voltage until external load is deployed. 

4.2.3.c) Molecular simulation studies: Discovery Studio 2017 (Accelrys) used to simulate the molecular 

level interactions in 1/PVDF and 2/PVDF. The DFT calculations were performed at fine quality 

calculation level. Initially, using DMOL3 and B3LYP hybrid function the asymmetric of the 1/PVDF and 

2/PVDF units were fully geometry relaxed. For the calculations, the Multiplicity factor was kept in Auto 

mode, double numeric plus polarizing (DNP+) basis set with water as solvent. The ground state electron 

density was used to derive the electrostatic potential (ESP) on the van der Waals (VDW) surfaces 

(isodensity = 0.001 a.u.) of 1/PVDF and 2/PVDF units. XRD patterns were refined using Rietveld 

refinement method. For the refinement Fullprof (Ver. April 2022) was used.9,10 The line broadening of 

diffraction pattern was corrected using LaB6 and refinement was carried out to determine structural 

parameters. Using Maximum Entropy Method (MEM) we determine electron density of both the samples. 

The MEM analysis was carried out using Dysnomia software. [63,66] 

4.2.4 Equations: 
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Vp: The maximum instantaneous value of a function as measured from the zero-volt level. For the 

waveform shown above, the peak amplitude and peak value are the same, since the average value of the 

function is zero volts. 

Vpp: The full voltage between positive and negative peaks of the waveform; that is, the sum of the 

magnitude of the positive and negative peaks. 

Vrms: The root-mean-square or effective value of a waveform. 

Vavg: The level of a waveform defined by the condition that the area enclosed by the curve above this level 

is exactly equal to the area enclosed by the curve below this level. 

𝑽𝒑𝒑 = 𝑽𝒓𝒎𝒔 ×
𝟐

√𝟐
= 𝑽𝒑 × 𝟐 = 𝑽𝒂𝒗𝒈 × 𝛑 

𝑽𝒂𝒗𝒈 =
𝟏 

𝛑
× ∫ 𝑽𝒑 𝐒𝐢𝐧𝛉 𝐝𝛉

𝝅

𝟎

=
𝟐𝑽𝒑 

𝛑
= 𝟎. 𝟔𝟑𝟕 × 𝑽𝒑 

𝑽𝒓𝒎𝒔 = 𝑽𝒑𝒑 ×
𝟏

𝟐√𝟐
= 𝟎. 𝟑𝟓𝟑 ×  𝑽𝒑𝒑 = 𝑽𝒑 × 𝟎. 𝟕𝟎𝟕 

𝑽𝒑 =
𝑽𝒑𝒑

𝟐
=

𝑽𝒂𝒗𝒈

𝟎. 𝟔𝟑𝟕
 

4.2.5 Statistical Analysis: 

4.2.5.a) Sample Size (n), Standard deviation, t-test type and correction applied for Figures S36, S37, 

S38, S39, S41, S42, S43: The separate dataset of mean from the test data is created to compare the data 

points (n). The data is represented with respective mean and SD. Each data point (n) represents a peak of 

voltage either on positive side as Voc(+) or negative side as Voc(-). Non-significant comparisons are not 

shown in the graph suggesting the data is consistent and does not change significantly. Two tailed 

Student’s t-test with Welch’s correction is performed to analyze the data. ns = non-significant, * p<0.05, 

** p<0.01, *** p<0.001. 

4.2.5.b) Sample Size (n), Standard deviation, t-test type and correction applied for Appendix 40 and 

Appendix 44: The data is represented with respective mean and SD. Each data point (n) represents a peak 

of voltage either on positive side or negative side. Non-significant comparisons are not shown in the 

graph suggesting the data is consistent and does not change significantly. Two tailed one way ANOVA 
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with Tukey’s multiple comparisons is performed to analyze the data. ns = non-significant, * p<0.05, ** 

p<0.01, *** p<0.001.  

To perform the above tests, we used a software “Graphpad Prism”. 

Statistical data analysis for aforementioned figures are plotted below in appendix section. 

4.3 Result and Discussion 

Nanocrystalline Compound 1 and 2 were synthesized by using reported protocol, wherein its Br 

substituted derivative (compound 2) was synthesized via pre-synthetic functionalization (Scheme 1).[39-41] 

Both the abovementioned compounds were washed extensively with DMF and dried subsequently. Thus 

obtained solid compounds were subjected to MeOH exchange over four days to remove occluded high 

boiling solvent molecules and further neatly activated at 100 C for 12 h under vacuum to get guest free 

phase. Phase purity was confirmed by matching the PXRD patterns of pristine and activated compounds 1 

and 2 with simulated XRD patterns (Appendix 1 and 2). Thus obtained solids were then deployed to form 

composite film by drop-casting method (Scheme 2) in addition to doctor blading method, both exhibited 

same morphological features in FESEM (Appendix 13, 14).[42] Mixing of finely grinded and activated 

phases of with viscous PVDF solution, 1/PVDF and 2/PVDF composites were prepared by the method 

shown in scheme-2.[42] Powder X-ray diffraction (PXRD), fourier transform infrared (FTIR) 

spectroscopy, thermogravimetric analysis (TGA), gas adsorption, and field emission scanning electron 

microscopy (FESEM) were used to evaluate the structural integrity of compound 1 and 2 before and after 

the composite preparation. Atomic force microscopy (AFM), Dielectric measurements, kelvin probe force 

microscopy (KPFM), electrical output analysis, capacitor charging and molecular simulation studies were 

performed on the MOF/PVDF composites in order to corroborate observed results with the perceived 

mechanism. Figure 1a shows PXRD patterns obtained on compound 1, 2, 1/PVDF, 2/PVDF, 2/PVDF 

treated with water, 2/PVDF used for TENG purpose for 45 days and pristine PVDF film. From the PXRD 

patterns, it is evident that compound 1 and 2 retained the structural integrity and matched well with 

respective simulated patterns. We note that despite of bromine functionalization, XRD pattern of 2 is well 

matched with compound 1. Both XRD pattern shows characteristics diffraction peaks present at 2 = 7.4°, 

8.5°, and 25.7° corresponds to plane (111), (002) and (006) respectively.[39,40,43] These characteristics 

peaks are consistent with previously reported diffraction peaks reported for 1 and 2 (Figure 1a).  
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Further, Peaks corresponding to pure compounds are well reflected in the PXRD of composite films 

1/PVDF and 2/PVDF assuring composite formation along with retention of crystallinity.[39-40] 

Incorporation of 1 and 2 in PVDF also evaluated using Rietveld refinement method.[44] We note that XRD 

pattern of pristine PVDF film evidently shows presence of alpha (α) phase, which is paraelectric in 

nature.[45] From the refinement it is evident that electron density in 2/PVDF is relatively high compared to 

that of 1. It could be due to presence of two electronegative functionalities, fluorine and bromine. In case 

of both compounds, the diffraction features of alpha phase of PVDF observed to be suppressed, this could 

be due to highly crystalline nature of 1 and 2. We further performed stability of 2/PVDF film under 

different conditions, i.e. after water treatment and keeping 2/PVDF film for TENG operation over 

intermittent interval spanning up to 45 days, discussed in brief under output and stability section. 

 

Figure 1: a) PXRD data of pristine compound 1 and 2 and their composites. b) N2 adsorption isotherm of 

compound 1 (red) and compound 2 (orange) at 77K, c) AFM images indicating trace, retrace and surface 

topography (3D profile) of 10 wt % of 1/PVDF. d) IR spectra of pristine compounds (black) composites 

(red) and PVDF films (blue). e) IR spectra of pristine compounds (black) composites (red) and PVDF 

films (blue). f) AFM images indicating trace, retrace and surface topography (3D profile) of 10 wt % of 

2/PVDF. 
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The FTIR spectrum of compound 1 and 2, and that of PVDF is depicted in Figure 1d and 1e and well 

matched with reports in the literature.[39,40,43] It’s well reported in literature that FTIR bands of 1 and 2 

exhibits significant resemblance with each other.[47] Composites 1/PVDF and 2/PVDF exhibits combined 

features of isolated spectrum of pure compounds (1, 2 and PVDF) indicating composite formation (Figure 

1d, 1e). The spectral band appeared at 1660 cm−1 corresponds to C=O stretching vibrations of H2BDC and 

H2BDC-Br. Aside from that, the H2BDC ligand's O–C–O symmetric (at 1400 cm−1) and asymmetric (at 

1600 cm−1) stretching IR bands were also discernible. IR bands at 1507 cm−1 are attributed to the 

vibration of aromatic ring C=C bonds, whereas IR peaks at 667, 752 and 807 cm−1 have been linked to –

OH and C–H vibrations in the H2BDC ligands. CH2 stretching vibrations at 2854 and 2923 cm−1 are found 

in the pristine PVDF film. Further characteristics stretching vibration of –CF2 groups  can be seen at 

1120–1280 cm−1.[48] Composite 1/PVDF and 2/PVDF also confirms the presence of IR peaks 

corresponding to pure constituents, notably CH2 stretching vibrations around  2854 and 2923 cm−1 are 

seen in composite are renders to pure PVDF film. Also, both composites shows peaks at 667, 752 and 807 

cm−1 are attributed to –OH and C–H bond vibrations in the H2BDC ligands.[43,48] 

Figure 1b reveals the findings of N2 adsorption-desorption isotherms at 77K, which were performed to 

examine the porosity of the framework. Both compounds exhibited type-I N2 adsorption–desorption 

isotherms, confirming the microporous nature of the MOFs.[49] The specific surface area values for 

compound 1 and 2 are 1285.6 m2 g-1 and 1049.20 m2 g-1 respectively. As anticipated, Compound 1 

exhibited higher specific surface area when compared to compound 2. Brunauer, Emmett and Teller 

(BET) surface area was lowered in compound 2 due to bromo-functionalized ligands. As previously 

reported, the pore volume for compound 1 and 2 is nearly same and retained their porosity despite ligand 

alteration.[48-50] Thus study reveals the influence of the bulkiness of the additional bromine functionalities 

on the overall quantity of adsorbed N2 (at 77 K). Field emission scanning electron microscopy (FESEM) 

was deployed to probe surface morphologies of the composite films 1/PVDF, 2/PVDF and PVDF alone. 

The SEM images rendering composite films reveals the random and incremental distribution of MOF 

particles on and within the polymer matrix (Appendix 11-13). Rise in the particle distribution was seen in 

accordance with their % weight loading of 1 and 2 in the polymer matrix retaining order 5% < 10% < 

15% < 20%. Cross-section of single electrode energy harvester having bilayer is shown in SEM image 

that confirms a comparable thickness of ~395.4 μm and ~425.1 μm for the embedded film of compound 

1 and 2 respectively, as shown in Appendix 14. Film thickness was meticulously retained closely identical 

in view of judicious comparison of TENG output performance. Upon EDAX mapping over the selective 
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area of composite films by avoiding coalescence of other layers, qualitative confirmation was derived for 

presence of Br in 2/PVDF along with other common elements (C, O, Zr, F) of 1/PVDF (Appendix 15, 

16). Similar feature is observed for pure compounds 1 and 2 (Appendix 10 B) confirming presence of Br 

in 2.  

Thermal stability compound 1, 2 and their respective composite films at various wt% loading and that of 

PVDF powder along with the pristine film is verified by means of TGA. The thermal stability of the 

pristine PVDF film, which has a partially fluorinated structure, is upto ~ 400 C, followed by a single step 

degradation pattern. All Zr-MOF particles exhibited significant thermal stability in the air until ~ 350 C, 

beyond which a consistent degradation pattern is observed.[40] Whereas, composite films of 1/PVDF and 

2/PVDF revealed significantly improved thermal stability by blending stability features of both film and 

MOF, as depicted in Appendix 8, 9. Thus 10 wt% composites of 1/PVDF and 2/PVDF exhibited peak 

stability nearly upto 500 C revealing desired enhancement in thermal stability feature and then gradual 

weight loss. 

Atomic force microscopy (AFM) was employed to probe surface feature of the composite films (Figure 

1c, 1f and Appendix 17, 18). The TENG's performance is heavily influenced by surface roughness. The 

TENG's output is known to be affected by the average surface roughness (Ra).[50-52]  TENG's output 

ascents when the Ra value rises to a certain level because it creates greater surface area for optimum 

interaction between the materials through plausible friction, leading to a considerably higher amount of 

charge formation. Surface topography (3D profile) of 10 wt % of 1/PVDF and 2/PVDF were particularly 

scanned commonly over the area of 100 µm2 in trace-retrace movement in X and Y-direction (two 

dimensional) which further revealed that the surface roughness feature of 2/PVDF is enhanced thereby 

enrooting higher surface dependent properties such as availed area for friction surface and charge 

accumulation. Above scanned area represent maximum peak height profile of 114 nm for 1/PVDF while 

148 nm for 2/PVDF directly indicating high variation of roughness feature and peak profiles for later 

(Figure 1c, 1f). The Ra parameter of 2/PVDF is evidently superior when compared to 1/PVDF. AFM 

measurements at random areas spanning same length (1.2 µm) also in line with above observation 

denoting elevated peak height parameters for 2/PVDF. 
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Figure 2: a) The open circuit voltage versus time graph for different wt % of 1/PVDF. b) Resolved view 

of Voc over half second run time. c) Voc reproducibility for TENG-2 over 3000 cycles, i.e. mechanical 

durability test performed on 10 wt % 2/PVDF (TENG-2) device with an applied force of 24 N and 

frequency of 15 Hz. d) The open circuit voltage versus time graph for different wt % of 2/PVDF. e) 

Reproducibility of TENG-2 device after several days of use. f) Performance reproducibility of TENG-2 

device after 2 consecutive water dip-dry operations. For Figure 2a, 2b, 2d, 2e; Sample size (n) = 15, 

Probability (P) = * p<0.05, ** p<0.01, *** p<0.001 and for Figure 2c; (n) = 20, (P) =* p<0.05, ** p<0.01, 

*** p<0.001. 

Mechanical energy harvester has been fabricated as illustrated in scheme 2, having one electrode made up 

by putting thin film of MOF/PVDF on ITO coated PET, while other electrode is made up of Al-layered 

PET, both electrodes are connected with Cu contacts for electrical connection. The device is further 

laminated externally to provide encapsulation and insulation. The devices made up of variable wt.% (5, 

10, 15, 20) for 1/PVDF and those of variable wt.% for 2/PVDF were subjected to triboelectric output 

performance measurement with force values of 10, 18 and 26 N at 5, 10, 15 Hz frequency, respectively 

(Appendix 2224). 10 wt.% of 1/PVDF and 2/PVDF embodied devices dispensed maximum output, 

hence were chosen for further detailed investigation of nanogenerator performance and stability tests, and 
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labelled as TENG-1 and TENG-2, respectively. The triboelectric output performances from all produced 

devices were assessed by applying a continuous force of 26 N normal to the surface of as-fabricated 

device. For device measurements, a custom-built force set-up connected to an oscilloscope was used. 

PVDF film alone delivered average open circuit voltage (Voc) of 7.82 V. The TENG-2 device (10 wt. % 

2/PVDF) achieved a consistently optimal recordable triboelectric output voltage (Voc) of 55.21 V and a 

peak-to-peak voltage (Vp-p) of 110.41 V, whereas the TENG-1 (10 wt. % 1/PVDF) achieved a Voc of 

18.92 V and a Vp-p of 37.85 V. (Figure 2a, 2d and Appendix Table 1). 

 

Figure 3: a) The Schematic illustration of a full-wave bridge rectifier circuit diagram. b) Capacitor 

charging curves for 0.1, 0.22, 1 and 10 μF capacitors employing the 10 wt % 2/PVDF (TENG-2). c) 

Charge stored in various capacitors. d) 1 μF capacitor charging-discharging profile by the output of 

TENG-2. Voltage, e) Power density and f) Current density plots as a function of load resistance 
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corresponding to the TENG-2 device, g) DC rectified voltage output ( 45 V) after bridge rectifier derived 

from TENG-2 for 10 µF capacitor charging, h) Resistance capacitor circuit voltage output (VRC) at 150 

ohm load and 10 µF capacitor, i) Output voltages under diverse biomechanical scenarios i.e. gentle press 

and release. Figure g to i); (n) = 15, (P) =* p<0.05, ** p<0.01, *** p<0.001. 

Considering the fact that applicability of device is rendered by its stability and endurance, TENG-2 

was subjected to endurance test for 3000 cycles (Figure 3c and Video S2) to verify its stability and output 

steadiness, and the same device was further tested nearly for over 1.5 month with intermittent intervals 

(Figure 2e). The performance variance throughout the aforementioned period was negligible. Whereas 

previously reported devices shows significant drop in performance over the incremental period of time 

and thus devices reported literature, lack such reproducibility and Voc steadiness, proving to be one of its 

kind standout-feature among all MOF-TENG devices reported until now. Structural integrity was retained 

as revealed by post performance PXRD as shown in the Appendix 26, 27. Further humidity resistance of 

device was tested by subjecting it to conditions of 30 °C at 98% relative humidity (RH) over 24 h,  re-

drying neatly and then examining, the device was found to deliver unaltered performance (Appendix 28). 

We also dipped the device in water for 5 min (harsh condition), then soaked, dried in air and under 

sunlight, and re-examined further, repeating the operation over 2 cycles. It retained its performance with 

negligible drop in Voc, thus proving it to be most promising candidate for the real applications and 

electronics (Figure 2f). The device was also evaluated under a variety of load resistances to assess MOF–

TENG's practical applicability and subsequent outcome in terms of power density enhancement with 

respect to load resistance were noted. 

To assess the application potential of the UiO/PVDF-based TENG; the voltage, current, and power 

were examined by subjecting the chosen device i.e. TENG-2 with various external loads (Figure 3e, 3f). 

Performance retention and consistency were examined by testing five different TENG-2 devices for Voc 

output and it revealed outstanding consistency, with Vp-p 110.41 V and steady output of Vrms 39.04 V 

(Appendix 29, 30). Notably, TENG-2 delivered DC rectified voltage (VDC) output of 45 V after bridge 

rectifier derived for 10 µF capacitor charging (Figure 3g) and resistance-capacitor circuit voltage output 

(VRC) was found to be equal to pre-mentioned Vp-p at 150 ohm load resistance (RL) (Figure 3h) and 10 µF 

capacitor. 

Kelvin probe force microscopy (KPFM) and dielectric measurements were used to determine surface 

potential (φs) features and comparative negative behavior of composite films. A finely powdered 
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nanocrystalline sample of compounds 1 and 2 compressed into the shape of a disc / pellet was further 

utilized for dielectric measurements. Aluminium adhesive foils were used as the top and bottom 

electrodes of the compressed disc. Dielectric constant trend was measured as a function of frequency. 

Figure 4c reveals enhanced dielectric constant for 2/PVDF due to linker functionalization by bromine, 

thus effect of substituents on dielectric property is evocatively observed, however, sample preparation and 

pellet thickness also affects trend in dielectric constant, hence conditions of analysis and sample 

preparation are crucial and were retained precisely identical.[53] Figure 4a, 4b denotes mapped value of φs 

for 1/PVDF and 2/PVDF spanning the similar dimensions of area. It is evidently seen that MOF/PVDF 

films exhibits negative surface potential when compared with positive Al-electrode of energy harvester 

device (Appendix Table 3), as developed surface potential of 1/PVDF and 2/PVDF is negative, 0.13 V 

and 2.69 V are being mean φs respectively. For 1/PVDF film KPFM surface potential confirmed the 

presence of large positive surface potential region representing the highest positive contact potential 

difference of the order of 0.095 V (95 mV) and negative potential maximum up to 0.355 V (355 mV) 

over the fixed area. The positive surface potential might be coming from UiO-66 and negative surface 

potential region composed of PVDF due to presence of highly electronegative fluorine group. On the 

other hand, KPFM studies on 2/PVDF shows drastic change in surface potential over the area. The 

surface potential was observed to be negative having voltage distribution in the range 2.38 to 3.00 V. 

This could be attributed to presence of two highly electronegative groups’ fluorine and bromine in PVDF 

and compound 2 respectively. Thus based on the KPFM studies, we can conclude that 1/PVDF and 

2/PVDF can act as negative triboelectric materials in TENG. Scheme 2e demonstrates the 3D architecture 

of UiO-TENG device, designed in vertical contact-separation mode with aluminium and UiO-66(Zr) 

family members as the positive and negative material, respectively. Energy harvester device employs 

aluminium and polyethylene terephthalate polymer (PET) as an electrode and substrate simultaneously. 

The TENG's underlying working mechanism is attributed to the coupling effect of electrostatic induction 

and contact electrification.[10,14,15] Figure 4d represents the operating mechanism of UiO-TENG with 

aluminium and UiO-66-X/PVDF (X=H/ Br) as interacting layers. 

Figure 4d reveals the underlying working mechanism of TENG. Initially, in absence of applied force, 

charge cannot be generated on the device's constituent layers, resulting in a zero potential difference. The 

Device, when fully pressed, the two layers make full contact and generate equal and opposite charges. 

The positive triboelectric behavior of aluminium is attributed to electron transfers to the UiO/PVDF 

composite layer, having left negative charge UiO/composite layer and positive charge on the aluminium.  
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Figure 4: KPFM profiles of 10 wt% each for; a) 1/PVDF and b) 2/PVDF confirming the negative VCPD. 

c) Frequency dependence of the real part of the complex dielectric constant for 1/PVDF and 2/PVDF, 

both at 10 wt %. d) Mechanism in vertical contact-separation mode with different stages viz. releasing, 

released, pressing and pressed and signal pulse. 

The UiO-TENG tends to revert to its original form once the external force is removed, resulting in the 

emergence of an electrical potential difference. The potential difference drives electrons from the bottom 
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electrode of the UiO/PVDF composite side to the top aluminium electrode, resulting in the half cycle of 

the output. The UiO-TENG attains its complete released state, thereby the condition of highest potential 

difference. Upon force application, the UiO-TENG is pressing, consequently creating a reverse flow of 

electrons, which generates the other half cycle of the output. When the two layers come into full contact, 

i.e., are in pressed state, the charges are being neutralized thus   attaining an equilibrium condition (Figure 

4d sequentially). The procedure is then repeated in the presence or absence of the force-generating the 

UiO-TENG output.  

 

Figure 5: a) ESP distribution for 1/PVDF, b) electron density of 1 obtained through MEM analysis in the 

(111) plane, c) ESP distribution for 2/PVDF and d) electron density of 2 obtained through MEM analysis 

in the (111) plane. The MEM study shows that Br incorporation drastically changes the electron density 

of UiO-66 lattice. 

Gain in output performance with increasing loading of 1 and 2 is ascribed to interfacial polarization 

between MOF and polymer matrices resulting in higher dielectric feature for MOF/PVDF composite. 
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Interfaces in heterogeneous materials induce Maxwell-Wagner-Sillars-type polarization, resulting in a 

considerable shift in the overall dielectric constant due to charge carrier buildup at heterogeneous system 

interfaces because of variations in filler and matrix conductivity. Once optimal loading (10 wt. %) for 2 is 

reached, the spacing between constituent dipoles is optimum, producing maximum output voltage. 

Further rise in concentration over 10 wt. % causes poor composite insulation, thus electrical breakdown, 

and a drop in the output voltage is seen. [9,54] 

Computational investigations corroborates experimental observations. In order to confirm the above 

observations, we performed density functional theory (DFT) studies on the 1 and 2. Base polymer utilized 

for composite preparations is PVDF-alpha phase. It is being paraelectric in nature, hence its contribution 

is neglected in the DFT studies. Figure 5a, 5c shows ESP distribution for 1/PVDF and 2/PVDF which 

has been consistent with experimental KPFM results. ESP description in compound 1, the electronic 

surface potential (ESP) surface shows the existence of intermolecular C-Zr-O contacts, which are 

highlighted with bright blue spots, C-Zr-H contacts are highlighted with bright brown surfaces and van 

der Waals contacts are attributed with white surface. In compound 2, the ESP surface shows the bright 

green and purple surfaces adjacent to each other having contribution from C-Br-H and C-Zr-O 

respectively. While pale green whitish surfaces show contribution from van der Waals contacts. 

Moreover, we obtained electron density of 1/PVDF and 2/PVDF in (111) direction using maximum-

entropy method (MEM) (Figure 5b, 5d and Appendix 5, 6).[46] In 1/PVDF, we observed presence of 

electron density from 1 subunit (central electron density) and distinct electron density lobes on either side 

of subunit. On the other hand, in compound 2, the electron density of subunit is coordinated with bromine 

induced excess electron density lobes. Thus, bromine functionalization enhances overall electron density 

when compared to compound 1 and makes coherent formation of potential packets adjacent to each other 

(Figure 5, MEM analysis). The XRD analysis indicate that Br incorporation drastically alters electron 

density of UiO-66 lattice, thereby developing electron density lobes within UiO-66 lattice (Figure 5b, 5d). 

The potential utility of the best-performing 10 wt. % 2/PVDF device, i.e. TENG-2, was demonstrated by 

storing the harvested energy in various capacitors. As discerned from the charging curves, the output 

voltage rapidly increases, the capacitor saturates and reaches values of 0.89, 1.00, 0.86, and 1.48 V in 60 s 

across the respective 0.1, 0.22, 1 and 10 μF capacitors (Figure 3b). Notably, 0.1, 0.22, and 1 μF capacitors 

charged quite rapidly and saturated within 6.1, 16.3 and 20.1 seconds, respectively. Charging-discharging 

cycles of TENG-2 (Figure 3d) performed on 1 μF capacitor are notably frequent and highly precision-

reproducible, evidencing promising feature of TENG-2 for on-demand application. The measured charges 
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corresponding to 0.1, 0.22, 1 and 10 μF capacitors were summed upto to be 0.088, 0.22, 0.86 and 14.8 μC 

(Figure 3c) along with 0.040, 0.11, 0.37 and 11.1 μJ energy stored in respective capacitors (Appendix 31). 

TENG-1 and TENG-2 delivers short circuit current (Isc) averaging 66 nA and 472 nA respectively.  

In addition, the charging of the 10 μF capacitor to 1.45 V under a minute time and at a constant impact 

force of 26 N with a frequency of 15 Hz (Supplementary Video S1) made a green LED flash 

(Supplementary Movie S3, Appendix 35). Notably, TENG-2 devices are flyweight and weighs around 

680 mg (±10 mg) hence paves way for utilization in wearable electronics. Statistical analyses were 

performed on significant sample sizes, confirming reproducibility and consistency in the resultant TENG 

output data (Appendix 36-44). These findings show that the designed MOF-based mechanical energy 

harvester can be readily envisioned as a potential power source for low-consumption micropower circuits. 

4.4 Conclusion 

This study introduces a rational strategy of linker functionality tailoring in a stable isoreticular material 

(UiO-66 family) for superior TENG-based application performance. Pre-synthetic design and fabrication 

approaches have been successfully demonstrated by taking advantage of the strong and controllable EW 

capabilities of constituents that are exploited by linker functionalization, proving to be a realistic option 

for improving TENG output. The flexibility of PVDF and the controllability of MOF doping level 

enabled the design of a flexible, robust, and light-weight TENG that can work in a vertical contact-

separation mechanism, rendering an impressive and steady output. The TENG devices are subsequently 

implemented for mechanical energy harvesting applications, yielding a maximum Vp-p averaging at 

110.41 V and Vrms of 39.04 V with a maximum power density value of 92.93 mW/m2 for the optimal 

loading of a 10 wt.% 2/PVDF device (TENG-2). TENG-2 displayed enhanced performance, 2.91 times 

higher than TENG-1 and 14.12 times higher than PVDF film, besides a steady Isc of 472 nA owing to the 

linker tunability feature. The fabricated devices' energy storage capabilities have been demonstrated by 

storing the harvested energy in a variety of electrolytic capacitors. Thus, MOFs and their tuned features 

can be rationally exploited to achieve sustained mechanical energy harvester performance of interest to a 

wide range of low-to-moderate energy-based TENG applications. 
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4.5 Appendix Section 

 

Appendix 1. Comparison of the experimental PXRD data of UiO-66 (compound-1) and the simulated 

pattern from the unit cell. 

 

Appendix 2. Comparison of the experimental PXRD data of UiO-66-Br (compound-2) and the simulated 

pattern from the unit cell. 
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Appendix 3. Packing diagram of the three dimensional network in compound 1 and 2 viewed between a 

and c-axis for 1 and along a-axis for 2 (solvents and hydrogen atoms are omitted for clarity). 
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Appendix 4. Comparison of the experimental PXRD pattern of PVDF powder and PVDF film. 

 

Scheme 3. The photographic illustration for the MOF/PVDF composite film preparation on ITO-coated 

PET. 
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Appendix 5. Rietveld refined XRD pattern of 1/PVDF.  

 

 

Appendix 6. Rietveld refined XRD pattern of 2/PVDF. 



  | Chapter 4 

 
4.25 

 
 

 

 

Appendix 7. Thermogravimetric analysis of pristine PVDF, PVDF film, 1/PVDF and 2/PVDF at 10 wt % 

loading each composite at various wt %. 

 

Appendix 8 . Thermogravimetric analysis of 1, 1/PVDF composite at 10 wt % loading. 
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Appendix 9. Thermogravimetric analysis of 2, 2/PVDF composite at 10 wt % loading. 

 

 

Appendix 10 A). FESEM images for the compound 1 (a, c) and 2 (b, d) at 200 nm resolution scale.  
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Appendix 10 B). EDX mapping profile and spectra for the compound 1 (a) and compound 2 (b) at bulk. 
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Appendix 11. FESEM images of the (a) 5 (b) 10 (c) 15 and (d) 20 wt % 1/PVDF composite films. 

 

 

Appendix 12. FESEM images of the (a) 5 (b) 10 (c) 15 and (d) 20 wt % 2/PVDF composite films. 
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Appendix 13. FESEM image general representation of the cross section imaging composed of PET 

surface-coated with ITO and layered by MOF/PVDF composite film, seen simultaneously from top to 

bottom, prepared by doctor-blading method. 

 

Appendix 14. FESEM images of the cross section of 1/PVDF (a) and 2/PVDF (b). Cross-section for 

single electrode of the harvester showing a comparable thickness of ~395.4 µm for the embedded film of 

1 and ~425.1µm for the embedded film of 2. 
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Appendix 15. EDX mapping profile and spectra for film specific area of 10 wt% of 1/PVDF composite 

film. 
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Appendix 16. EDX mapping profile and spectra for film specific area of 10 wt% of 2/PVDF composite 

film, confirming presence of Br in the composite. 

 

 

 

 

 

 



  | Chapter 4 

 
4.32 

 
 

 

 

Appendix 17. AFM images of 1/PVDF composite film, trace and retrace in the X-direction, and Y-

direction, line roughness profile with height parameters simultaneously. 
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Appendix 18. AFM images of 2/PVDF composite film, trace and retrace in the X-direction, and Y-

direction, line roughness profile with height parameters simultaneously. 
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Appendix 19. Flexible composites exhibiting (a) bending (b) axial rolling and (c) cross rolling (d) 

stretching operations. 
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Appendix 20. The surface potential mapping using KPFM for 1/PVDF at 10 wt %. 
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Appendix 21. The surface potential mapping using KPFM for 2/PVDF at 10 wt %. 
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Appendix 22. Effect of frequency of impact on open circuit voltage of 2.5 x 2.5 cm2 area for 1/PVDF 

TENG devices using (a) 5%, (b) 10%, (C) 15% and (d) 20% weight loading respectively. Force realized 

at 5Hz, 10Hz, 15 Hz was 10N, 18N, 26N respectively. For (b) @15Hz; (n) = 15, (P) =* p<0.05, ** 

p<0.01, *** p<0.001, refer Appendix 36 for statistical distribution. 

 

 

Appendix 23. Open circuit voltage measurements performed on two independent 10 wt % 1/PVDF 

(TENG-1) composite devices. 
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Appendix 24 a). Effect of frequency of impact on open circuit voltage of 2.5 x 2.5 cm2 area for 2/PVDF 

TENG devices using (a) 5%, (b) 10%, (C) 15% and (d) 20% weight loading respectively. The force 

realized at 5Hz was 10N, at 10Hz it was 18N and at 15Hz was 26N. For (b) @15 Hz; (n) = 15, (P) =* 

p<0.05, ** p<0.01, *** p<0.001.  
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Appendix 24 b). Effect of frequency of impact on open circuit voltage of 2.5 x 2.5 cm2 area for PVDF-

only TENG devices using 0% weight loading of MOF sample. The force realized at 15Hz was 26N. 

 

 

Appendix 25. Comparison of the experimental voltage output for TENG-1 and TENG-2 energy harvester 

at different wt % loading. 
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Appendix 26. Comparison of the experimental PXRD data of 2 and 2/PVDF after 45 days of use. 
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Appendix 27. Comparison of the experimental PXRD data of a). 2 and 2/PVDF (i.e. TENG-2) after two 

consecutive water treatment cycles; b). 1 and 1/PVDF (i.e. TENG-1) after post 15 day’s measurement and 

after a water treatment cycle. 
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Appendix 28. Open circuit voltage measurements conducted on dried 10 wt % a). 2/PVDF composite 

device (TENG-2) after exposing it to 98% RH over 24 h; b). 1/PVDF composite device (TENG-1) after 

exposing it to 98% RH over 24 h. For (a); (n) = 20, (P) =* p<0.05, ** p<0.01, *** p<0.001. 
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Appendix 29 a). Bar plot for the open circuit voltage measurements conducted on five separate 10 wt % 

2/PVDF composite devices (TENG-2 series). 
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Appendix 29 b). Open circuit voltage measurements conducted on five separate 10 wt % 2/PVDF 

composite devices (TENG-2 series). 
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Appendix 30. Vp-p, Vp and Vrms output of five fabricated 10 wt% 2/PVDF TENG devices. (n) = 15, (P) =* 

p<0.05, ** p<0.01, *** p<0.001. 

 

Appendix 31. The TENG-2 device generated plot of energy stored by 0.1, 0.22 and 1 µF capacitors 

throughout a minute operational time. 
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Appendix 32. The TENG-2 device generated plot of energy stored by 10 µF capacitor throughout a 

minute operational time. 

 

Appendix 33. General illustration of signal waveform and attributed voltage measurement parameters as 

Vp, Vp-p, Vrms. 
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Appendix 34. Open circuit voltage parameters measured for 10 wt % of selected devices for 1/PVDF and 

2/PVDF. 

 

Voltage (Voc) 1/PVDF TENG 2/PVDF TENG 

Vp-p 37.85 V 110.41 V 

Vp 18.92 V 55.21 V 

Vrms 13.38 V 39.04 V 

Vp(+), Vp(-) 26.14 V, -20.07V 49.12 V, -68.95 V 

 

Appendix Table 1. Comparative table of open circuit voltages Vp, Vp-p, Vrms measured for 1/PVDF and 

2/PVDF.  
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Capacitor 
Voltage 

(V) 
Charge stored (µC) Energy derived (µJ) 

0.1 µF 0.89 V 0.088 µC 0.04 µJ 

0.22 µF 1.00 V 0.22 µC 0.11 µJ 

1 µF 0.86 V 0.86 µC 0.37 µJ 

10 µF 1.48 V 14.8 µC 11.1 µJ 

 

Appendix Table 2. Comparative table of voltage derived, charge and energy thus obtained from TENG-2 

device after 60 sec operation.  

 

 

 

Appendix 35. Circuit diagram illustrative of circuit deployed for single green LED illumination by using 

10 µF capacitor.  
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Appendix Table 3. Network of electron acceptors and donors are paired in the selected literature 

reports.[67] Blue arrow indicates combination utilized in present study. 
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Appendix 36. Data represents the corresponding Figure 2a in the main manuscript. Statistical analysis of 

1/PVDF 10% composite film (TENG-1). Each data point (n=15) represents a peak of voltage either on 

positive side as Voc(+) or negative side as Voc(-). The ns comparisons are not shown; data is consistent 

and does not change significantly. Student’s t-test applied with Welch’s correction. * p<0.05, ** p<0.01, 

*** p<0.001.  
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Appendix 37. Data represents the corresponding Figure 2b in the main manuscript. Statistical analysis of 

2/PVDF 10% composite film (TENG-2). Each data point (n=15) represents a peak of voltage either on 

positive side as Voc(+) or negative side as Voc(-). The ns comparisons are not shown; data is consistent 

and does not change significantly. Student’s t-test applied with Welch’s correction. * p<0.05, ** p<0.01, 

*** p<0.001. 
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Appendix 38. Data represents the corresponding Figure 2c in the main manuscript. Statistical analysis of 

2/PVDF 10% composite film (TENG-2). Each data point (n=20) represents a peak of voltage either on 

positive side as Voc(+) or negative side as Voc(-). Total data points considered for experiment were 

n=3000 on each side respectively. The ns comparisons are not shown; data is consistent and does not 

change significantly. Student’s t-test applied with Welch’s correction. * p<0.05, ** p<0.01, *** p<0.001.  
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Appendix 39. Data represents the corresponding Figure 2d in the main manuscript. Statistical analysis of 

10% of 2/PVDF composite film (TENG-2). Each data point (n = 15) represents a peak of voltage either 

on positive side as Voc(+) or negative side as Voc(-). The ns comparisons are not shown; data is consistent 

and does not change significantly. Student’s t-test applied with Welch’s correction. * p<0.05, ** p<0.01, 

*** p<0.001. 
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Appendix 40. Data represents the corresponding Figure 2e in the main manuscript and represented with 

respective mean and SD. In 3 data sets (measured at day 1, after 20 days and after 45 days), each data 

point (n=15) represents a peak of voltage either on positive side or negative side. The ns comparisons are 

not shown, data is consistent. One way ANOVA with Tukey’s multiple comparisons is performed to 

analyze the data. * p<0.05, ** p<0.01, *** p<0.001.  
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Appendix 41. Data represents the corresponding Figure 3g in the main manuscript. Statistical analysis of 

2/PVDF 10% composite film (TENG-2). Each data point (n=15) represents a peak of voltage (VDC). The 

ns comparisons are not shown; data is consistent and does not change significantly. Student’s t-test 

applied with Welch’s correction. * p<0.05, ** p<0.01, *** p<0.001. 
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Appendix 42. Data represents the corresponding Figure 3h in the main manuscript. Statistical analysis of 

2/PVDF 10% composite film (TENG-2). Each data point (n=15) represents a peak of voltage (VRC), either 

on positive side or negative side. The ns comparisons are not shown; data is consistent and does not 

change significantly. Student’s t-test applied with Welch’s correction. * p<0.05, ** p<0.01, *** p<0.001. 
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Appendix 43. Data represents the corresponding Figure 3i in the main manuscript, i.e. voltages under 

biomechanical scenario. Statistical analysis of 2/PVDF 10% composite film (TENG-2). Each data point 

(n=15 accounted, n=5 depicted in manuscript) represents a peak of voltage (Voc), either on positive side or 

negative side. The ns comparisons are not shown; data is consistent and does not change significantly. 

Student’s t-test applied with Welch’s correction. * p<0.05, ** p<0.01, *** p<0.001. 
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Appendix 44. Data represents the corresponding Appendix 30 and represented with respective mean and 

SD. Device’s reproducibility data is depicted. In 5 data sets (measure for 5 devices), each data point (n=15 

presented here for calculation purpose, actual dataset has n=75 for each set) represents a peak of voltage 

(Voc) either on positive side or negative side. The ns comparisons are not shown, data is consistent. One 

way ANOVA with Tukey’s multiple comparisons is performed to analyze the data. * p<0.05, ** p<0.01, 

*** p<0.001. 
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Supplementary Movies:  Can be found online by using given link 

(https://onlinelibrary.wiley.com/doi/full/10.1002/admi.202201713)  

Video S1: Demonstrative movie showing fast charging of 10 µF capacitor by 10 wt % 2/PVDF composite 

based device (TENG-2). 

Video S2: Movie revealing voltage steadiness and longtime performance of 10 wt % 2/PVDF composite 

based device (TENG-2). 

Video S3: Movie demonstrating LED illumination of using 10 µF capacitor by continuous tapping mode 

on 10 wt % 2/PVDF composite based device (TENG-2). 

Video S4: Movie demonstrating bio-mechanical energy harvesting in simple gentle tapping mode using 

human finger on 10 wt % 2/PVDF composite based device (TENG-2). 
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5.1 Introduction 

Throughout the previous fifty years, miniaturization per Moore's law has been at the forefront of the 

electronics industry's road map. The doubling of the number of devices on a chip, for instance, is more of 

an economic imperative than a physical law of nature.[1] Thanks to advances in solid-state electronics, a 

variety of functions can now coexist on a single silicon chip. The development of integrated circuits laid 

the groundwork for subsequent advancements in areas such as increased dependability, decreased size, 

faster computation, decreased power consumption, and others. Second, the evolution of wireless and 

mobile communication technologies is the next major innovation. The advent of the internet, together 

with advances in computer technology and the capacity to transmit data via optical fiber, has had a 

profound impact on every part of the globe. Third, in recent decades, the advancement of medical science 

and medical treatment for all has been inextricably intertwined with the expansion of mobile device 

capability, allowing for the full use of contemporary sensor technology to create a safer and healthier 

environment for everyone. If one can make the mobile electronics self-powered, however, the systems 

can run adequately and continuously without interruption, which will have a profound effect on all of 

these developments. This is essential for the Internet of Things (IoT), because we are primarily concerned 

with transient items in motion. No matter what kind of technology you employ, there is one universal 

truth: electronics require electricity to function. Therefore, the final major effort is directed toward 

making gadgets self-powered. All of this talk about miniaturization, wireless portability, usefulness, and 

self-powering systems may be summarized into these four categories in Figure. 1. The other three areas 

build upon the foundation of self-powering.[1] Respective frontiers can be foreseen being broken into in 

the near future.  

Wang and co-workers introduced the concept of self-powering in response to the invention of 

piezoelectric nanogenerators (PENGs), which utilize the piezoelectric effect of nanostructures to convert 

extremely small mechanical energy into electricity.[2]  The domain of nanoenergy has much to learn from 

this study.[2,3,4] It wasn't until 2012 that the triboelectric Nanogenerator (TENG) was developed.[5,6,7] 

When two distinct materials come into physical friction or contact, electrostatic charges are formed on 

their surfaces. This creates a potential fall when the given surfaces are separated by a physical means or 

applied mechanical force, which thereby drives electrons to move between the two electrodes built on the 

top and bottom surfaces of the two different materials. Global interest in nanogenerators research has 

been sparked by the technology's utility in a wide variety of contexts. This includes its use as a power 
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source and in self-powered sensors for a wide variety of purposes, including those in the Internet of 

Things (IoT), surveillance systems, healthcare, medical technology, infrastructure tracking or monitoring, 

and environmental monitoring. 

 

Figure 1. Depiction of a summary of the major stages of development of microelectronics and 

communication technologies, as well as newly emerging fields.  

Self-powered systems can benefit greatly from harnessing the sun's, water's, wind's, and earth's kinetic 

and potential energies, as well as mechanical and biochemical processes. A summary of the advantages 

and disadvantages of these various energy sources is provided in Figure 2. So-called hybrid energy 

technology refers to devices that can concurrently harvest various forms of energy.[8,9] The effects of 

electromagnetic induction, electrostatic attraction, piezoelectricity, and triboelectricity are nowadays 

considered prime mechanisms that can be navigated for mechanical energy harvesting. In Figure 3, we 

can see a comparison and summary of these effects, along with an analysis of their respective strengths 

and uses. Their underlying physics of energy harvesting via piezoelectric and triboelectric effects needs to 

be well understood prior to realizing them in real time applications. 
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Figure 2. A comparison of energy production from several sources. 

Polymers come out on top in the triboelectric series, surpassing metals, and they serve as the fundamental 

building blocks for the production of TENG.[10,11] However, because it is challenging to functionalize 

polymeric materials in a selected and orderly fashion, there is an urgent requirement for the research, 

development, and implementation of alternative multifunctional materials that may be used in TENG 

applications. In this regard, it seems that metal organic frameworks are going to be the most viable 

alternatives because of the fundamental tunability they possess.[6,12,13] In recent years, MOFs have been 

put into practice in the process of energy harvesting by means of a triboelectric nanogenerators. TENGs 

are being manufactured from zeolitic imidazole framework members, HKUST-1, as well as just a few 

additional MOFs, along with the UiO series, according to findings reported in the literature.[14,15] MOFs 

are used as multi-functional materials in the triboelectric category because of the better performance and 

adaptability that they offer. [14,15] MOFs, relying mostly on the functional group that they carry, can act as 

either positive or negative triboelectric materials. Bromine-functionalized porous materials yield greater 

performance with PVDF as the opposing layer than their counterparts that do not contain bromine. This is 

because of the better charge holding capabilities of the bromine-functionalized substances.[16] Fluorinated 

metal–organic frameworks (MOFs) have the potential to be very tribonegative compounds.[17] 
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Figure 3. A comparison and summary of diverse effects, along with an analysis of their respective 

strengths and uses. 

Considering outstanding features of polymers comprising piezoelectric capabilities, ideal flexibility, and 

low acoustic impedance, ferroelectric polymers for instance poly(vinylidene fluoride) (PVDF) as well as 

its copolymers are commonly employed in nanogenerators.[18] The β-phase of PVDF and its copolymers 

was shown to be the most beneficial of the several crystalline phases of PVDF and thus its copolymers in 

terms of enhancing the electric performances of nanogenerators.[19–21] In order to further increase the 

output performance of PVDF-based TENGs, several efforts have been made to boost the β-phase content 

of PVDF, also known as the surface charge density. For instance, several inorganic nanomaterials, such as 

BaTiO3 nanoparticles (NPs), graphene nanosheets (NSs), and silver nanowires (NWs) were incorporated 

into the polymer matrix in order to increase the polar β-phase content or the dielectric characteristic.[22–24] 
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However, the composite film comprising organic and inorganic constituents has inherent flaws, and these 

imperfections will cause damage to the compatibility and flexibility of the nanogenerators, making them 

too heavy to be worn and rendering them unusable. In addition, the surface modification approaches are 

also essential strategies to hasten the development of TENG research.[25–29] Examples of techniques that 

have been used to increase the surface area of friction materials include surface micro pattern, 

electrospinning and the template technique besides doctor blading.[30–32] It has been demonstrated that 

using this structural design as a means to enhance the surface area is an effective technique. Thus 

utilization structural design turns out to be an efficient method for elevating the surface charge density of 

frictional materials.[25–29] However, the aforementioned procedures necessarily result in more complicated 

production processes and more simpler methods with least resource and time utilization gains importance 

in order to construct practically relevant Nanogenerator devices.  

The utilization of the ferroelectric polymer P(VDF-TrFE) as a positive friction material has been widely 

described in the scientific literature.[33,34] The aforementioned materials are mostly composed of the β-

phase and carry an outstanding dielectric response as well as high crystallization. In such situations, 

inserting controlled PS microspheres led to an effective demonstration of the unique surface of the lotus-

leaf microstructure.[35] This not only results in an expanded contact area of the friction material but also 

demonstrates excellent permittivity. Such dielectric feature augmentation might be ascribed to the 

Maxwell-Wagner-Sillars polarization, which is caused by the buildup of electric charge carriers at the 

interface of a heterogeneous system as a result of the difference in conductivity across the fillers (active 

material) and the polymer matrix. In addition, the use of CTAB to graft the positively charged amino 

groups onto the PS microspheres has been shown in an earlier report. This results in the consequent 

surface potential of the positive friction material being substantially enhanced. Constructed TENGs are 

likely to have superior output performance and have the potential to attain an optimum output power 

density that would be greater than that of undoctored and pristine P (VDF-TrFE)-based TENGs, 

correspondingly. In contrast to an inorganic particle addition, the suitability as well as flexibility of the 

all-organic polymer composite can be reliably ensured, which also provides the basis for utilizing such an 

idea to prepare composites that are durably elastic, stable, and reusable over long periods of time, thereby 

achieving prolonged service lives for the fabricated devices.[34,35]  

Similarly, prior moving ahead with our idea of PVDF based Metal-organic Polyhedra (MOP) doped 

TENGS, the extensive utilization and exploration of PVDF based TENG devices has been done by Ghosh 

and co-workers which also find basis for our take on deployment of PVDF for the MOP based composite 
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utilizations.[36] In the aforementioned research, a new foundation has been laid by means of functional 

group guided tuning of organic moiety (and hence MOP), which directly impacts the TENG performance 

level, this also serves as a basis for our speculation of ligand governed effect on the thereby formed MOP-

TENG. The isoreticular frameworks of UiO-66 (derivative 1) and UiO-66-Br (derivative 2) were 

deliberately utilized so that direct influence of specific constituent attributes can be speculated or 

exploited. These architectures have comparable spatial and operating conditions for composite-fabricated 

devices (1/PVDF and 2/PVDF), which also provides a logical platform to expound, deploy, and leverage 

functional group electronic influence to regulate TENG conversion efficiency.[36] It made it possible for 

us to comprehend and utilize the benefit of adjustable characteristics at the nanoscale, as well as leverage 

its contemporaneous influence at the bulk scale, for the purpose of MOF-TENG derived self-powered 

systems and future sensor applications. Thus, considering the aforementioned factors, if MOPs are 

blended with appropriate polymeric matrices like PVDF, they can also serve as comparative tribonegative 

materials. MOPs that are stable, easy to synthesize, and not harmful to the environment or biological 

systems gain desirability and are thereby needed for long-term development. In the not too distant future, 

non-toxic and biocompatible MOPs may be utilized in the production of novel TENG-based 

implants, stents as well as disposable sensors.[34,35,38] 

The family of crystalline porous materials known as "Metal–organic Polyhedra" (MOP) is an intriguing 

major development with a wide range of possible uses. Their capacity to be dispersed in solution and, as a 

result, to be processed, which enables a diverse range of fabrication techniques, makes them the material 

of choice for the nanogenerator arena. However, MOPs have not yet been tamed and, as a result, have not 

been investigated in the field of micro-nanoenergy applications; to put it more plainly, the benefits of 

their characteristics have not yet been utilized for nanogenerator applications, in particular for TENG. 

Although metal–organic frameworks and metal–organic porous solids have comparable potential because 

of their intrinsic porosities as well as physicochemical characteristics, the profitability of carboxylate 

MOPs is currently in its infancy due to a lack of systematic development addressing their stabilities. This 

is one of the reasons why MOPs were considered to be rudimentary. In consideration of the 

aforementioned hurdles, we have utilized the virtue of our own pre-reported series of MOPs as 

comprising an a priori strategy to stabilize MOP systems in which the metal–ligand linkages are generally 

weak and are now being protected and thus stabilized by the synthesis of chemically resistant carboxylate 

MOPs by outer-surface functionalization, a de-novo approach. Chemical inertness is thus achieved while 

maintaining the structural integrity of the framework throughout a wide range of pH values, in strongly 
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acidic circumstances as well as in oxidizing and reducing media, the most important step is to fine-tune 

the hydrophobic shielding.[38] All those factors make this material a good choice for TENG applications. 

These features were also correlated by molecular modeling, providing evidence that supports these 

findings. A prototype method for making MOPs that are chemically stable retains value for further TENG 

fabrication. It is essential to note that the domain of nanogenerators demands real time applications and 

thus scalability for desired applications, and hence the aforesaid MOPs (i.e., IPMOP) make it possible by 

shifting from an unstable domain to a chemically ultra-stable regime blended with the desired feature of 

gram-scale scalability and shorter time (in seconds) that avoid energy intensiveness, i.e., at room 

temperature.[38] Thus considering virtues of MOPs for TENG application and its absence in TENG arena, 

herein, rendering its incremental hydrophobicity and its subsequent impact on triboelectric output in this 

chapter, we deployed our previously published series of MOPs, namely IPMOP-n (n = I, II, III, IV, i.e., 

IPMOP-A, IPMOP-PA, IPMOP-IL, and IPMOP-V), for strategic application in Triboelectric 

Nanogenerators (TENG) through composite based flyweight device fabrication.[37] The charge building 

mechanism at the interface of polymer/MOP composites was discovered in a unique way. Crystalline 

porous materials, such as MOP, have a substantial potential for a variety of applications and are well 

suited for solution processing due to their miscibility in different organic solvents. Despite the fact that 

inherent porosities and physicochemical characteristics of MOPs and metal-organic frameworks (MOFs) 

are comparable, the use of carboxylate MOPs is constrained by a lack of chemical stability. A series of 

cages known for their a priori methodology for fabricating chemically resistant carboxylate MOPs 

through outer-surface functionalization were used in conjunction with a combination of suitable 

compositing polymers to stabilize MOP systems with weak metal-ligand bonds in order to benefit from 

their combined properties. These MOPs were carefully chosen for their high stability, which includes 

resistance to a wide pH range, stability in highly acidic environments, and stability in oxidizing and 

reducing media, which has been reduced by tuneable hydrophobic shielding. These results are supported 

by research on molecular modelling. A quick gram-scale synthesis at ambient temperature was used in a 

prototype technique for chemically stable MOPs to transition from an unstable to a chemically ultra-stable 

phase (within seconds). Using drop-casting, doctor blading, and electrospinning techniques, these MOPs 

were formed into flexible thin films and strategically employed in the production of MOP/PVDF 

composites at different blending concentrations. These films were all formed into tiny, portable, and small 

TENG devices. The devices showed triboelectric output at extremely low optimum concentrations in the 

order of IPMOPs, as IPMOP-A, IPMOP-V, IPMOP-PA, and IPMOP-IL, due to the continuous rise in 
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hydrophobicity produced by shielding by alkyl and aryl groups. The power density increased 

simultaneously at 201.66 mW/m2, 552.8 mW/m2, 1095.5 mW/m2, and 513 mW/m2. After being put 

through real-time tests, the selected devices, namely IPMOP-IL/PVDF@5%, shown remarkable 

application display in power storage in batteries and capacitors, real-time LED, and mobile and medium-

range electronic charging. The materials' solution processability makes it possible to create foldable self-

charging devices as well as lighter and more durable self-powered products, making this the first report in 

the cage-based TENG arena with such remarkable electric output qualities. 

 

Figure 4. Strategy for the synthesis of MOPs and their respective crystal forms. The progression of their 

chemical stabilities is depicted. 
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5.2 Experimental  

5.1.1 Materials 

All four amino acids, 1,4,5,8 naphthalenetetracarboxylic dianhydride, and 2,6-Lutidine were bought from 

Sigma-Aldrich. We bought Cu(NO3)2.3H2O from Merck. The reagents and solvents were commercially 

available and were not further refined before being used. All solvents, including standardized buffer 

solutions, were acquired from Spectrochem. Products obtained as solids or syrups were dried using 

routine lab ovens. Spacer and aluminium sheets are obtained from 3M Tape and physics equipments 

respectively.  

DMF refers to N,N-Dimethylformamide  

PVDF refers to polyvinylidene difluoride ( −(C2H2F2)n−) 

ITO refers to Indium Tin Oxide (In2-xSnxO3) 

PET refers to Polyethylene terephthalate ((C10H8O4)n) 

These chemicals were used as received / without further purification. 

5.2.2 Materials Synthesis 

All four ligands, H2LA, H2LPA, H2LIL and H2LV are synthesized by our previously reported protocol. [37]    

5.2.2.a) Synthesis of IPMOPs : All of the synthesis was completed using our already-proven 

methodologies, which are described in more detail below. Due to the need for immediate synthesis and 

the nature of the application, room temperature synthesis with the shortest synthesis time was chosen, as 

shown below.[37] 

Room temperature Synthesis of IPMOP-A: A mixture of H2LA (2.050 gm, 5 mmol) and 

Cu(NO3)2.3H2O (1.208 gm, 5 mmol) were dissolved in 100 mL DMF and added 100 mL p-xylene as co-

solvent. After that 1 mL 2,6 Lutidine added as a base for cage formation. During addition of base solution 

cage precipitate is formed within seconds and after few hours green cubic shaped crystal were appeared 

from precipitate. Yield ~ 0.797 gm.[37] Onwards called as IPMOP-1.  

Room Temperature Synthesis of IPMOP-PA: A mixture of H2LPA (2.8 gm, 5 mmol) and 

Cu(NO3)2.3H2O (1.208 gm, 5 mmol) were dissolved in 100 mL DMF and added 100 mL IPA as co-
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solvent. After that 1 mL 2,6 Lutidine added as a base for cage formation. During addition of base solution 

cage precipitate is formed within seconds and after few hours green cubic shaped crystals were appeared 

from precipitate.[37]  Yield ~ 0.86 gm. Onwards called as IPMOP-2. 

Room Temperature Synthesis of IPMOP-IL: A mixture of H2LIL(2.3 gm, 5 mmol) and 

Cu(NO3)2.3H2O (1.208 gm, 5 mmol) were dissolved in 100 mL DMF and added 100 mL 1,4 Dioxane as 

co-solvent. After that 1 mL 2,6 Lutidine added as a base for cage formation. During addition of base 

solution cage precipitate is formed within seconds and after few hours green cubic shaped crystal were 

appeared from precipitate. [37] Yield ~ 0.73 gm. Onwards called as IPMOP-3. 

Room temperature Synthesis of IPMOP-V: A mixture of H2LV (2.470gm, 5 mmol) and 

Cu(NO3)2.3H2O (1.208 gm, 5 mmol) were dissolved in 100 mL DMF and added 100 mL MeOH as co-

solvent. After that 1 mL 2,6 Lutidine added as a base for cage formation. During addition of base solution 

cage precipitate is formed within seconds and after few hours green cubic shaped crystal were appeared 

from precipitate. [37]  Yield ~ 0.81 gm. Onwards called as IPMOP-4. 

5.2.2.b) Composite film preparation: MOP/PVDF composites were prepared by loading various wt. % 

of IPMOP-1, IPMOP-2, IPMOP-3 and IPMOP-4 compounds in the viscous PVDF solution. 1 gram of 

PVDF pellets were stirred for 4 hours in 10 ml of DMF at 60 °C. IPMOP compounds (1 & 4) were finely 

grinded to yield powered material which is further activated at 100 °C under vacuum, weighed and 

dissolved in THF and then further mixed with PVDF solution in the weight percent ratio ( IPMOP 1 to 4 : 

1%, 3%, 5%, 8% and 10%). This viscous mixture then further drop-casted on ITO-coated PET surface 

(substrate) and dried at 80 °C for 6 hours in hot air oven to obtain finely dried thin composite films and 

ensuring curing of the PVDF polymer. Similar films were prepared by electrospinning method 

additionally, besides air drying for few hours and well as by doctor blading methods with retention of 

similar dimensions of thickness. MOP/PVDF composite films thus obtained are in the range of 200 to 

1200 µM and further deployed for device fabrication. 

5.2.2.c) Fabrication of TENG device: One of the electrodes is made out of ITO-coated PET, and the 

other is made out of Al-coated PET. The two electrodes are linked together using a spacer that has a 

thickness of less than 1.5 mm to maintain the gap between them. Copper tape and wires were utilized in 

order to successfully create electrical connections at the electrodes' point of termination. In order to 

provide electrical isolation, the gadget that had been constructed was finished by having the exterior 
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surface laminated with Kapton tape. It was determined that the as-fabricated device had a thickness of 

around 2.5 mm and an optimum size of approximately 2.5 cm2. 

5.2.3 Physical Measurements 

5.2.3.a) Characterization: Powder X-ray diffraction patterns can indeed be recognized in the range of 5° 

to 40° 2 whilst employing Cu Kα radiation (λ= 1.5406 Å), which is measured by the advanced X-ray 

diffractometer known as the Bruker D8. The FTIR Spectra were acquired by employing a Bruker 

ALPHA-II FTIR-eco ATR in the range of 500-4000 cm-1 while operating in total reflection (ATR) mode 

attenuation. In this experiment on gas adsorption, the BelSorp-max equipment manufactured by Bel Japan 

was utilized. In order to produce the SEM pictures, an FEI Quanta 3D dual beam FESEM operating at 

30KV was utilized. On a Keithley multimeter (DMM 7510 & 2450) with variable resistance, we also 

measured the voltage and the current. The KPFM analysis of composite films was performed with an 

Asylum Research MFP-3D. We employed a mechanically customized sewing machine configuration that 

was paired with a calibrated DC motor and a precision impact striker as the source of the impact force and 

frequency. We used a PASPORT Force Sensor to take the readings on the force. 

5.2.3.b) Nanogenerator performance measurements: The open circuit voltage of a variable impact 

force (5 to 34 N) with 5Hz, 10Hz, 15 Hz, 20 Hz and 28 Hz frequency was measured with a Keithley 

multimeter (DMM 7510). The range of input impedance measured was MΩ to GΩ. We made use of a 

sewing machine configuration that had been mechanically changed and constructed in order to generate 

the impact force and frequency. The PASPORT Force Sensor was used to carry out the force 

measurement. On a Keithley multimeter (DMM 7510 & 2450) with variable load resistance, we also 

measured the voltage and the current. Until an external load is introduced, the voltages are considered to 

be Open Circuit Voltage. 

5.2.4 Equations: 

Vp: The highest possible value that can be achieved instantaneously by a function when measured from 

the level of zero volts. Because the function has an average value of zero volts, the waveform that was 

just presented has the same peak amplitude and peak value. This is because the average value of the 

function is zero. 

Vpp: The voltage that exists between the waveform's positive and negative peaks in its entirety; that is, the 

magnitude that is equal to the sum of the positive and negative peaks. 
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Vrms: The root-mean-square value of a waveform, also known as its effective value. 

Vavg: The level of a waveform that is determined by the requirement that the area encompassed by the 

curve above this level is precisely equal to the area enclosed by the curve below this level. This level is 

also referred to as the symmetry level. 
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5.3 Result and Discussion 

A family of crystalline compounds called IPMOP-A, IPMOP-PA, IPMOP-IL, and IPMOP-V were 

synthesized using our own published procedure at room temperature in the shortest amount of time (a few 

seconds of reaction time), which is also explained in the experimental section.[37] Both the synthesis 

methods and the structures of the crystalline solid are reported and precisely mimicked to reproduce the 

bulk phase of IPMOP compounds.[37]  IPMOP-A, IPMOP-PA, IPMOP-IL, and IPMOP-V are the names 

given to the derived MOPs when the amino acids in discussion are alanine (A), valine (V), isoleucine 

(IL), and phenylalanine (PA), respectively. In the presence of 2,6-lutidine as a base, we were able to 

obtain IPMOP at room temperature (on a gram scale) in a few seconds (Figure 4 and Appendix 1–5, 

Appendix 7). PA's Each MOP has twelve ligand molecules and twelve water molecules that combine to 

form neutral cages (Figure 4, Appendix 7). The neutral cages have the following general formula: 

[Cu12(Lx)12(H2O)12]. The corresponding ligand systems LA, LPA, LIL, and LV are referred to as Lx. Each 

cage molecule has twenty-four alkyl groups that, when arranged in an exohedral fashion, decorate the 

entirety of the globular cage's exterior surface (Appendix 7). Each of the cages has eight triangular 

windows that have a mean aperture of about 2 Å, and the average diameter of the inner cavity is about 15 

Å. Each bimetallic paddle-wheel CuII unit is coordinated with two terminal water molecules. One of these 
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water molecules points into the inner cavity of the polyhedron; the other water molecule points away from 

the exterior of the polyhedron. The aforementioned compounds were subjected to a thorough washing 

with DMF and were then dried after the treatment. To remove any occluded, high-boiling solvent 

molecules, the solid compounds that were obtained in this manner were first put through an activation 

procedure by heating them in a vacuum chamber in order to obtain a guest-free phase. It was determined 

that the phase was pure by comparing the PXRD patterns of the unaltered and activated compounds with 

the patterns of the simulated XRD (Appendix 2–5). 

 

 

Scheme 1. A depiction of the sequential fabrication approach deployed for the IPMOP-n/PVDGF 

composite-based mechanical energy harvesting device. 

The produced compounds were employed to construct the composite film using drop-casting (Scheme 1) 

and doctor blading methods; however, both methods are comparable as FESEM analysis revealed that the 

two methods produced identical morphological features. The process shown in Scheme 1, which involved 

combining finely powdered and activated fractions of IPMOP compounds with a viscous PVDF solution, 

was used to create composites of IPMOP-n/PVDF.[36] Composite films thus formed were examined using 

powder X-ray diffraction (PXRD), field emission scanning electron microscopy (FESEM), RAMAN 
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spectroscopy, thermogravimetric analysis (TGA), fourier transform infrared (FTIR) spectroscopy, and gas 

adsorption; both before and after composite fabrication. Refer to the Appendix section for further details. 

The IPMOP/PVDF composites were put through a number of tests, including kelvin probe force 

microscopy (KPFM), atomic force microscopy (AFM), electrical output analysis, and capacitor charging, 

in an effort to reconcile experimental results with the presumed mechanisms reported in literature.[36] 

Figure 5. a) PXRD data of pristine IPMOP-IL and its composites film. b) FESEM images of the (5 wt % 

IPMOP-IL/PVDF composite films. c) FESEM image revealing cross section of a composite film made 

of PET surface-coated by ITO and overlaid by IPMOP-IL/PVDF composite film. d) Raman spectra of 

pristine PVDF film compounds (black), composites (red) and PVDF films (blue). e) IR spectra of PVDF 

film (black), activated IPMOP-IL (red) and composite films (blue). 
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Figure 6. a) AFM images revealing surface topography (3D profile) of PVDF. b) AFM images indicating 

surface topography (3D profile) of 5 wt % of IPMOP-IL/PVDF i.e. (IPTENG-3). c) Open circuit 

voltage (Voc) output variation of IPMOP-IL at incremental wt% loading into PVDF. d) Maximum Voc 

obtained for IPTENG-3 (i.e. 5 wt % of IPMOP-IL/PVDF). 

Figure 5 highlights corroboratory characterization of individual IPMOP-IL and its composite film 

abbreviated as IPMOP-IL/PVDF or IPTENG-3. Figure 5a confirms phase retention of MOP in the 

composite film while Figure 5b and Figure 5c reveals surface features of 5 wt % loaded IPMOP-

IL/PVDF composites and selected film thickness for device fabrication and performance measurement 

simultaneously. For IPTENG-3 device fabrication, composite film with average thickness size 230 µM 

was used. Raman spectra revealed the existence of characteristic peaks for IPMOP-IL when it is loaded 

into PVDF, thus formed composite IPMOP-IL/PVDF comprises spectral features of PVDF film and 

IPMOP-IL showing notable presence of peaks (figure 5d). IPTENG-n (n= 1,2,3,4) devices were prepared 

by following stepwise mechanism shown in Scheme 1. By varying the weight percentages of IPMOP-1, 
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IPMOP-2, IPMOP-3, and IPMOP-4 compounds in the viscous PVDF solution, MOP/PVDF composites 

were created. 10 ml of DMF and 1 gram of PVDF pellets were agitated at 60 °C for 4 hours. IPMOP 

compounds (1 and 4) were finely ground to produce powered material, which was then activated at 100 

°C under vacuum, weighed, and dissolved in THF before being combined with PVDF solution in the 

following weight-to-percentage ratio (IPMOP 1 to 4: 1%, 3%, 5%, 8%, and 10%). After being drop-cast 

on an ITO-coated PET surface (substrate), this viscous mixture was then baked in a hot air oven at 80 °C 

for six hours to produce thin, finely dried composite films and ensure the PVDF polymer's curing. In 

addition to air drying for a few hours, comparable films were also made using the doctor blading process 

and electrospinning, all while maintaining the same thickness dimensions. The resulting MOP/PVDF 

composite films, which range in thickness from 200 to 1200 µM (Appendix 25), are then used to fabricate 

devices (Scheme 1). The surface properties of the composite films were examined using atomic force 

microscopy (AFM) (Figures 6a, 6b and Appendix 26, 27). The effectiveness of the TENG is significantly 

affected by the surface's roughness. It is well established that the mean surface roughness impacts the 

TENG's output (Ra).[37] When the Ra value is high enough, it provides a larger area for materials to 

interact optimally through believable friction, resulting in a vastly increased amount of charge generation 

and hence a boost in TENG production. Two-dimensional (2D) scanning of the surface topography (3D 

profile) of PVDF film alone and 5 wt% IPMOP-IL/PVDF across an area of identical dimensions 

demonstrated that the surface roughness characteristic of IPMOP-IL/PVDF is enhanced, enrooting 

greater surface-dependent qualities including available area for friction surface and charge buildup. High 

fluctuation in roughness feature and peak profiles is directly indicated by the scan results shown above, 

which show a tuned peak height pattern on PVDF film and IPMOP-IL/PVDF film, where Sq value is 

increased several fold in the latter case, respectively (Appendix 26 and 27). It's clear that IPMOP-

IL/PVDF has a better Ra value than PVDF film alone. Consistent with the aforementioned finding, AFM 

measurements were taken at randomly selected regions covering the same length. Open circuit voltage 

(Voc) profiles for selected best performing device (IPTENG-3) is shown (Figure 6c, 6d) besides Voc for 

other TENG devices (Appendix 28, Appendix table 21). Figure 6d indicates peak maxima for output 

voltage reaching upto 143.3 V for 5 wt % IPTENG-3 device, the best performing device.  

Figure 7a reveals the variation in the performance displayed by IPTENG-n devices, and the IPTENG-3 

device clearly supersedes other devices made other than IPMOP-IL composite films. For the IPTENG-3 

device, its voltage reproducibility (average voltage, Vav) was analyzed over seven days; however, devices 

were exposed to humidity and ambient conditions of temperature and environment (30 °C at 98% relative 



  | Chapter 5 

 
5.17 

 
 

 

humidity (RH), exposed over 24 h) as the device is aimed for real-time applications, thereby confirming 

astounding reproducibility and durability entailing its potential for targeted applications. Further the effect 

of impact force on open circuit voltage on 2.0 x 2.0 cm2 area for IPTENG-3 device with respect to 

incremental frequency was elucidated and incremental Voc was noted and device withstands flawlessly 

even at 36 N force also giving reproducible output (figure 7c). The Effect that the frequency of impact has 

on the open circuit voltage region using the IPTENG-3 device having aforementioned dimensions 

revealed a high frequency output rising consistently up to 28 Hz simultaneously observed as function of 

incremental impact force (figure 7d). 

 

Figure 7. a) Voc output for 5 wt % loaded IPMOP-A/PVDF, IPMOP-PA/PVDF, IPMOP-IL/PVDF, and 

IPMOP-V/PVDF composite films derived TENG devices. b) Average Voc of 5 wt % of IPMOP-

IL/PVDF i.e. (IPTENG-3). c) Effect of impact force on open circuit voltage on 2.0 x 2.0 cm2 area for 
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IPTENG-3 device with respect to incremental frequency. d) Effect of frequency of impact on open circuit 

voltage of 2.0 x 2.0 cm2 area for IPTENG-3 device. 

 

Figure 8. a) The schematic representation of a full-wave bridge rectifier circuit diagram. b) 1 μF 

capacitor charging-discharge pattern as indicated by the output of IPTENG-3 device. c) Capacitor 

charging curves for 1, 2.2, 4.7, 47, and 100 μF capacitors depicting fast charging in shorter span by the 5 

wt % IPMOP-IL/PVDF (IPTENG-3). d) Capacitor charging curves depicting saturation attenuation for 

1, 2.2, 4.7, 47, and 100 μF capacitors employing the IPTENG-3 device. 

Figure 8a shows the combination of circuit deployed for capacitor charging and electrical application 

rendering performance analysis. In order to determine the extent to which the 5 wt % IPMOP-IL/PVDF-

based TENG could be utilized in a variety of contexts, the voltage, current, and power were measured by 
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loading the same device, denoted as IPTENG-3, with an assortment of different kinds of external load 

resistance (Figure 8b-8d and Figure 9, Appendix 31–34).  

Figure 9. a) Energy stored in various capacitors by the output of IPTENG-3 device. b) Charge stored in 

various capacitors by the output of IPTENG-3 device. c) Summarized voltage, power density current 

density plots as a function of load resistance corresponding to the IPTENG-3 device. 
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 In order to evaluate the performance retention and consistency of ten different IPTENG-3 devices, the 

Voc output of each one was evaluated. The findings demonstrated exceptionally high consistency, with a 

peak voltage of 110.41 volts and a stable output (Appendix 29). Additionally, the average open circuit 

output voltage was 131.7 volts (Appendix 29, 30 and Appendix table 3). As can be seen from the 

charging profiles, the output voltage shoots up quickly, the capacitor saturates, and it reaches values of 2 

V in less than 60 seconds throughout the respective 1, 2.2, 4.7, 10 and 47 μF capacitors. This can be 

deduced from the fact that the output voltage fastly enhances as the capacitor fills up (Figure 8c). When 

considering the actual time utilization for the requirements of fast charging, it is noteworthy that the 

capacitors stated above charged quite quickly and became saturated within the shortest time intervals. 

IPTENG-3's ability to perform charging and discharging cycles (shown in Figure 3d) on a capacitor with 

a capacity of 1 μF at a high frequency and with a high degree of precision reproducibility demonstrates 

that this technology may be useful for on-demand implementations. Figures 9a and 9b reveal the energy 

stored and charge accumulated in 60 sec by the capacitors having capacitances of 1, 2.2, 4.7, 10, 47, and 

100 μF respectively. The overall output performance for IPTENG-n (n=1-4) was comprehensively 

analyzed by keeping simultaneously increasing external load resistances upto 100 MΩ which enabled 

precise measurement of current and power densities for each of the IPTENG device (appendix 33). The 

best suited IPTENG-3 device revealed outstanding performance, steay output and epitome power density 

value upto 1095.5 mW/m2 (at load resistance of 10 MΩ). Thereby IPTENG-3 retains its desirability and 

were examined further for real time applications including li-ion battery charging and hence cellphone 

power support, trimmer battery and operations as well as LED illuminations proving its potential for real 

time applications. 

5.4 Conclusion 

The proposed work includes a maiden report that entails a corroboratory strategy of linker-driven 

hydrophobicity tuning in a series of cages (IPMOP family) for rationally regulating the output of 

Nanogenerators in response to real-time TENG applications. A broad range of ultra-stable materials are 

blended with PVDF to produce potentially deployable TENG devices by adopting hydrophobic shielding 

as the cornerstone strategy. The propensity of MOP compounds to attain chemical stability even when the 

metal-ligand interaction is weak by nature led to their inherent properties that are meticulously utilized. 

Observations support the judicious application of various alkyl groups (generated from the ligands) to the 

cages' outer surfaces, which not only increases the hydrophobicity around the metal core but also 
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contributes to the overall stability of the framework. Current findings for the generalization of chemically 

addressable MOPs and their successful fabrication into flyweight devices will offer instant, simple ways 

to build different stable cage-based composites for targeted applications, in addition to those in the 

Nanogenerator arena. Pre-synthetic design and fabrication techniques have thus been successfully 

demonstrated and have shown to be a practical solution for improving TENG output by making use of the 

strong and controllable surface features produced by gradient hydrophobicity of constituents that are 

tapped by linker functionalization. 

The flexibility of PVDF and the precise controllability of MOP doping level, in addition to utilizing its 

property of being a solution processable material, made it possible to construct a flexible, strong, and 

lightweight TENG that can operate in a vertical contact-separation mechanism and produce a remarkable 

and consistent output. Following their implementation, the TENG devices are used for mechanical energy 

harvesting applications, producing a maximum power density of 1095.5 mW/m2 for the ideal loading of a 

5 wt % 3/PVDF device (IPTENG-3) at a load resistance of 10 MΩ. When compared to the 

unblended PVDF film and the other IPTENG composite devices, IPTENG-3 exhibited the highest 

performance. By putting the collected energy in various electrolytic capacitors, the constructed devices' 

capacity for energy storage has been demonstrated. As a result, in the first place, MOPs and their adjusted 

properties can be rationally utilized to produce unremitting mechanical energy harvester performance that 

is desirable to a variety of low-to-moderate energy-derived TENG applications. 
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5.5 Appendix Section 

Appendix 1. General synthesis scheme deployed for room temperature synthesis of all four MOPs. 

 

Appendix 2. Comparison of the experimental PXRD data of IPMOP-A, and the simulated pattern from 

the unit cell. 
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Appendix 3. Comparison of the experimental PXRD data of IPMOP-PA and the simulated pattern from 

the unit cell. 

 

Appendix 4. Comparison of the experimental PXRD data of IPMOP-IL and the simulated pattern from 

the unit cell. 
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Appendix 5. Comparison of the experimental PXRD data of IPMOP-V and the simulated pattern from 

the unit cell. 

 

Appendix 6. Comparison of the PXRD data of IPMOP-IL under diverse chemical conditions and the 

simulated pattern from the unit cell. 
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Appendix 7. Individual MOPs with their respective linkers showing difference in hydrophobic shielding 

of Metal node. 

 

Appendix 8. Thermogravimetric analysis of pristine IPMOP-A. 
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Appendix 9. Thermogravimetric analysis of pristine IPMOP-PA. 

 

Appendix 10. Thermogravimetric analysis of pristine IPMOP-IL. 
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Appendix 11. Thermogravimetric analysis of pristine IPMOP-V. 
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Appendix 12. FESEM images of the respective IPMOPs at 5 wt % in PVDF composite films. 



  | Chapter 5 

 
5.29 

 
 

 

 

Appendix 13. Thermogravimetric analysis 5 wt % loaded composite film of IPMOP-A. 

 

 

Appendix 14. Thermogravimetric analysis 5 wt % loaded composite film of IPMOP-PA. 
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Appendix 15. Thermogravimetric analysis 5 wt % loaded composite film of IPMOP-IL. 

 

 

Appendix 16. Thermogravimetric analysis 5 wt % loaded composite film of IPMOP-IL. 
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Appendix 17. Comparison of the experimental PXRD data of IPMOP-IL composite film with 5% loading 

(IPTENG-3) and the simulated pattern from the unit cell. 

 

Appendix 18. Raman spectra of pristine MOP compounds, PVDF films and MOP/PVDF composite films 

at 5% loading for IPMOP-A. 
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Appendix 19. Raman spectra of pristine MOP compounds, PVDF films and MOP/PVDF composite films 

at 5% loading for IPMOP-PA. 

 

Appendix 20. Raman spectra of pristine MOP compounds, PVDF films and MOP/PVDF composite films 

at 5% loading for IPMOP-IL. 
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Appendix 21. Raman spectra of pristine MOP compounds, PVDF films and MOP/PVDF composite films  

at 5% loading for IPMOP-V. 
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Appendix 22. Incremental loading of IPMOP in PVDF prepared on metal conducting substrate for AFM. 

Tailor-made setup deployed for AFM analysis.  
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Appendix 23. FESEM images of the 1, 3, 5, 8, 10 wt % IPMOP-IL/PVDF composite films. 
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Appendix 24.  FESEM imaging and EDX mapping profile PMOP-IL@ 5 wt% composite. 
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Appendix 25. FESEM images of the cross section of IPMOP-IL/PVDF (5 wt % loading) prepared at 

variable thickness range revealing controllability of composite thickness fabrication. 
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Appendix 26. AFM images of PVDF and IPMOP-IL (5 wt %) / PVDF composite film, trace and retrace 

in the X-direction, and Y-direction, line roughness profile with height parameters simultaneously. 
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Appendix 27. Line roughness profile with height parameters obtained from AFM measurements of 

PVDF and IPMOP-IL (5 wt %) / PVDF composite films. 
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Appendix 28. Effect of gradient wt % loading on frequency and output over open circuit voltage of 2 x 2 

cm2 area for PVDF film and respective IPMOP-n/PVDF composite films moulded TENG devices. 
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Appendix Table 1. Comparison tables representing Open circuit voltage measurements conducted 

separate IPMOP-n/PVDF composite based TENG devices with respect to their incremental wt % loading, 

i.e. 1, 3, 5, 8, 10 wt% respectively. 
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Appendix Table 2. Open circuit voltage measurements conducted on five separate 5 wt % IPMOP-

n/PVDF composite derived devices (IPTENG-n series). 

 

Appendix 29. Open circuit voltage measurements performed on three independent 5 wt % IPMOP-

IL/PVDF (IPTENG-3) composite devices. 
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Appendix 30. Open circuit voltage (Voc max) measurements performed on 10 independent 5 wt % 

IPMOP-IL/PVDF (IPTENG-3) composite devices. 

 

Time (days) 
Open Circuit  

Voltage (Voc) 

1 136.4 

2 128.7 

4 129.6 

6 131.8 

 

Appendix Table 3. Open circuit voltage (Voc max) measurements performed on 5 wt % IPMOP-

IL/PVDF (IPTENG-3) composite device after water treatment. 
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Appendix 31. 1 μF capacitor fast charging-discharging profile over a minute by the output of IPTENG-3 

(5 wt% IPMOF-IL/PVDF) voltage. 

 

Appendix 32. Maximum energy stored with respect to capacitors deployed for 1 V and 2 V values. 
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Appendix 33. Performance summary representing voltage, power density and current density plots as a 

function of load resistance corresponding to the IPTENG Series of devices. 
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Appendix 34. General illustration of signal waveform and attributed voltage measurement parameters as 

Vp, Vp-p, Vrms.  

 

Appendix Table 4. Network of electron acceptors and donors are paired in the selected literature 

reports.[36] Blue arrow indicates combination utilized in present study. 
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6.1 Summary and Perspectives 

In summary, target-specific anionic MOFs were designed and synthesized during the course of this thesis 

for in-depth studies and subsequent rational understanding towards energy and environmental 

applications. Additionally, functional porous materials (neutral, property tuneable, and hydrolytically 

robust porous materials, i.e., MOPs and MOFs) that are stable, compatible, and viable are carefully 

applied with an emphasis aimed at energy solutions, besides exploring their diversified thorough 

fabrication techniques and application-bound investigation. 

Although a significant amount of research is currently being carried out and centered on anionic MOFs in 

a variety of application areas, little is known and explored in the previously reported literature about their 

potential to selectively and effectively capture uranium for the remediation of harmful aquatic 

contaminants beyond its sequestration aimed at applications in the field of energy (besides environmental 

concerns). The same is true of their potential application to the sorting and identification of other toxic 

aqueous pollutants such as antibiotics or pesticides. We set out to address some of the most intriguing and 

notably highlighted issues in the fields of energy and the environment using our knowledge of chemistry 

and practice-driven expertise in functional porous materials. Considering the flow of evolution of our 

approach, the whole thesis is therefore halved into two larger sections, emphasizing sequential 

applications representing respective spectrum of application-bound porous materials. In view of the 

above, structure-property correlation-driven development of anionic MOFs has been further emphasized 

and utilized for specific targeted applications. Previously, the lack of stability of anionic frameworks in 

diverse chemical and aquatic conditions severely limited their applicability and thereby remained 

unexplored in the majority of practical aspects or uses. Issues of stability and recyclability are discussed 

along with the rational approaches to tuning the counter functional cations for target-specific applications 

in anionic frameworks, which is implied to be a key takeaway from this thesis work. This approach is 

crucial for the development of anionic MOFs to be the next generation of ionic functional porous 

materials towards practical implementation. Nanogenerators (NG), utilizing the virtues of MOFs and 

MOPs, is a multifunctional, tuneable platform, thus extending the applications of a TENG. In order to 

successfully harvest irregular mechanical energy, we constructed a straightforward, distinctive, reusable, 

and fly wight-flexible NG comprised of a series of MOFs and MOPs highlighting tuning in a particular 

property. This was done in an effort to better understand the intricate design concepts affecting NG, 

structure-property relations are well exploited under a specified set of conditions. The TENG's 

mechanisms were carefully examined and shown. Advanced tuning and stabilization techniques made it 

possible for results to demonstrate the benefits of APMs in a wide variety of applications. 
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The constraints on transforming these materials into usable or readily workable forms still persist, 

notwithstanding the importance of fundamental understanding and scientific investigation of such 

materials at the molecular level. MOFs are often obtained as crystalline powders, sometimes as 

nanocrystals, making it challenging to deploy them directly as solid-state sorbent materials in real-time 

applications. Besides that, another critical component is the conservation of material performance and 

drawing efficiency from the molecular level to the practical workable scale, which must be addressed 

carefully prior to real-time application of these materials. Scalability, reusability, and cost-energy 

footprint are other prime challenges that researchers are diligently investigating at the moment. As a 

result, during the coming years, researchers may focus on simultaneously developing functional ionic 

MOFs and composite materials or well-fabricated devices for industrial, energy, and environmental 

applications as well as improving their aspects of stability and efficiency in a configuration or form that 

can be used under operating conditions or for desired real-time applications. 
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